PRESERVATION OF THE COLLAGEN STRUCTURE BY
COAXIAL ELECTROSPINNING METHOD

Efe Cuma Yavuzsoy

B.S, in Bioengineering, Uskudar University, 2017

Submitted to the Institute of Biomedical Engineering
in partial fulfillment of the requirements
for the degree of
Master of Science
in

Biomedical Engineering

Bogazi¢i University

2021



il

ACKNOWLEDGMENTS

I would first like to express my deep gratitude to my co-advisor Prof. Dr. Murat
Kazanci, who helped me in all experimental parts during my thesis work and provided

me with different gains with his interpretations.

I would like to thank my advisor, Assoc. Prof. Dr. Bora Garipcan, who has
helped and added value to me at every stage of my academic life since my undergraduate

education.

I would like to give sincere thanks to Melike Giiney Akkurt, who helped me a
lot in my experimental work, Irem Deniz Derman and Selcuk Kaan Haciosmanoglu,
who contributed to my work with their helps and ideas.

I would like to give special thanks to Dr. Alp Ozgiin, who helped me to shape
my academic career with his perspective, made me dream of the future, and whose

support I always felt. I will always admire your academic discipline and helpfulness.

Last but not the least, My deepest gratitude goes to my family, who have always

encouraged and supported me throughout my life.

This work is supported partially by a TUBITAK project (No: 1185024).

This thesis is dedicated to my beloved grandmother.



v

ACADEMIC ETHICS AND INTEGRITY STATEMENT

I, Efe Cuma Yavuzsoy, hereby certify that I am aware of the Academic Ethics
and Integrity Policy issued by the Council of Higher Education (YOK) and I fully

acknowledge all the consequences due to its violation by plagiarism or any other way.

Name : Signature:

Date:




ABSTRACT

PRESERVATION OF THE COLLAGEN STRUCTURE BY
COAXIAL ELECTROSPINNING METHOD

Collagen is one of the most important material for biomedical technologies.
Both its biological and mechanical properties enable collagen to be used in many fields
such as biomaterials, tissue engineering etc. The use of collagen in the production of
electrospun nanofibers reveals promising results for both research and clinical based
areas such as tissue scaffolding. However, collagen can lose its natural structure by
being affected by many parameters during the formation of nanofibers with desired
physical properties. In this thesis, coating of collagen nanofibers with a biodegradable
polymer, Poly Vinyl Alcohol (PVA), using coaxial electrospinning method is demon-
strated. It was hypothesized that the structure could be protected by coating the
collagen nanofibers with PVA. Thermal and spectroscopic analyzes show that collagen
and PVA are present in the obtained nanofiber structures. With optical and scanning
electron microscope images, the difference between the fibers produced by the coaxial
electrospinning system and those produced by the conventional electrospinning system
was demonstrated. This work is considered as a preliminary study, it is hypothesized
that the nanofibers to be produced by the coaxial electrospinning method as used
in this thesis may show biological activity-enhancing properties in vivo and in vitro

experiments as tissue scaffolds in future research.

Keywords: Coaxial Electrospinning, Collagen Nanofibers, Collagen Tissue Scaffold,
PVA



vi
OZET

KOAKSIYAL (CIFT EKSENLI) ELEKTROEGIRME
YONTEMIYLE KOLAJEN YAPISININ KORUMASI

Kolajen, biyomedikal teknolojiler i¢in en 6nemli malzemelerdendir. Hem biyolo-
jik kaynakli olmasi hem de mekanik 6zellikleri kolajenin biyomalzeme, doku miihendis-
ligi vb. pek ¢ok alanda kullanilmasini saglamaktadir. Elektrospun nanofiberlerin iireti-
minde kolajen kullanilmas1 doku iskelesi gibi alanlarda arastirmada ve klinikte gelecek
vadedici sonuglar ortaya koymaktadir. Fakat kolajen, iiretim esnasinda pek g¢ok dig
etmenden etkilenerek dogal yapisini kaybedebilmektedir ve istenilen fiziksel Gzellik-
teki nanofiberlerin olusmasi engellenebilmektedir. Bu tezde, ¢ift eksenli elektroegirme
yontemi kullanilarak biyobozunur bir polimer olan Poli Vinil Alkol (PVA) ile kola-
jen nanofiberlerin kaplanmasi ¢aligilmigtir. PVA’nin kolajen nanofiberleri kaplamasi
ile yapinin korunabilecegi diisiiniilmiigtiir. Termal ve spektroskopik analizler nanofiber
yapisinda kollajen ve PVA'nin bulundugunu gostermektedir. Optik ve taramali elek-
tron mikroskop goriintiileriyle ¢ift eksenli elektroegirme sistemi ile iiretilen fiberlerin
geleneksel elektroegirme sistemiyle iiretilenlerle olan farki ortaya konmustur. Bir 6n
calisma olarak degerlendirildiginde bu tezde kullanilan c¢ift eksenli elektroegirme yon-
temiyle tiretilecek nanofiberlerin gelecekte doku iskelesi olarak in vivo ve in vitro galis-

malarda biyolojik aktiviteyi arttirici ozellik gosterebilecegi diisiintilmektedir.

Anahtar Sozciikler: Koasiyal Elektroegirme, Kolajen Nanofiber, Kolajen Doku Iske-
lesi, PVA
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1. INTRODUCTION

1.1 Motivation

Collagen, one of the natural polymers, is a major extracellular protein found
in many tissues and organs [1],[2]. For example, on average 70% of the extracellular
matrix (ECM) of the human skin consists of collagen [3]. Collagen provides more
structural stability by forming long fibers in the skin. There are 29 different types of
collagen. These different types of collagens are the result of assembly of 46 different
polypeptide chains [4]. Collagen, which is used for different tasks such as growth and
development inside the cell, is thus frequently used in various fields of medicine and
biotechnology [5],6],]7]. In addition, collagen nanofibers have a wide range of uses in
biomedical technologies, from 3D tissue scaffolds [8] to drug-carrier systems [9]. This
widespread use has enabled many researchers to do more research on collagen, as a

result, the number of articles published in this area is increasing.

Collagen type I, which is found in almost every tissue as a structural support, is
the most common protein in mammals. Collagen, which has a wide range of functions
in tissues, provides the transmission of the force applied from the muscles to the bones
as well as storing elastic energy in the tendon and ligament structures. In addition,
collagen increases mechanical strength in dentin, and bone tissue. Collagen is not
only found in stiff tissues. It is found as a matrix around the contractile cells. In
the absence of this matrix, structures such as skin, blood vessels, etc. cannot perform
their functions. Collagen type II is an important structure mostly found in cartilage
tissue. It would be an understatement to say that collagen is a substance that only
provides mechanical support. It also increases the transparency in collagen tissues

(E.g., cornea)|10].

Collagen is a frequently used material in various fields of medicine. Different

collagen-based structures are used as a drug delivery system. (Film [11], shields[12],



sponges|13], gel/hydrogel|[14], pellets [15], nanoparticles [16]). Because of its charac-
teristics like low immunogenicity or mechanical behaviours, collagen is a nice material
to use in bone tissue engineering [17]. Especially the dense collagen content of the
bone and the structural properties of collagen have increased the importance of using

collagen for bone tissue engineering.

Electrospinning method, which is frequently used in the production of nanofibers,
has been the main method in collagen nanofiber production for years [8]. Like scaffold,
biocompatible surgical thread, etc. collagen nanofiber production has great advantages
for its use in different fields of biomedicine. However, publications showing that the
structure of collagen is degraded during the electrospinning process has led to the need
for modification of the method [18]. In this thesis, coaxial electrospinning was used in
order to increase the quality of collagen nanofiber production. Decreasing the damage
to the 3-dimensional structure of collagen nanofibers can increase their use in both

industrial and research based applications.

1.2 Objectives

In this thesis, it is aimed to coat the collagen nanofibers with PVA by modifying
the traditional electrospinning method with coaxial tip. For this purpose, collagen
isolated from calf skin and industrial grade PVA were used. Fiber samples synthesized
by the coaxial electrospun technique were analyzed using Fourier-Transform Infrared
Spectroscopy (FT-IR) and Thermogravimetric Analysis (TGA) and visualized using
Scanning Electron Microscope (SEM).

PVA was preferred because of its high biocompatibility and low toxicity [19]. In
addition, the elasticity of PVA was aimed to add mechanical strength to the nanofiber
structure. On the other hand, it was aimed to reveal the potential of biomedical
material by creating collagen-based nanofiber, which constitutes the majority of the
extracellular matrix in almost all tissues, especially bone tissue. The main objectives

of this thesis are:



1. Demonstration of coating collagen nanofibers by a synthetic polymer, called PVA.
2. Increasing the use of collagen as a biomaterial in a wider area.
3. Characterization of physical and chemical properties of coaxial nanofibers.

4. Comparison of traditional electrospinning and coaxial electrospinning methods.



2. BACKGROUND

2.1 Collagen

When examined in origin, the word "collagen" is derived from the word glue in
ancient Greek. It was first used to define the structure that constitutes the connective
tissue. At the beginning, what was isolated was actually gelatin because it was isolated
from various animals using heat [20]. Later, as the 3-dimensional folded structure of
collagen structure began to be discovered, it was understood that it could not be
isolated by heating. Almost a quarter of the protein content of all animals is collagen.
Collagen is the basic component of many tissues such as bones, tendons, cartilage,
teeth, skin, etc. in the body [21]. Collagen is the essential component of ECM. Self-
assembled collagen structure improves the mechanical properties of the tissues. In
addition, collagen provides a molecular response to external stresses applied to the
tissue by interacting with cells. It has not been fully answered how collagen, which is

usually in the matrix structure, protects the tissue against the applied pressure [22].

2.1.1 Structure of Collagen

The collagen molecule was first described in 1940 as a single-chain polypeptide
with amide bonds [23]. In the study conducted in 1951, « -helix and [ sheet structures
within the collagen molecule were shown [24]. Based on this study, 3-dimensional
structure of collagen was modeled after 3 years [25],[26]. In 1994, the collagen triple
helical structure was shown for the first time by using a high resolution microscope

[27]. In this work, N-H and O==C bonds were clearly shown in Figure 2.1.

Most of Type I Collagen is produced by packing 50-200nm diameter fibrils to-
gether (Figure 2.2). Collagen molecules adjacent to these fibrils are interchangeable.

This three-dimensional motion determines the subtypes of fibrous collagen (type I, II,



III, IV). Short segments at the ends of collagen chains allow collagen fibrils to form.
These short segments do not interfere with the three-dimensional structure. The cross-
linked fibrillar structure formed by the segments creates a strong structure by arranging

the collagen molecules side by side [28].

2.1.2 Sources of Collagen

Since it is the main component of ECM, many different living things can be

used as collagen resources for the industry and research purposes Figure 2.3. There are

a b

Figure 2.1 Triple Helical Structure of Collagen a-High Resolution Triple Helix Structure of the
Crystallized Collagen, b-Ball-and-stick Representation of Triple Helical Structure of Collagen, c-
Hydrogen Bonds are Emphasized Ball-and-Stick Representation, d-Staggering the Three Strands of ¢
Representation [4].
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Figure 2.2 Structure of Collagen.

29 different types of collagen formed by the combination of 46 different polypeptide
chains. All of these structures have a triple helix structure, but non-helical parts and

sizes vary. The sources of the 5 most known types of collagen are [29]:

1. Collagen I: Mainly found in bone, tooth, ligament, vascular ligature, skin, teeth.
2. Collagen II: Mainly found in cartilage, eyes.

3. Collagen 1lI: Mainly found in fibers, blood vessels, muscle, skin.

4. Collagen IV: Basal lamina in the basement membrane.

5. Collagen V: Placenta, cell surfaces and hair.

One of the most well-known industrial sources of collagen is calfskin and bone.

Although alternative sources are sought due to some animal diseases such as mad cow,
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Figure 2.3 Different Collagen Sources.

the calf is still frequently used for collagen isolation. Another problem with calf-based
products is that an average of 3% of people have allergies. Collagen isolated from
bovine Achilles tendon, cartilage, skin, and bone structure are still used in industry,
from biomedical products to food supplements. The skin and bones of pigs can also
be used as a source of collagen on an industrial scale. The probability of an allergic
reaction to pig collagen is much less. Collagen isolated from adult pigs are used in

areas such as hernia repair, wound healing, plastic surgery [30].

Although industrial isolation methods are still being developed, marine source is
considered as the most reliable source for collagen isolation. In general, collagen isola-
tion from animal sources is a tiring, long and expensive method. The low yield (average
1 kg of raw material to 12 g collagen) has led researchers to marine resources. It is seen
as an advantage that marine-based creatures do not contain many zoonotic diseases.
Studies on allergy are still ongoing. The main advantages of marine-based collagen
isolation can be listed as: high collagen content, more environmentally friendly, low

molecular weight, high absorption, few ethical restrictions, and metabolic compatibil-



ity. Bone, fin, scales, skin, etc. structures of most fish used in the food industry are
important sources for collagen isolation. Using the residues of fish produced for dif-
ferent purposes for collagen isolation is an environmentally friendly isolation method.
Almost all vertebrate or invertebrate creatures can be used in marine-based collagen
isolation [30]. Although marine-based collagen has many advantages, its high cost is a

major limiting factor.

In addition to collagen sources isolated on an industrial scale, it has been shown
that collagen can be successfully isolated from kangaroos, rats, crocodiles, birds, sheep,
ducks, horses, frogs and humans. Since the isolation of recombinantly produced hu-
man collagen will have the lowest immune response, it is being investigated. Collagen
produced from most of these animals remained at research scale and could not be
switched to industrial scale. Collagen isolated from rat tail tendon is frequently used
in laboratory scale. In addition, collagen can be isolated from invertebrates such as

Neritacrepidularia or Archaeogastropod [30].

2.1.3 Mechanical Properties of Collagen

Mechanical properties of collagen are unique because it is found in many tissues
such as tendons, bones, and ligaments. Collagen carries the tensile stress in a tissue.
Collagen fibrils provide mechanical strength by bonding to tissues. It is thought that
the mechanical strength property of the collagen molecule is highly dependent on its

hierarchical structure [31].

In studies conducted on collagen-based tendons, it has been revealed that the
structures mostly exhibit viscoelastic properties. Viscoelastic structure is thought to
be effective in functionality, especially for tendon structure. In the literature, the
Young’s modulus of collagen fibers and dry tendon structures has been shown to vary
between 1-8 GPa. On the other hand, The Young’s moduli values of hydrated ones
vary between 0.15-1 GPa. It was reported that macroscopic damage occurred in the

tendon and collagen structure over 8-10% strain [31].



When shear stress was examined, it was reported that dehydrated type I collagen
G = 33MPa, which is isolated from bovine Achilles tendon. In this study, it has been
concluded that cross-linking increases shear modulus. However, it has been stated that
excessive increase in cross-linking can make the tissue more fragile. This condition is

known to be a common aging symptom [32].

2.1.4 Functional Properties of Collagen

Gel formation is one of the unique functional properties of collagen. Gel forma-
tion cannot be evaluated separately from viscosity because it is related to the system
temperature and properties and size of the molecules. When gel formation starts colla-
gen aggregates. This aggregation mainly depends on pH and temperature change and
directly affects the fibril formation process. During gel formation, collagen dimer and
trimer aggregate first. After the micro-fibrils begin to form, it spreads sideways. Type
I collagen gel formation occurs at 28°C. Collagen gelation can be reversed by heat, but

it is important not to reach a temperature that would disrupt the structure [33].

The surface property of collagen is determined by the presence of charged groups,
hydrophilic or hydrophobic amino groups in the protein chain. The tendency of hy-
drophilic and hydrophobic molecules to move to the same surface reduces the surface

tension in aqueous systems. This can be a factor that enhances gel formation [34].

2.1.5 Usage of Collagen for Biomedical Materials

Collagen is one of the most important materials used and researched in biomed-
ical material technology. Collagen-based biomaterials can be examined in two groups:
using the collagen-based structure remaining after decellularization of a tissue as a bio-
material or using the isolated collagen to create a different structure. The first group
of biomaterials can be originated from animals or human body like grafts. The second

group of materials, on the other hand, is important in how they are formed into a
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functional structure rather than where they originate from [35].

Various forms of collagen are used as biomaterials in many studies, both in vivo
and in vitro. Collagen scaffolds can be used to observe cellular responses (differentia-
tion, migration, etc.) in research. Collagen is a widely used material for 3-dimensional
cell culture experiments. In addition, collagen tissue scaffolds are frequently used in
organ on chips in cases such as cancer research, drug release mechanisms, extracellular

matrix imitation etc. [35].

As a biomedical solution, collagen is mostly used for the treatment of damage in
parts such as bones, tendons, ligaments, skin, connective, and vascular tissues. There
are many different methods for the treatment of these tissues. Collagen-based nanopar-
ticle synthesis or collagen coating of various nanoparticles is one of these methods.
Although there are many studies using collagen-based porous hydroxy-apatite (HA)
tissue scaffold, this method is not preferred due to its cost. Modifying 3D collagen

scaffold with HA nanoparticles can be considered as a solution [36].

Collagen gel form has various unique characteristics. Its characteristics such as
biocompatibility, fluidity and injectability make it a strong candidate for delivery sys-
tems. The fact that non-fibrillar collagen has a small pore structure enables controlled
release. Collagen-based controlled drug release can be used to against the infection in

the bone and soft tissue [36].

Collagen can also be used in gene delivery by covalent attachment of plasmid
DNA to the collagen matrix. Bone cell therapy can be provided, especially by the
transport of proteins such as erythropoietin in the bone tissue. It has been demon-
strated that DN A-loaded collagen sponges provide successful and stable gene transport

[37].
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2.2 Poly(vinyl Alcohol)

Poly (vinyl alcohol) (PVA), a water-soluble synthetic polymer, has a basic skele-
ton consisting of carbon atoms. It was discovered in 1924 by the saponification reaction
between poly (vinyl alcohol) and poly (vinyl ester) [38]. PVA, which has a linear struc-
ture, is formed by hydrolyzing polyvinyl acetate and removing acetate groups from the
structure as shown in Figure 2.4. Some of the properties of PVA may differ depending
on hydrolyzation degree: physical, chemical, or mechanical properties. PVA is highly
soluble in water. On the other hand, it does not have good solubility in most organic
solvents. Crosslink is required for the formation of PVA hydrogels produced for use in
various application areas. The degree of crosslink in the structure affects the physical,
chemical, and diffusion properties of the hydrogel. For PVA hydrogels used in biologi-
cal systems, all of these properties affect the behavior of the PVA in biological systems
[39].

H H H H H H

[ | HYDROLYSIS ( | | ] { | | l

7 TS

H 0 | { H O Jm{ H ? Jn
| |
C C OH
7\ 7\

o) CH3 8] CH3

Polyvinyl acetate Polyvinyl alcohol

Figure 2.4 Formation of PVA [40].

Although it is a synthetic polymer, PVA shows nontoxic and noncarcinogenic
characteristics. In addition, PVA has useful properties such as easy gel formation and
good bio-adhesive properties. All these features enable PVA to be used frequently in
industries such as cosmetics, pharmaceuticals, food, and paper. Additionally, the fact
that it is a cheap material makes the use of PVA widespread. Its biodegradability
and water solubility properties make PVA a successful candidate for degradable food
packaging applications. The good interaction of PVA with different molecules (starch,

chitosan, etc.) also makes it easy to modify for different purposes [41].
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2.2.1 Usage of PVA as a Biomedical Material

Factors such as biodegradability, low toxicity and low cost have attracted the
attention of researchers to use PVA as a biomedical material. PVA can be used in many
areas from immobilization to antibacterial coating. PVA hydrogels, on the other hand,
have many biomedical uses such as drug delivery, biosensors, implant surface coatings,
etc. PVA hydrogels have also been used as contact lenses by their transparent structure

and high moisture retention [38|.

It is known that various PVA hydrogels and membranes are used in hemodialysis
and artificial pancreas research. In addition, PVA can be used for biomedical appli-
cations such as synthetic vitreous humor. When examined in general, it is seen that
PVA has a promising future in the synthesis of materials that can be implanted for the
treatment of damage to cartilage and meniscus tissues. The main features of PVA that
allow it to be used in medical products such as contact lenses are transparency, high
tensile strength, and high elongation characteristics. These properties enable contact

lenses made of PVA hydrogels to be used longer [39].

Implantable materials are not only use of PVA for medical industry. A mixture
of PVA, polyethylene glycol and hydroxypropyl methylcellulose can be used as artificial
tears. PVA can also be used in the coating of various medical implants. PVA coating
is used in implantation to increase neurological regeneration [42]|. Additionally, PVA

can be used when mimicking natural tissues such as cartilage [43].

2.2.2 Usage of PVA in Tissue Engineering

The use of PVA in tissue engineering has become widespread, especially in recent
years. Due to the fact that it is a cheap and accessible material, many research groups
around the world conduct research on expanding the usage areas of various PVA forms
in tissue engineering. It has been shown in the literature that pure PVA hydrogels

have microarchitectures resembling healthy tissues [44]. In addition, the mechanical
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properties of these hydrogels are similar to many tissues. This research has enabled the
use of PVA in biomimicking research. Another research on biocompatibility has been
carried out on freeze-thawed PVA hydrogels. It has been reported that PVA hydrogels
form a suitable microenvironment for the growth and regeneration of human fibroblast
cells [45]. This preliminary research attracted the attention of many researchers to
tissue engineering usage of PVA. In another study, CO, solution was used to increase
the pores of PVA hydrogels. In this study, it has been reported that the diffusivity of
PVA hydrogels hydrolyzed with CO, increases [46].

2.2.3 Usage of PVA Nanofibers in Biomaterials Technology

Using PVA nanofibers as a tissue scaffold, many tissues (bone, skin, vascular,
cornea, cartilage, neural etc.) have shown positive results in the controlled release of
drugs, growth factors, DNA, etc. [47]. PVA nanofibers have often been used, especially
for bone tissue repair and regeneration. In a study, the use of nanofibers produced by
PVA and carboxymethyl chitin (CMC) as a tissue scaffold was investigated. It has
been reported that Human Mesenchymal Stem Cells (hMSCs) show high adhesion and
proliferation on these fibers [48]. In another study, nanofibers produced by mixing
Polycaprolactone (PCL) and PVA polymers showed 70% higher cell attachment than
fibers produced separately [49].

To mimic human bone structure, PVA and collagen mixture nanofibers were
modified with nano-Hydroxyapatite. While the collagen structure added flexibility
and resistance, Hydroxyapatite enabled the fibers to be formed more regularly. The
resulting bone structure mimic nanofibers exhibited very close morphology to the bone

in terms of mechanical and porosity properties [50].

PVA-based scaffolds are widely used in skin treatments. In the literature, it has
been shown that nanofibers consisting of a mixture of PVA and gellan are used for
skin tissue healing. It has been reported that nanofibers cross-linking between Gellan

and PVA increase cell adhesion and proliferation on human dermal fibroblast cells [51].
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Although not very common, nanofibers made of PVA and collagen combination are
used as tissue scaffolding. Researchers looking to combine a controlled drug release
with a tissue scaffold have produced PVA-Collagen nanofibers modified with zeolite
and silica. When using Zeolites as drug carriers, the final product has been shown
to prolong in vitro degradation and provide high cell adhesion in fibroblasts [52]. In
a study using PVA-Chitosan nanofibers as a tissue scaffold, it was reported that the

adhesion, proliferation, and migration of PC12 cells increased [53].

2.3 Electrospinning

Collector «——

Polymer
Syringe Solution

y

Spinneret

D

Syringe Pomp

Power Supply

Figure 2.5 Principles of Electrospinning.

Electrospinning is a technique that enables continuous nanometer-diameter fiber
production. Nanofiber can be formed from ceramics, polymers, metals, or composite

materials with the electrospinning method [54]. With electrospinning, it is possible
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to produce fibers of micron to nanometer diameter, depending on the materials and
method used. The length of these very small-scale fibers can be several meters. One of
the most important features of the method is that it has the ability to interfere with

the fiber structure by changing its various parameters [55].

The electrospinning device consists of a high-voltage power supply, earthing
unit, syringe pump and syringe as shown in Figure 2.5 This method, which is widely
used in nanofiber production, is based on the principle of fiber formation from solution
with high voltage electrical field. The solution coming from the syringe at a certain
speed through the pump forms a conical structure at the tip of a needle. This structure,
called the Taylor cone, forms fibers in a small diameter until the solution reaches the
collector (Figure 2.6) [56]. After the liquid leaves the pump as a drop, the fluctuation
in the electric field causes the fiber to spiral. During spiraling, the diameter of the fiber

becomes smaller. Grounded substrate is usually made of aluminum [55].

During
Droplet Taylor Cone  Fiber
Formation

Figure 2.6 Tip of the Needle while Electrospinning Occurs [55].

Depending on the properties of the fiber to be synthesized, the electrospinning
can be set up vertically or horizontally. In vertical electrospinning, the effect of gravity

can also be utilized while the fiber is being collected, but it is also an undesirable factor
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that unwanted drops reach the collector. In horizontal electrospinning, the fibers are
more difficult to reach the collector and the distance between the collector and the
needle tip is very important. The horizontal electrospinning setup preferred to be used

in this thesis is shown in Figure 2.7.

Figure 2.7 Horizontal Electrospinning Setup Used in this Thesis.

2.3.1 Electrospinning Parameters

There are many parameters that are important to pay attention to and to set the
optimal in the electrospinning process. Electrospinning device parameters consist of
electric field, distance between needle tip-collector, needle diameter, flow rate. Solution-
dependent parameters are viscosity, concentration, and conductivity. In addition to all
these parameters, there are also environmental parameters consisting of humidity and
temperature. All of the parameters are very important in the quality of the fiber to be

formed [56].
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Voltage

The voltage delivered from a high-voltage power source is critical to turn the
spherical droplet at the tip of the needle into a Taylor cone and initiate fiber formation.
It is known that an increase in applied voltage generally lowers fiber diameters. How-
ever, each solution has optimal voltage values that can be applied [57|. For example, it
has been shown that when nanofiber is formed by electrospinning from poly (ethylene

oxide), the cone disappears and turns into bead form at high voltage values [58|.

Solution Flow Rate

The flow of solution from the needle tip plays a primary role in determining
the morphological properties of nanofibers. The flow rate must be optimal for the
formation of a drop-free nanofiber. In the literature, it was observed that polymer
droplets were formed on the fibers after the solution was pumped at a speed above a
threshold in polystyrene nanofiber formation. In the same study, it was revealed that

fiber diameters are also dependent on the flow rate of the polymer solution [59].

Distance Between Tip and Collector

The distance between the tip of the syringe needle and the collector plays a key
role in the morphology of the fibers. Different distances can be used for each material
depending on the deterioration, precipitation and evaporation times of the material
used [60]. In order to ensure that the fibers are produced with similar morphology, the
distance should not be changed during synthesis. In general, it has been observed that
when the distance between the needle tip and the collector is kept short, a lot of drops

can be produced and the fiber diameters are larger [61].

Polymer Concentration and Solution Viscosity

In electrospinning, a charged solution is stretched in one direction to create a
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fiber. The concentration of the solution to which the electric charge is applied can affect
whether or not fiber is formed. At low concentrations, the fiber structure cannot be
formed and the solution can reach the collector in parts [62]. Even if fiber formation
occurs at low concentrations, it can occur as short fiber fragments rather than as a
whole. Generally, the increase in concentration increases the viscosity, resulting in a
more uniform fiber. However, excessive increase in concentration and viscosity may
cause the solution not to flow out of the needle tip. The solution whose concentration
increases too much can clog and stop the fiber formation. There is a certain threshold

for the concentration and viscosity of each solution [63].

Solution Conductivity

The conductivity of the solution used to produce nanofiber is effective in Taylor
cone formation. In addition, the conductivity of the solution is also important for
controlling the diameter of the nanofibers. A solution with very low conductivity
remains as a droplet at the tip of the syringe and cannot become conical. Increasing

conductivity up to a certain threshold provides a reduction in fiber diameter [64].

Solvent

In the electrospinning method, the liquid in which the polymer dissolves is also
very important. Although the polymer dissolves well in a liquid, that solvent may
not be suitable for electrospinning. The boiling point of the solvent is important for
electrospinning because the volatility of the solution during fiber production is also an

important factor [63].

Humidity and Temperature

Researchers producing nanofibers with electrospinning generally conducted re-

search on setup and materials used. However, a factor that has been emphasized lately
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is environmental conditions. There are studies showing that factors such as temper-
ature and humidity of environment have effects on the diameter and morphology of
nanofibers [65]. Humidity can cause the solution to solidify, changing its viscosity. As

a result, the diameters of the fibers may vary and even the fiber may not be formed.

2.4 Coaxial Electrospinning

The traditional electrospinning method is a long-used nanofiber production
method. Its long-term use has led to various research to improve the method. Coaxial
electrospinning, which was introduced in the early 2000s, is a technique that contin-
ues to be developed. Coaxial electrospinning, which is based on passing more than
one solution through the capillaries and forming a single fiber, has emerged with the

modification of traditional electrospinning [66].

The most important feature of coaxial electrospinning is that the solutions used
not only preserve their characteristics in traditional electrospinning, but also allow in-
teractions between polymer-polymer, inorganic material-polymer, inorganic material-
inorganic material. The possibility of these interactions has made coaxial electrospin-
ning a promising method for the use of fibers in biomedical technology, nanoelectronics,

drug carrier systems, etc. [67].

Coaxial electrospinning method can enable fiber formation by highlighting the
best features of different solutions that can be used. For example, nano-topography
of materials such as metal salts, enzymes or oligomers is very unique. However, their
chemical properties are a limiting factor in fiber production. With the support of a
polymer with coaxial electrospinning, it may be possible to produce a uniform fiber
from these materials [68]. While it is not possible to produce nanofibers from Teflon,
it has been achieved to produce Teflon nanofibers on inner PCL layer with coaxial

electrospinning [69].

The coaxial electrospinning setup includes all the parts that traditional electro-
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spinning contains, plus a core-shell nozzle and an additional syringe and pump (Figure

2.8). As in traditional electrospinning, in the presence of the electric field, the drop at

the needle tip switches to Taylor cone and starts fiber formation [70].

high voltage

t— |}

. | A
syringe for o

sheath solution liquid jet

syringefor -
core solution .7

collector

conducting

Figure 2.8 Setup of a Coaxial Electrospinning [71].

2.4.1 Drug Delivery and Tissue Engineering Applications

It was mentioned in the previous chapter that fibers produced by traditional

electrospinning are frequently used in biomedical technology. Coaxial electrospinning,

a modified version of the traditional method, has a wide range of uses. In biomedical

technologies, core-shell fibers have application areas such as tissue/organ regeneration,

DNA /drug/biomolecule carrier systems [72].

In core-shell fibers conducted in-vitro studies, it was shown that the fibers could

release the drug in a controlled and continuous manner in wound healing [73]|. In an-

other study, it was shown that the lysosome preserves its biological activity by produc-

ing fiber from lysosome (inner) and PCL (outer) within coaxial electrospinning method

[74]. Although having two or more layers is a great advantage in drug release systems,
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studies have shown that at least 20% of the drug is released in the first stage (as soon
as application occurs) |72]. Further research on coaxial electrospinning is needed to

optimize this release profile.

Fiber structures are very useful in tissue scaffold forming in tissue engineering
applications. Core-shell nanofibers are an advantageous tissue scaffold method since it
is possible to dope various molecules into it. In one study, a growth factor (Platelet-
Derived Growth Factor BB (PDGF-BB)) loaded into the coaxial fiber and significantly
increased cell adhesion and growth [75]. In another study, core-shell fiber scaffold
containing PCL/gelatin was reported to release dopped growth factor for more than
15 days [76]. Coaxial electrospinning is very promising in terms of allowing the use
of materials that cannot be used due to their toxic properties, although they have
excellent mechanical properties as tissue scaffolding. In the near future, it will be
possible to use the mechanical advantages of the toxic material by using a non-toxic or

even biocompatible polymer as the outer layer.
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3. MATERIALS AND METHODS

3.1 Collagen Isolation from Calf Skin

The most important raw material of this thesis is collagen. For its use, collagen
was extracted from one of the sources which was mentioned previously (Chapter 2.1.2
Sources of Collagen). Since it is widely used molecule in both biomedical and food
industries, there are many different procedures in collagen extraction. In this thesis, a
procedure was chosen from the Kazanci laboratory where collagen was extracted with
high yield [77]. The calf skin used in our study was provided by my co-advisor Prof.

Dr. Murat Kazanci.

Figure 3.1 Collagen Solution in Dialysis.

Frozen calf skin was cleaned of hair and adipose tissue with a lancet. After

cleaning, the skin was cut into small pieces and removed to stock (—20°C). 20 g cleaned
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skin was taken from the stock and minced smaller pieces. Approximately 300 mL
(coverthe skin in the beaker) 0.1M NaOH was prepared for 20 g skin tissue and mixed
together for 48h at 4°C. NaOH helps the skin to be cleaned from the remaining hair and
adipose tissue. The skin pieces were washed 3 times with dH5O and stored in 4°C. The
skin pieces added into the solution containing 300 mL of 10 mM HCI and 1 g of Pepsin
and mixed for 20 hours with a mechanical stirrer (All mixing was performed in ice 4°C,
pH: 2 (pH was checked every hour)). Then, the skin pieces were removed from the
solution and placed in stock (—20°C) to reuse. The solution was centrifuged at 10000
g for 20 minutes at 4°C. 2M Urea and 50mM NaCl were added to the supernatant and
mixed. Tris-Edta was added until the pH:7 to stop the enzyme activity (All mixing
was performed in ice). After the solution was filled into dialysis tubes (Figure 3.1),
it was dialyzed in dH,O at 4°C for 18 hours (Water was changed with clean dH,O 3
times periodically). Collagen was taken out from the dialysis tubes in Figure 3.2 and
frozen at —80°C for 24 hours. For dehydration, lyophilization was performed for 3 days

at —65°C and collagen was obtained in sponge forms.

Figure 3.2 Collagen After Dialysis.
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3.2 Electrospinning Process

3.2.1 Preparation of the Electrospinning Solutions

The importance of the properties of the solvents in electrospinning was men-
tioned in section 4.6. There is a possibility that the natural structure of collagen may
deteriorate during preparation of solutions and electrospinning. In my thesis, Acetic
Acid (AA), which was previously used in our research group and has been shown to
protect the collagen structure better, comparing with organic solvents was employed
[56],[77]. Collagen solution was prepared by dissolving 15% by weight (w/v) collagen
in 90% AA.

PVA is a water-soluble polymer that has been used in nanofiber production for
a long time. In the literature, nanofiber production at different PVA concentrations
has been previously shown, and the most smooth and robust structure was produced
by 10% PVA in dH,O [78]. For PVA concentration, which I used as the outer layer of
coaxial electrospinning, 8 % and 10 % PVA concentrations have been used and it has

been decided to use 10 % PVA.

3.2.2 Production of Nanofibers

We employed three different nanofiber production techniques:

1. Collagen and PVA nanofibers were separately dissolved and nanofibers were ob-

tained
2. Collagen and PVA were mixed in a solution

3. PVA coated collagen nanofibers were obtained by coaxial method

Production of Collagen Nanofibers and PVA Nanofibers
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Collagen nanofibers were produced using traditional electrospinning setup were
used as control group. Collagen nanofiber production method has been taken from
the previous papers of our laboratory [77|. The collagen solution specified in the
previous step was transferred into a 3 mL syringe. Specially produced needle for
electrospinning was attached to the tip of the syringe. The syringe was placed on a
pump with adjustable pumping speed rate per unit time and its speed was set at 0.5
ul./min. A power supply was connected to the middle of the needle with an electrode
and a voltage of 17-18 kW was applied in fiber production. During the process, the
outer temperature was kept in the range of 23°C(£1). Collector was covered with
aluminum foil and fibers were collected on the foil. Collector- needle tip distance was

set as 10 cm. At the end, collagen nanofibers were successfully produced.

PVA nanofibers were produced using traditional electrospinning setup and used
as the control group. 10 % PVA solution was used for nanofiber production. Collagen
nanofiber production parameters (Voltage, temperature, speed, and distance) were kept
same for PVA nanofiber production. As a result, PVA nanofiber production has been

successfully performed.

Production of Collagen-PVA Mixed Nanofibers

Collagen-PVA mixed nanofibers were produced by traditional electrospinning
setup as the third comparison set. Mixed nanofibers were produced, as it was decided
to compare them with the nanofibers that were produced by coaxial electrospinning
method. The Collagen and PVA solutions were mixed 1: 1 volume ratio for 2 hours.
Parameters (Voltage, temperature, speed, and distance) were kept same for Collagen-
PVA mixed nanofiber production. As a result, Collagen-PVA nanofiber production has

been successfully performed.

PVA Coated Collagen Nanofibers by Coaxial Method

Collagen-PVA coaxial nanofibers were produced by using the coaxial electro-
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spinning setup. After filling the collagen solution into the inner part syringe and the
PVA solution into the outer part syringe, both syringes were placed in the syringe
pump. Figure 3.3 A power supply was connected to the middle of the coaxial needle
with an electrode and a voltage of 17 kW was supplied during the fiber production
process. Temperature and distance were kept same as in the other methods. 2 differ-
ent pumping speed were employed. First, the speed of inner and outer solution was
set 0.1 ul./min. The new pumping speed was determined due to the excessive droplet
formation during electrospinning and the ratio of 1: 4 between the inner-outer coaxial
needle tips. The pumping speed of the inner solution (Collagen) was set 0.4 uL/min
and outer solution (PVA) 0.1 uL/min. Collagen-PVA coaxial nanofiber production was

achieved by using these parameters.



 Collagen (Inner)

e Y
Collector

A

Coaxial Colagen-PVA Nanofibers I

Figure 3.3 Experimental Setup of Coaxial Nanofibers Production.
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3.2.3 Characterization Techniques

Nanofibers were characterized by various techniques such as optical (Light Mi-
croscopy ), morphological (Scanning Electron Microscopy (SEM)) and thermal (Ther-

mogravimetric analysis).

Fourier Transform Infrared Spectrophotometer (FT-IR)

Infrared (IR) spectroscopy is a test technique used in the characterization of
substances that are organic or inorganic compounds. FT-IR can determine the chemi-
cal structure of a molecule by measuring the absorbance of light at different frequencies.
An IR spectrum represents the fingerprint of a sample, with absorption peaks corre-
sponding to the frequencies of vibrations between the bonds of the atoms that make up
the material. Because each material is a unique combination of atoms, it is impossible
to produce same IR spectrum for two different compounds. It can be applied to the

analysis of solids, liquids, and gases [56].

In this study, the FT-IR (Perkin Elmer Spectrum Two) was used to observe the
ingredients in nanofibers and to show that electrospun nanofibers contain PVA and
collagen molecules. Spectra was performed in the range of 4000-400 cm™ wave number
and taken the average of 6 scanning. For the sample preparation, nanofibers collected

on aluminum foil were taken by forceps.

Scanning Electron Microscopy(SEM) Imaging

SEM is a device used to view the surface down to the size of sub-micrometers.
After the nanofibers were produced in this study, SEM (Thermo Scientific Quattro S)
was used to visually reveal the differences between the morphologies of all 4 groups
of fibers collected on the aluminum foil(Collagen, PVA, Collagen-PVA mixed, Coaxial
Collagen-PVA).
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Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is an analysis method that shows the temperature-
related change in material weight. In this thesis, TGA (Perkin Elmer STA 8000) has
been used to demonstrate the temperature dependent degradation of nanofibers in or-
der to compare different fiber groups. Samples were prepared by isolating nanofibers
on the aluminum foil. Each sample was first weighed to determine the initial weight.

Data for each group was normalized according to initial weight.
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4. RESULTS

4.1 FT-IR Analysis
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Figure 4.1 FT-IR Spectra of Raw Collagen and Collagen Nanofiber.

The Figure 4.1 shows the comparison of spectra results of raw collagen isolated
from calf skin(blue) and collagen nanofibers (orange). The peaks shown here provide
the information about the different physical state of collagen molecules. The most
decisive peak for collagen is the C=0 point at 1620 cm ' which is the finger print
region for collagen proteins [56]. This point is called Amide I and is the most prominent
peak in the FT-IR spectra of collagen structures. This point can be seen in both raw
collagen and electrospun collagen nanofibers. The N-H interaction at the 1530 cm™
called as Amide II band, which is characteristic for collagen. C-N at 1280 cm™ and
N-H at 1160 cm™ are among the characteristic peaks of collagen called Amide III band.
The peak is caused by the C-H vibration is observed at 2900 cm™. In 1440 and 1530
cm, it is seen that there are extra C and H vibrations. The triple-helix structure
of collagen is established by Hydrogen bonds. The severity of the peaks where C-H
interactions occur can give an idea about the deterioration of the structure [79]. If the
intensity of the C-H peaks decreases, the structure can be said to be largely denatured.
In the C-H interaction found in 2900 cm™, the peak of the nanofiber and the peak of
the raw collagen are almost the same, but it is observed that the intensity of the peak

decreases in the other C-H interactions, 1440 cm™ and 1530 cm™.
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Figure 4.2 FT-IR Spectra of Raw PVA and PVA Nanofiber.

An industrial grade PVA (Akbel Kimya) was used in this thesis for the produc-
tion of nanofibers. Figure 4.2 shows the FT-IR spectra results of raw PVA and PVA
nanofiber. It shows similar peaks when compared to other PVA FT-IR results used
in the literature [80]. At 3300 cm™ point, both raw PVA and PVA nanofibers showed
a strong peak. The peak at this point is due to the vibration of the hydroxyl groups
in the O-H interaction. The peak at 1725 cm™, which is characteristic for PVA [80],
is the C=C vibration. The strong peak seen in 1085 cm™ indicates C-O acetyl group
interaction. This sharp peak is characteristic for PVA and can be observed in both raw

and nanofiber forms. CH, vibration is seen at 1430 and 1370 cm™.

100 P
\ A \//
95 |
a0 \
~— B85
g
P 80
5 5 ! _
£ : 2915 ' ™ co1070
5 65
o
4 1240
= 60 3300
55 ! CH, 1440
== Coaxial Collagen-PVA Nanofibers C=0 1620
50 Mixed Collagen-PVA Nanofibers N-H 1530
45
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers [1/cm]

Figure 4.3 FT-IR Spectra of Coaxial Nanofiber and Mixed Nanofiber.

In Figure 4.3, coaxial Collagen-PVA nanofibers are compared with mixed Collagen-

PVA nanofibers as a control group. It is possible to see the characteristic peaks of
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collagen and PVA in two nanofiber structures (coaxial and mixed). In addition to the
characteristic Collagen peaks: 1620 cm™, 1530 cm™, 1440 cm™, and 1070 ecm™, char-
acteristic PVA peaks: 3300 cm™, 2915 cm™, and 1240 cm™ can be observed. In the
experimental design, we were not sure whether both materials equally are contributed
to fiber formation or the structures would be dominated by one of them. However, FT-
IR result shows the peaks of collagen and PVA, so it can be said that both are present
in the nanofiber structures. FT-IR analyses does not show the differences between

mixed collagen-PVA nanofibers and coaxial collagen-PVA nanofibers.

4.2 Optical Microscopy Images

Figure 4.4 shows optical microscope images of collagen, PVA, mixed collagen-
PVA and coaxial collagen-PVA nanofibers. Although the diameters and lengths of
collagen nanofibers in Figure 4.4, A and B are of sufficient, they do not provide clear
images. There are problems in illustrating collagen fiber structures. On the other
hand, it is seen that nanofibers produced from PVA (Figure 4.4, C and D), have a
smooth, long, and rigid structure. Fibers formed by mixing Collagen and PVA in equal
proportions (Figure 4.4, E and F) are not successful in forming a uniform structure.
As a result of the low chemical interactions of Collagen and PVA, it is difficult to
create a standard nanofiber surface by mixing both. Coaxial nanofibers synthesized
with collagen in the inner and PVA in the outer layer (Figure 4.4, G and H) are seen as
a smooth structure. According to the optical microscope images (Especially Figure 4.4,
H), the outer layer and inner layer of the fiber shine differently. This light difference
can be interpreted as the coaxial structure has been successfully formed. In addition,
when we compare coaxial collagen-PVA nanofibers to collagen nanofibers and mixed

collagen-PVA nanofibers, it is seen that they have a much more uniform structure.
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Figure 4.4 Optical Images of Nanofibers A) Collagen Nanofiber 50X (brigthfield), B) Collagen
Nanofiber 100X (brigthfield), C) PVA Nanofiber 50X (brigthfield), D) PVA Nanofiber 100X (brigth-
field), E) Mixed Collagen-PVA Nanofiber 50X (darkfield), F) Mixed Collagen-PVA Nanofiber 100X
(darkfield), G) Coaxial Collagen-PVA Nanofiber 50X (darkfield), H) Coaxial Collagen-PVA Nanofiber
100X (darkfield).
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4.3 Scanning Electron Microscopy (SEM) Images

Uniform collagen nanofibers (Figure 4.8) are not easy to produce even in the
same bunch. We obtained long continues nanofibers. The diameters of the fibers range
from 150 nm to 700 nm. Diameter range is very wide. We have demonstrated that
we can produce short diameter collagen fibers. However, large diameter nanofibers can
also occur in the same group. PVA is a very useful polymer to syntheses standard
fibers. Industrial PVA also revealed a smooth nanofibers (Figure 4.6) that have similar
morphologies as in the literature. The nanofibers formed in the mixture of Collagen and
PVA (Figure 4.7) were produced in order to compare them with the coaxial nanofibers.
The synthesized mixed fiber structures are not uniform (different diameters in the
same fiber bunch). Collagen-PVA coaxial nanofibers were able to maintain a smooth
nanofiber structure even in long time production. The diameters of the synthesized
nanofibers are generally in closer range the other samples. Nanofibers with diameters

in the 250 nm-540 nm range are shown in Figure 4.8.

Figure 4.5 SEM Images of Collagen Nanofibers.



Figure 4.6 SEM Images of PVA Nanofibers.

Figure 4.8 SEM Images of Coaxial Collagen-PVA Nanofibers.
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4.3.1 Diameter Analysis

Diameter measurements were made for each nanofiber types (Collagen, PVA,
Mixed, and Coaxial) from SEM images. (Figure 4.9 ) It was observed that the mean
diameter of coaxial collagen-PVA nanofibers was between collagen nanofibers and PVA
nanofibers. Unpaired t test was performed to understand the level of differences be-
tween all groups using GraphPad Prism 9.1.2. software. There is a significant difference
between coaxial nanofibers and collagen nanofibers (P value <0.0001). There is a sig-
nificant difference between PVA nanofibers, which have the largest mean diameter, and
coaxial nanofibers (P value <0.0001). There is a significant difference between mixed
nanofibers with Collagen and PVA solutions at a ratio of 1:1 and coaxial nanofibers
(P value <0.05). Since they are PVA coated fibers, it was expected that the coaxial
nanofibers would be thicker than the collagen nanofibers. However, the mean diameters

of coaxial nanofibers (367.5 nm) are not as thick as PVA nanofibers (648.9 nm).
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Figure 4.9 Comparison of Mean Diameters of Nanofibers.
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4.4 Thermogravimetric Analysis (TGA)
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Figure 4.10 TGA Results of Nanofibers A) Collagen nanofibers B) PVA nanofibers C) Collagen-

PVA coaxial nanofibers.

Collagen nanofiber, PVA nanofiber and collagen-PVA coaxial nanofiber TGA
graphs are given separately (Figure 4.10). In the literature 79|, it has been shown
that the weight of collagen decreases from 75-80°C to 190-200°C on the TGA graph.
The weight change of the collagen nanofiber synthesized as the control group between
these temperatures is consistent with the literature (Figure 4.10, A). Some of the water
molecules in the structure were lost in the range of 50-200°C in collagen nanofibers.
However, the marginal water loss in the structure occurred after 230°C. When the

thermal change of PVA is examined, it is seen that it is not affected by the temper-



38

ature up to 230-240 C. At temperatures above 240°C, there is rapid deterioration in
the structure. The TGA plot of PVA nanofibers (Figure 4.10, B) shows results con-
sistent with the literature [81]. The marginal decrease in the graph after 230°C can
be explained by the loss of water content in PVA nanofibers. In the Collagen-PVA
coaxial nanofiber TGA graph (Figure 4.10, C), it is interpreted that the weight loss up
to 190°C is caused by collagen. It is interpreted that the marginal weight loss after the
peak at 190°C is due to the more heat resistant polymer, PVA. The thermal behavior
of the two polymers, which are not very far from each other, made inferences difficult.
During the production of Collagen-PVA coaxial nanofiber, two polymers are coated by
physical interaction. Since there was no chemical interaction during this coating [82],
it was interpreted that the two polymers showed separate characteristics in the TGA

results.
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5. DISCUSSION AND CONCLUSIONS

Although the production of collagen, which has a wide range of biomedical use,
has been studied for years, many different sources and methods have been used. Today,
different methods continue to be used and there is no fixed procedure. Each method
and source have different advantages and disadvantages. It has been shown that the
collagen we need can be obtained with sufficient purity by the procedure that has
been used in our laboratory [18|. This thesis also provides the recycling of animal
skin residue. During recycling, the collagen in its structure was isolated to use as a

biomaterial.

FT-IR analysis was performed in order to compare the characteristic features
of the isolated collagen with those in the literature and to make a positive control.
According to the FT-IR analysis data, it was revealed that the isolated calf skin-
derived collagen in this thesis showed the same characteristic vibrations as the other
isolated collagens in the literature [56]. Collagen nanofiber and bulk collagen were
compared by FT-IR analysis to determine how the structure of collagen nanofibers
changed during nanofibers synthesis. It was observed that there was no major change
in the structure since both structures gives very similar spectra. However, the low
intensity of vibrations of collagen nanofibers at the FT-IR peak points indicates that
the 3D structure of collagen is disrupted while the fibers are formed due to applied

electrical field.

Similarly, FT-IR was used for structural comparison of industrial grade PVA
and PVA nanofibers. Although the peak points did not change as expected, the weaker
peaks of PVA nanofibers can be interpreted as obtaining PVA in elongated fiber forms
during electrospinning. It is seen that both collagen nanofibers and PVA nanofibers

produced using conventional electrospinning cause physical changes in the 3D structure.

It was aimed to coat collagen nanofibers with PVA by using the coaxial electro-



40

spinning method, which was created by modifying the traditional electrospinning tip.
FT-IR was used to determine the contents of coaxial nanofibers. It was determined that
the mixed collagen PVA nanofibers used as the control group and the coaxial collagen
PVA nanofibers had the same content that was indicated by the same band position.
Thesis results prove that both collagen and PVA are present in the coaxial nanofiber
structure. Although it does not provide any information that the fiber coating has

taken place, F'T-IR analysis is necessary to learn the contents of the structure.

One of the characteristics of polymers is their thermal properties. TGA mea-
surement was carried out to compare the thermal properties of nanofibers. When the
TGA graphs of collagen nanofibers were compared with the literature, similar results
were observed. Compared to the literature, it was observed that the temperature-
dependent weight peaks were not very clear [79]. It has been shown that the triple
helical structure of collagen is disrupted during nanofiber production. The reason for
the absence of sharp peaks as a result of the thermal measurement can be interpreted

as the deterioration of the structure.

TGA measurement graph of the other control group, PVA nanofibers, was taken.
PVA, which can show very different characteristics according to the way it is synthe-
sized and its purity, could not be expected to fully comply with the results in the
other research. However, it is promising that the industrial grade PVA used in the
experiments reveals similar results to the graphics in the literature [81]. PVA, TGA
graphs are examined in 3 sections in the literature. 50-200°C range, 200-450°C range
and 450-700°C range. Since the measurements could not exceed 300°C, the focus was
on the first two intervals. PVA is generally a heat resistant polymer. In the first part,
a major weight loss was not observed in the range of 50-200°C. However, a radical

decrease was observed after 200°C.

After comparing the two different polymers separately, the thermal properties
of coaxial collagen PVA nanofibers were measured. In the Figure 4.10 C, it is seen
that the weight loss is slower up to 200°C, but there is a rapid decrease after 200°C. It

is known that PVA is a more heat resistant polymer. In this case, more collagen loss
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occurred in the first part. The slow acceleration of collagen loss can be interpreted as
the presence of more PVA as a protective layer around collagen. When examined in
general terms, the fact that the total weight does not decrease marginally, although
most of the collagen is lost up to 200°C, and there is a decrease similar to the TGA
graph of PVA after 200°C, is an evidence that most of the structure contains PVA [81].

The most important of the main objectives of the thesis research is to ensure
that the collagen fibers are coated with PVA. Microscopic characterization is essential
to visualize whether this goal could be achieved. Optical microscope and SEM were

used for detailed visualization of the structure.

It is observed that the structure is not uniform in SEM images of collagen
nanofibers. It is known that the stability of collagen does not last very long. There
are many factors affecting the structure of collagen nanofibers (ambient temperature,
humidity, etc.). As a result, it has been shown by SEM images that collagen nanofibers
cannot maintain a proper fiber form. In addition, the fluctuation in the structure also
affects the average diameter length. The diameter size range of collagen nanofibers is

wide.

PVA has been shown many times to form successful nanofibers. Although it
has different characteristics in different solvents and different concentrations, generally
PVA can form high quality nanofibers. As the SEM images show, net, and uniform

PVA nanofiber structures could be formed.

As a control, a mixed nanofiber containing both collagen and PVA was produced.
A uniform structure cannot be seen in the SEM images of the nanofibers produced
by mixing the solutions at a 1:1 concentration. No chemical interaction is expected
between the collagen solution and the PVA solution. In this case, the two solutions form
a suspension solution. Collagen-PVA mixed nanofibers are formed when the suspension
solution comes out of the electrospinning tip. The biggest reason why the structure
cannot be a uniform is the possibility that every solution coming out of the needle in

unit time may not be the same. While the PVA solution is pumped from the syringe



42

for a while in the suspension solution, the collagen solution may be pumped after a
while. As a result, it has been shown that a uniform fiber form cannot be obtained by

mixing PVA and collagen.

PVA, is used to coat the outer surface of collagen nanofibers, in coaxial electro-
spinning method. When the SEM images are examined, it is seen that the structure
is a uniform. In addition, it can be seen that the fiber diameters increase. Since SEM
presents a superficial image, it is very difficult to distinguish the coaxial layers of the
structure. However, the presence of collagen in the structure is certain in FT-IR analy-
sis. In addition, the structure we see in the SEM image does not resemble the collagen
nanofibers at all and is very similar to the PVA structure. As a result, the fibers we

see in SEM can be interpreted as PVA nanofibers containing collagen.

Collagen isolated from a bench may exhibit similar diameter characteristics
within itself. However, even though collagen isolated from a same source, it can result
nanofibers with different properties. In a study, electrospinning was performed using
two different brands of collagen isolated from the same source, and it was shown that
both samples had very different diameters from each other [83]. In the literature, the
mean diameter of collagen nanofibers formed by solution preparation with acetic acid is
similar to the mean diameter of the ones produced in this thesis [84].In a study, it was
shown that the diameters of PVA nanofibers produced by 10% PVA:dH5O solution were
in the range of 650-700nm [85]. The mean diameter of the PVA nanofibers produced

in this thesis is in the same range in the literature [85].

Chen et al. demonstrated the production of coaxial nanofibers using collagen
(shell) and thermoplastic polyurethane (core) [86]. It has been shown that the mean
diameter of the produced core shell nanofibers is between the mean diameter of collagen
nanofibers and the mean diameter of thermoplastic polyurethane nanofibers. In this
study, although the collagen was used as a shell layer, it has been shown that the mean
diameter of the core shell nanofibers is between the nanofibers of the two materials
used separately. Considering this research, it is expected that the mean diameter of

collagen-PVA coaxial nanofibers produced in this thesis is between mean diameter of
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collagen nanofibers and mean diameter of PVA nanofibers. In the results shown in the

Figure 4.9 are consistent of the expectation.

Although the optical microscope does not provide as detailed images as SEM,
it still provides quality images. Optical microscope images of collagen nanofibers are
consistent with SEM images. When the fibers are examined from a wide angle, it is
seen that there are no uniform structures. PVA nanofibers, on the other hand, have a
very flat appearance, with average diameters close to each other. Optical microscope
images confirms the SEM results that electrospinning from the mixture and coaxial

spinning provide completely two different fiber structures.

Optical microscope images of coaxial collagen PVA nanofibers reveal promising
results. When the reflections of the light are examined carefully, a two-layered structure
is seen. In the optical microscope image, there is a visible contrast difference between
the outside and inside of the fiber structures. This difference shows that the coaxial
fiber has been successfully formed. The optical microscope images of the nanofibers,
which we are sure to be in the structure of both collagen and PVA with other analyzes,

show the presence of PVA-coated collagen nanofibers.

The studies carried out in this thesis focused on improving the structural in-
tegrity and uniformity of collagen nanofiber. It is known that collagen is used in many
biotechnological products today. It can be deduced that this study could open the
way for different applications of those two molecules in different fields. Conventional
electrospinning has certain shortage in collagen nanofibers production. With this re-
search, it is thought that the production of collagen nanofibers by coating with various

polymers may be more effective for different application.

As both nanofiber technology and the use of collagen in biotechnology are in-
creasing day by day, many new steps can be taken on this pioneering work. First of
all, different characterization methods can be added to prove the coating of collagen
with a different polymer by coaxial electrospinning. This study suggested that PVA

coating could reduce the collagen nanofibers structural degradation. As future steps,
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in vivo and in vitro studies of PVA-coated collagen nanofibers can be performed and
their direct effects on living organisms can be examined. By using the coaxial electro-
spinning method, the outer surface of the collagen can be coated with other polymers.
By testing different polymers, the most effective coating material for the target can
be determined. Polymer-coated collagen nanofibers with proven effectiveness can be
used for the functionalization of different industrial products such as wound dressing
cloths. Or vice verse synthetic polymers could be also coated by collagen to make them

biologically more appealing for biomedical applications.
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