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ABSTRACT

CORE-SHELL PVA/GELATIN NANOFIBROUS
SCAFFOLDS USING MULTINOZZLE AQUEOUS
ELECTROSPINNING

Biological scaffolds have been used in the reconstruction of the damaged tissues.
They have similar morphology and structure to the host tissues. However, they can
be produced using materials that can be harmful to humans and the environment.
In this context, core-shell nanofiber based scaffolds, whose mechanical strengths are
provided by PVA (poly vinyl alcohol) and recognition sites are provided by gelatin, were
fabricated in a non-woven manner using multiple nozzles of electrospinning technique.
Instead of widely used toxic, acidic or salt-based ionic solvents, deionized “water” was
used as the only solvent for both polymers. Firstly, nanofibers were produced from 8
% (w / w) gelatin and 8%(w / w) PVA solutions individually. Limits were determined
for parameters such as voltage, feed rate, temperature and polymer concentrations.
Although pure gelatin nanofibers have diameters of less than 50 nm, they have beaded
structure and have lower mechanical strengths. Smooth fibers were obtained from 8%
PVA. Fibers with PVA: gelatin core shell morphology were then produced at different
feed rate ratios (FRR). Based on the fiber diameter, the optimal FRR with a 15 kV
voltage magnitude and 15 cm electrode distance was found to be 1: 1 with an average
diameter of 280 nm. The ratio of 1: 3 and 1: 4 was seen as the formation of “beaded”
fibers and the pealing limit of gelatin over PVA, respectively. Mechanical and water
resistance of the produced scaffolds was further improved by cross-linking. Core - shell
morphology was demonstrated by TEM, SEM, EDS analysis. The secondary structure
of the gelatin from collagen and the effects of the electrospinning were revealed by FTIR
and DSC. Approximately 60% of all cross-linked scaffolds were degraded in solution

using lysozyme enzyme up to day 14.



vi

OZET

SU BAZLI, COKLU NOZUL ELEKTROEGIRME
YONTEMI ILE ES EKSENLI PVA /JELATIN NANOFIBER
ISKELELERIN URETIMI

Zarar gormiig dokularin iyilesmesinde kullanilan, ev sahibi doku ile yakin icerik
ve morfolojiye sahip biyolojik iskeleler kullanilmaktadir. Fakat, iskelelerin imalatlar
esnasinda sagligina ve dogaya zararli maddeler de kullanilabiliyor. Bu caligmada tiretim
esnasinda sagliga ve cevreye zararsiz, “su”dan elde edilmis, elektro-egirme yontemiyle
iiretilmis, eg eksenli, nanofiber bazlh iskelelerin tiretimi ele alinmigtir. Bu baglamda
mekanik dayanmmi polivinil alkol (PVA)’ dan saglayan, hiicreler tarafindan taninma
ozelligini de jelatinden alan es eksenli nanofiberler ¢oklu noziil kullanilarak tiretildi.
Genel olarak kullanilan toksik, asidik ya da tuz bazl iyonik ¢oziictiler yerine, iki polimer
icin de ¢oziicii olarak deiyonize “su” kullamldi. Once tekil olarak %8 (a/a) jelatin ve %8
(a/a) PVA c¢ozeltilerinden nanofiberler tiretildi. Voltaj, elektrod mesafesi, besleme hiz,
sicaklik, konsantrasyon gibi parametreler ile sinirlar belirlendi. Saf jelatin nanofiberleri
50 nm den az ¢apa sahip olsalar da boncuklu yapiya sahipler ve tek baslarina mekanik
olarak dayanmimlar1 diigiiktii. %8 PVA fiberleri kendi baglaria piiriizsiiz olarak iiretildi.
Daha sonra farkl besleme hiz oranlarinda (BHO) PVA:jelatin ¢ekirdek kabuk morfolo-
jili fiberler tiretildi. Fiber cap1 baz alinarak, 15 kV voltaj biiyiikliigiinde, 15 cm elektrod
mesafesinde en uygun BHO'nun 280 nm ortalama c¢ap ile 1:1 orani oldugu goriildii. 1:3
ve 1:4 oranlari ise “bead”li fiber olugumu ve jelatinin PVA’nin iizerinden siyrilma limiti
olarak goriildii. Uretilen iskelelerin mekanik ve suya kars1 dayanimlari, capraz baglama
ile daha da gelistirildi. Cekirdek — kabuk morfolojisi TEM, SEM, EDS analizleri ile
gosterildi. Jelatinin kolajenden miras kalmig, ikincil yapis1 ve elektro-egirmenin etkileri
FTIR, DSC ile aciklandi. Capraz baglanmis biitiin iskelelerin yaklagik olarak %601 14

gilinde, lysozyme enzimi kullanilan ¢ozeltinin icerisinde bozunuma ugradi.
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1. INTRODUCTION

1.1. Tissue Engineering

Tissue engineering is a discipline that appoints the principles of engineering to
reproduce required signals to cells that are responsible from healing of damaged area or
creating a fresh tissue. One of the essential control mechanisms of cell activities is the
utilization of physical, chemical and mechanical properties of the ECM (extra-cellular
matrix) which contains cues of information needed to modulate adhesion, growth,

proliferation and differentiation factors [1].

Tissue transplants have been made in the world for centuries. The first attempts
to transplant bone and skin goes back to the Middle Ages described by ancient docu-
ments. First proven tooth transplantation was practiced in ancient Egypt by forcing
slaves to donate their masters [2]. Although different methods are used in surgeries
whose quality and quantity develops as time progresses, the logic in general has re-
mained the same and can be examined in three different categories: (i) autograft,
(ii) allograft (patch from another individual of the same species), (iii) synthetic tissue
patch. Autografts have many advantages in itself. Because taken graft belongs to the
body itself, the tissues in the area where the transplant is performed quickly recog-
nize the guest tissue and the risk of side effects is low [3]. However, this technique
only opens a new site in the body that needs to be treated and can be applied for a
limited number of operations. The second option allograft is more practical than the
first case. But, it also includes problems such as tissue adaptation, not being accepted
by the immune system, availability and transfer of diseases [4]. Along with these ad-
versities, the increasing standard of living and the expectation of a faster recovery of
the diseases channel the scientific world of today into the third option, synthetic tissue
transplantations. It is possible to produce an imitation of a less complicated tissue with
engineering. For instance, cardiovascular disease is one of the most common diseases
in the world. Vascular autografts with limited availability are gradually replaced by

synthetic artistic vessels in this area [5].



Synthetic tissues may vary depending on the treatment method. Required tissue
can be produced synthetically and stays on the damaged area permanently as a part of
the body like implants or artificial scaffolds where tissue cells can grow on it and can be
degraded over time. As an example, in micro-fracture method [6], which is a method
used in the treatment of articular cartilage, the cells are transported to the damaged
area with a channel opening into the bone marrow. With this technology, which has
been started to be used especially in recent years, bio-compatible, biodegradable artifi-
cial scaffolds are placed in the damaged area for the stem cells to locate on the cartilage

and expected to repair this area.

Cell isolation
Autclogous! allogeneic
skin grafts
* S N
e ) . .
"8 _—%-—- Keralinocyles Epidarrnis
Derrmils

Scaffold Tissue-engineered skin

Figure 1.1. Schematic illustration of principles of skin tissue engineering (adapted

from [7])

Tissue engineers in various sub-fields are trying to produce biological scaffolds
on which cells can grow and infiltrate inside effectively. As shown in Figure 1.1, these
platforms can serve different purposes. Polymer based scaffold should show both the

mechanical properties of the original tissue as well as the biological content, so that



the host tissue cells do not define the scaffold as foreigners. For faster progress of the
process, the scaffold can be fed with the cells. This is done by isolating keratinocytes
and fibroblasts from donor tissue, which are then in wvitro cultured and seed onto
scaffold. For a full-thickness skin substitute, fibroblasts are first planted on the scaffold

to form dermis which then seeded with keratinocytes to establish epidermis.

1.2. Skin Structure and Wound Healing

Skin is the largest organ and constituting 8% of the whole body weight. The outer
shell of the skin is epidermis, which is mainly comprised of keratinocytes, protects body
from external environment and prevents loss of moisture. Epidermis is divided into 4 or
5 layers through which keratinocytes gradually enlarge and flatten till the surface where
the migration ends and sloughing begins [8,9]. Calcium is the key component in the
formation and differentiation of the keratinocytes. As calcium concentration increases
keratinocyte differentiation increases. Other cells of the epidermis are melanocytes and
Langerhans’ cells where the former one responsible from tone of the skin and latter one

responsible from the skin immune system [10, 11].

The dermis, just below the epidermis is a relatively thick, fibrous and elastic layer

of the skin which is formed by

(i) Vascular plexus, present at that region to nourish the tissue;

(ii) Nerve endings, sense touch, pain, temperature and pressure
(iii) Cells, are mainly fibroblasts, histiocytes, mast cells, plasma cells and some den-
dritic cells comprise approximately 10% of the dermal content [13]. The most
abundant fibroblasts are considered to be the fabrication sites of the other dermal
components. Other cells are generally responsible from immunocompetence [12].
(iv) ECM, consists of different type collagen fibrils and elastic fibers, embedded in
a gelatinous substance of proteoglycans. While upper ECM contains randomly
distributed collagen fibers, lower part contains collagen fibers aligned parallel to

the surface of the skin. (Figure 1.2)
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Figure 1.2. Structure of Dermis [12]

Collagens and elastin are the major elements of the skin matrix providing tensile
strength and elasticity. In case of any destruction on the epidermis or dermis, platelets
go to the damaged area to stop bleeding by sealing blood vessels. The platelets adhere
to the exposed type 1 collagen. They induce activation signals and secrete adhesive
glycoproteins, leading to platelet reformation and coagulation [14]. Fibrin derived from
fibrinogen crosslinks platelets forming a barrier against microorganisms, establishes
the temporary medium for cell migration via activation of thrombin enzyme and other
released factors which will finally ends hemostasis stage and initiates further healing
stage of inflammatory stage. At this stage cells responsible for the digestion of debris
and bacteria is formed and afterwards they die and releases enzymes that break fibrins.
Departed fibrins attract fibroblasts to create new matrix and other mast cells which
secrete cytokines [15]. Cytokines are soluble proteins that establishes communication
between cells and growth factors send information of required collagen synthesis and cell
proliferation. Also ECM contains groups that interacts with integrin which is a trans-
membrane receptor, directing to platelet activation, epithelial migration and fibroblast

movement [16]. Macrophages occurred by differentiation of monocytes phagocytose



bacteria and secretes enzymes to degrade necrotic tissue. They also release specific
cytokines and growth factors that leads to the next stage of healing [17]. Proliferation
is the third stage of healing. In this stage, specialized fibroblasts create scaffolds to
build frames of collagen. Proliferation stage is formed by granular tissue growth, wound
contraction and epithelialization. Through the end of this stage keratinocytes grow and
close the top of wound. Remodeling stages will start soon and sometimes it takes two
years to remodel under the surface by decreasing the density of cells and reproducing

other components [18].

Apart from acute wounds, chronic wounds have problems at one of the healing
stages especially proliferation stage. Chronic wound fluid was investigated as an in-
hibitory to epithelialization and impediment to keratinocyte migration and unbalanced

protease (enzyme degrades proteins) activity than acute wounds [19].

1.3. Objective of the Study

Purpose of this thesis is to produce scaffolds which take their high mechanical
strengths from the organization of nanofibers that are synthesized by using environment
friendly solvents. Planned scaffolds will be biocompatible, biodegredable and employed
in skin tissue engineering applications. To achieve this, core-shell morphology at nano
scale is aimed to reach by electrospinning of organic and synthetic polymers where the
former one supplies recognition sites for the tissue cells and the latter one supplies
mechanical endurance. Different from conventional methods, proposed work aims to
lower the steps of application of the scaffold to the harmed tissue by not using toxic
solvents, thereby, contributing to the literature from the greener synthesis respective

and also determination of the optimum process parameters.



2. Literature Review

2.1. Techniques Used in Skin Tissue Engineering

2.1.1. Phase Separation

Phase separation is a multi-stage fabrication method used for many years to con-
struct porous membranes. Two different phases exist inside a solution obtained via by
non-solvent method or thermally induced phase separation (TIPS). While the former
one results in heterogeneous, latter one results in homogenous pore size distribution
with interconnected pores [20]. This technique enables nano-to-macro sized fibers and
pore sizes (>90%). Combining with other techniques can yield efficient solutions in
scaffold production (porogen leaching, electrospinning) [20]. Also, it allows controlling
of pore-size and distributions. Major drawbacks of phase separation are that it requires
simple but time consuming steps in addition to the toxic solvent usages and shrinkage
issues with anisotropic pores. Also, mechanical strength of obtained scaffolds (nat-
ural polymers) with this technique is not sufficient for elasticity required biomedical

applications. They usually suitable for compression applications [21].

Steps for TIPS briefly can be listed as:

(i) A polymer solution is prepared. Especially a well-organized non-solvent and
solvent mixture is required.
(ii) Phase separation with gelation resulting in entrapped water/solvent regions of
fibrous matrix.
(iii) Solvent exchange with water.

(iv) Freeze-dry.



In Figure 2.1, gelatin matrices were obtained by phase separation from gelatin
solutions of aqueous and water/ethanol binary solvent system by Liu (et al., 2009) [21].
Surface morphologies are very different due to interaction between gelatin and solvent

molecules. In the same study, in order to construct interconnected macro pores, paraffin

was used as a porogen leaching method.

Figure 2.1. SEM micrographs of gelatin matrices a) pure water as solvent - freze-dry

b) ethanol/water binary solvent — TIPS (adapted from [21].)

2.1.2. Wet-Dry Spinning

In wet-spinning technique, a polymer solution is prepared and driven by a syringe
pump through the nozzle. Ejected solution due to viscous forces stays as long wires and
drops inside the non-solvent coagulation bath. There can be an air gap between nozzle
and coagulation bath which turns method into dry-jet wet spinning [22]. This gap
allows crystalline fibers to form their organized structures and prevents precipitation at
the tip of the nozzle. There are several polymers and polymer composite fiber produced
with this technique like chitosan, gelatin, cellulose acetate, acrylics, etc. The advantage
of this process is enabling multiple polymer blend fibers and easy incorporation of
different materials. Main disadvantage is thick fibers that are on the nano scale. For
instance, in industry, gelatin fibers were obtained via wet or dry-spinning method have

fibers on micro-millimeter scale [23].



Also used coagulation baths are usually organic solvents which keeps toxicity

concerns. But in some cases different baths are used as Kafy et al. (2017) produced

microfibers of aligned cellulose nanofibers with wet-drying method using CaCl, to form

fibers [22].

Figure 2.2. SEM micrograph of wet-spun cellulose microfiber (a) zoomed to observe

aligned cellulose nanofibers. (adapted from [22] .)

2.1.3. Electrospinning

Electrospinning (ES) is an effective method for producing nano and submicron
fiber. Fibers obtained from a polymer solution exposed to the high electric field are
collected on a counter electrode. These fibers are used in a wide variety of fields
including wound dressing [24, 25|, tissue engineering [26], sensors [27], drug delivery

[28,29] and etc.

Nano-fibers are employed in many areas other than biomedical applications, es-
pecially: nanofilters [30], composite reinforcements [31], energy supplement [32], sen-
sors [28], photovoltaics [33] and water-proof fabric [34]. In any cases, ES promises a
bright future for the nanofiber based applications due to easily adjustable and convert-

ible setups and low costs.



Interest in electrospinning is increasing due to bare advantages when compared
to other alternative fiber production methods (phase separation, drawing, template
synthesis, extrusion, centrifugal spinning and etc.) Figure 2.3. Since technique is
being cheap, responsive and enables mimicking the nature, it is widely studied in
laboratories around the world. With minor changes in the setup, many forms of surface
and fiber morphologies like aligned [35], core-shell [36], porous [37], hollow [38], etc.
fibers can be fabricated. Besides, degree of the pore size and fiber diameter can be
controlled by optimizing applied voltage, feed rate and electrode distance or polymer

concentration [39,40].
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Figure 2.3. Publications containing word ’electrospin’ + manofiber’ (summon.boun

2018 August)

There are many original methods patented and published to obtain aligned fibers.
The most commonly used method is deposition on a rotating cylindrical drum. Rota-
tional speed of (rpm) the drum is high such that electrodeposited fibers stretch and
become lined up. Aligned fibers with different orientations and narrowed jet bend-

ing instability thanks to pre-placed auxiliary electrodes are also obtained with this
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method [41,42]. Aligned fibers can also be obtained by depositing on two grounded
electrodes which are arranged in parallel to each other. Those two electrodes change
distribution of electrical field and improve the alignment of nanofibers. However, if the
produced fibers are not electrically conductive, they do not come close to each other
due to not discharging the charges accumulated on the fiber and repel the neighbouring
fibers. One way to obtain dense fiber meshes using a modified parallel electrode sys-
tem is to collect fibers with a sliding board mechanism in between two electrodes which
results in high orientation order parameter of S>97% [43]. Also applying alternating
current power instead of direct current resulted in wavy fibers which opens a new way

to patterned deposition morphology [44].

Feeding
Machine

Figure 2.4. Illustration of a simple electrospin setup
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Fibers in core-shell (CS) morphology can be obtained by using co-axial needles.
With this method, dissimilar polymer solutions can be spun concentrically. Coaxial
spinning of immiscible polymer solutions is relatively easy to achieve core-shell mor-
phology. Solvents of the two solutions need to have approximately the same evaporation
rate so that less deficient fibers will be formed. CS morphology can also be attained
with different techniques like using wire electrodes circulating on the free-surface [45].
This needless method produces a faster production result than the other methods, but
also brings higher voltage and evaporation problems in addition to immiscibility re-
quirement which enforces the polymer solution density of the shell should be less than
the core. Gas assisted coaxial electrospun method is an example of coaxial spinning
which eliminates clogging possibility and reducing flight time. Jiang et al. (2014)
demonstrated this technique for rapid homeostasis in liver resection [46]. Hollow fibers
have been employed for different applications such as gas sensors, extractive phases and
medical applications. Coaxial needle setup qualifies hollow fiber fabrication in which a

sacrificed core solution will be extracted during post-process [47].

Fiber collection using a liquid counter-electrode is one of many other variants of
ES. This makes it possible to produce thicker membranes and in situ coating of spun
fibers benefitting from a coagulation bath [48]. What should be noted in this method
is that surface tension of the liquid electrode should be arranged such that deposited
fibers would sink below the surface [49]. 3D cell-fiber structure can be attained by
deposition of alternating layers of human fibroblast cells and fiber on a cell-culture
media [50]. In some cases, fibers which are deposited on the liquid, are pulled slowly

through the liquid with the aid of a rotating cylinder to form fiber yarns [51].

The simplest ES uses a single-needle spinneret to draw the solution. The pro-
cess, however, is very time consuming. Therefore, multiple jets needs to be formed
in order to reduce production time from either a free surface or with the aid of noz-
zles [52]. The most critical issue in multiple jet ES is the interaction of path of initiated
jets. Models were hypothesized or experimented to minimize and homogenize the in-
teractions through proper design of the spinneret while taking into account the nozzle

arrangement, number of nozzles, and nozzle distances [53, 54].
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Instabilities of conventional electrospinning limits its applications both in mass
production or experiment level. In recent years, low voltage ES has been focused to ob-
tain devices which usually requires arranged or patterned fibrous structures. Although
applying low voltage at a close distance near field electrospinning (NFES) compared
to far field ES yields in desired structures, electric discharge due to close proximity
of electrode and collector, fiber thickness in addition to the membrane thickness ne-
cessitates further considerations. Small diameter spinneret has limitations on the flow
of the solution due to shear stress developed on the walls. Jet initiation is another
tricky constraint which was overcome at low voltages by using physical objects [55]
or switching high voltages at the start of the deposition to initiate fiber [56]. NFES
combined with coaxial ES results in a thicker but bio-mimicked structures which makes

technique more promising [57].

Obtaining fibers from natural polymers generally requires toxic or acidic solvents
which deteriorates important groups of the polymers in addition to the safety consid-
erations [57]. Definitely, the most reliable solvent is water and makes ES green [58,59].
However, since water soluble polymers can be dissolved easily in daily operations, re-
quires further post-treatments. Some ionic liquids [60], melt spinning process [61] can
be considered as green synthesis way of ES. Both has limitations, former one results in

residual material inside fibers and latter has a fiber diameter limitation of large sizes.

All in all ES is a fascinating technique to produce woven, non-woven, patterned
submicron and nano fibrous structures. Recent advances on ES were motivated to
improve the fiber production rates, patterned structures and safer processing methods

for future improvements.
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2.1.3.1. Process Parameters. Mainly parameters that are affecting the morphology

of the end-product can be gathered under two distinct categories as operational and

solution dependent parameters.

Table 2.1. Operational and solution dependent electrospinning parameters

Operational Parameters | _Solution dependent Parameters
Feed Rate Concentration
Distance Viscosity
Voltage Vapor Pressure
Humidity Conductivity
Temperature Surface Tension
Collector Type Charge Density

Each of these parameters have contribution on the individual fiber morphology
and the overall surface morphology. As example, a fiber can have different morpholo-
gies: hollow, beaded, core-shell, etc. In addition, surface of the produced specimen can

have different morphologies like: porous, aligned, random, etc.

Feed rate (FR), distance and voltage are among the mostly studied parameters.
Depending on the solution dependent parameters, those parameters can have diverse
effects. Many researchers investigated effects of FR for needled ES. Since electric field
extracts fibers from the droplet occurred at the tip, there are two limits for the fiber
formation one for excess and one for low rates. In between those rates, fiber diameter,
usually increases as rate increased. Below the minimum limit, solution drains too fast
that it is not possible to observe a stable ES. Above the maximum available limit,
electro-spray occurs such that droplets fly directly to the electrode. Actually, this
phenomenon is valid for voltage as a process parameter. Apart from FR, voltage has
different aspects of ES. Applied voltage can be either AC or DC, nozzle can be positive

electrode while counter electrode can be negative or vice versa.
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Electrode distance is another factor on the fiber morphology. It also has critical
limits that determines optimum conditions by means of evaporation rate, instability
region and flight time in addition to the magnitude of the Coulombic forces. How-
ever, positive direct effect of electrode distance on the fiber morphology has not been

reported.

Humidity, temperature are the environmental parameters having different effects
on the fiber morphology depending on the material types. For instance, humidity
has no bare impact on the hydrophobic polymers while has considerable effect on hy-
drophilic polymers by means of changing the fiber surface and incorporating beads
due to surface tension. Temperature affects fiber morphology from evaporation rates,
solution viscosity and surface tension aspects. Generally, increased temperature re-
sults in lower viscosity and lower surface tension, which means smaller diameter fibers
however, it also, increases evaporation rates, and faster evaporation results in faster
extraction of the solvent from the jet therefore a thicker fiber forms prior to stretching

of pre-mature fiber.

Collector type has effect on the deposited mesh. A drum type collector may result
in the aligned fiber depending on the speed of the drum or a liquid collector may result
in thicker membranes by eliminating piled up charges on each layer. A reduction in
nozzle diameter results in smaller diameter fibers. However, there is another factor
needs to be considered coming with nozzle diameter “coagulation” which prevents
solution flow. In addition, a decrease in size may bring the problem of excess shear

stress on the fluid that blocks flow again.
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Solution dependent parameters are listed in Table 2.1, among all of the parameters
the most detrimental parameter for a specific polymer is the solution concentration
and molecular weight of the polymer. It affects intrinsic parameters, like viscosity,
conductivity and surface tension properties, thereby fiber thickness. The dependence
of the fiber diameter on the polymer concentration is highly related to the viscosity.
A competition occurs in between viscosity which tries to keep solution together with
viscoelastic forces, conductivity which determines the effect of coulombic forces causing

to charge repulsion inside solution and surface tension which reduces surface area.

Vapor pressure is another effect that changes the properties of fabricated fibers.
Low vapor pressure solvents evaporate faster resulting in thicker fibers as fiber creates
and fiber formation process ends prior to fully developed and stretched fiber. ES also
affects crystallinity and conformations of the polymers by the incorporation of low

vapor pressure solvents inside the prepared solutions.

2.1.3.2. Advantages and Disadvantages of ES. A complete biomimetic scaffold has

many aspects. From morphology point of view, produced scaffolds have to be organized
from nano-sized fibers. Nano-sized fibers increase surface area of the scaffold, which
enhances binding of cells as illustrated in Figure 2.5. ES enables the production of
nano-size fibers that are mimicking the native ECM structure. ES provides many
advantages in addition to the control over fiber diameter distributions. It provides
a cost-effective fabrication. Aligned and non-woven meshes can be obtained in a 3d
shaped fashion. Pore structures and sizes can be controlled to allow the flow of nutrients
and gas permeability. Ingredients can be determined by solution types and allows
many polymers from natural to synthetic that play critical role in biocompatibility,

biodegradability, anti-bacterial properties, adhesion and proliferation of cells.
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Figure 2.5. Schematic illustration of how scale affects cell binding [62].

There are some disadvantages and inabilities of this technique. Firstly, ES enables
a distribution of fiber and pore sizes, it is hard to obtain specific dimensions. Although
near field ES enables a large control over surface morphology of the membranes but
they are very thick fibers as opposed to the conventional ES. 3D structures is hard to
obtain with this technique by itself. Membrane thickness has a limit due to charge
pile up on the electrode even some manipulations done on the ES setup. [20]Increased
production times may not result in a proportional scaffold thickness. Thicker fibers
can stick to the electrodes due to higher momentum than thinner fibers. However, they
do not create a homogenous distribution. To end up 3D geometry produced membrane
layers can be fused together with other techniques. Other largest challenges are used
toxic solvents and crosslinking requirement due to lower mechanical strengths of the

produced membranes.
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2.2. Materials Used in Skin Tissue Engineering

2.2.1. Natural Polymers

2.2.1.1. Collagen. Mimicking chemical composition or morphological properties of

ECM which directly leads engineers to selection of collagen based materials and fiber
shaped surface morphologies as critical component and inherent morphology of the
ECM. Collagen creates % of dry weight of skin and up to now 29 different types of col-
lagen exists [63]. The most abundant one is collagen I which has two a1 helix chains

and one a2 chain forming 3 stranded rope like structure making up }L of the dry weight.

One collagen peptide chain mainly consists of glycine, proline and hydroxylproline
amino acids with a helix form (Figure 2.6). They are gathered to end up a repeat-
ing sequence of (glycine-frequently proline - frequently hydroxyproline),. Helix twist
was found to be sequence dependent, and a variation in this sequence may result in
different recognition features [64]. aland a2 amino acid chains having 300 nm length
and 1.4 nm diameter form right-handed tropocollogen when they wrapped around each
other. Amino and carboxyl groups form hydrogen bonds to keep structure stable. End
terminals of helix strands (C and N terminals) are smoothened via enzymes. Those
end points are called telopeptides which are the most antigenic portion of collagen.
Terminals allow the once soluble collagen to become insoluble and bond with other
collagen triple helixes to self-assemble into extended fibrils [65]. In Figure 2.2, cellu-
lose nanofibers were gathered to form a hierarchical cellulose microfibers. It actually
resembles to the collagen hierarchical structure. There is a huge difference where the
collagen fibrils formed by tropocollagens. When they enzymatically crosslinked to each
other from the terminals and created a cylindrical shaped long fibril clusters (fiber),
there occurs a pattern on the surface of the fiber due to gap zone overlaps. (See Figure

2.6,e,g) Collagen fibers can be 500 nm in diameter and 500 pm in length [65].
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Figure 2.6. The process of type I collagen synthesis. (a) Two identical a1(I) and one
a2(IT) peptide chains self-assemble to form procollagen (b). (¢) Procollagen peptidase
removes loose termini to create a type I tropocollagen molecule (d). Tropocollagen
molecules self-assemble to form a growing collagen fibril (e). Self-assembly of collagen
fibrils forms a type I collagen fiber (f). Strips of overlapped regions on a collagen

surface (adapted from [65].)
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Collagen has been used as drug-delivery system to deliver a bio-substance to the
targeted tissue in a controlled release rates. Used as sponges to absorb excaudate from
the wounded area due to swelling properties. It is used also as skin substitute, bone

substitute and cellular tissue substitutes [66].

2.2.1.2. Gelatin. Gelatin (GE) is a natural biopolymer derived from collagens by con-
trolled denaturation that contains many functional groups (glycine, proline, glutamic
acid, hydroxyproline, arginine, alanine, aspartic acid, and other amino acids). Gelatin
obtained from an acid-treated precursor is known as Type A and alkali-treated process
is known as Type B [67]. Chemical properties of different gelatins are differing depend-
ing on the source they are extracted: skin, bones, and connective tissue of animals
including fish and poultry. There is no chemical relationship between vegetable gelatin

and animal gelatins.

The use of gelatins instead of animal-derived collagen can reduce the risk of
antigenicity and disease transmission and offer a relatively easy mass production [68].
Gelatin is derived by denaturation of collagen can be categorized as type A and B
depending on the acidic or alkaline-treated precursors, respectively. They contain main
functional groups of collagen and conformational organization is close to the collagen
with partially denatured alfa-helix and triple helix structure. Chemical properties of
different gelatins are differing depending on the source they are extracted: skin, bones,
and connective tissue of animals including fish and poultry. Also treatment kind is
effective on the content of gelatins, alkaline treated gelatins contain more carboxylic
groups and molecular weight distributions are narrower than acidic treated ones [69].
There is no chemical relationship between gelatin obtained from vegetables and animals

even fish, bovine and porcine have different amino acids [70].
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Gelatin molecules can perform different levels of conformations like collagen.
They can exhibit a-helix and random structures as well as triple helix conformations.
Apart from collagen they can contain many forms at the same time (Figure 2.7). Used
solvents highly affect conformations. Collagen D-bands cannot be observed in gelatin

due to the acidic or basic treatments that cleaves peptide bonds.
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Figure 2.7. Conformational structure of Gelatin [66].
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Gelatin mostly preferred in tissue engineering due to the properties of:

(i) enzymatic biodegradability and biocompatibility [64]
(ii) having peptide domains for the recognition of integrin receptors of the cells even
more than collagen due to unfolded domains of gelatin, [71-73],
(iii) being highly hydrophilic due to strong polarity which promotes cell adhesion of
negatively charged surfaces [74],
resemblance to the collagen type I with the triple-helix structure [75],
containing carboxylic groups that leads to biocompatibility [76],

)
)
(vi) low-cost and simple preparation [71],
) Easy to follow a wound healing process due to transparency under hydration [77],
)

(viii) Easy to dissolve in aqueous environments while collagen not [36].

Gelatin has a profound biomedical potential application area due to good film,
gel, sponge, scaffold forming capabilities. Different combinations with other proteins,
polysaccharides and ceramics can yield high performance scaffolds since gelatin only
scaffolds have lack of mechanical strength. Gelatin is also used in drug delivery with

controlled release rates.

2.2.1.3. Elastin . Elastin is one of the major component of the body ECM responsible

from the elasticity and resilience of the tissues. It has the capability of self-assembly
and provides biological activity that induces migration and differentiation of cells [78].
Elastin is composed of tropoelastin (pre-form of elastin) protein containing hydrophobic
and hydrophilic aminoacid residues of glycine, valine, modified alanine and proline
[79]. Elastin can be synthesized with the hydrolyzing of the peptide bonds or via
host microorganism. Elastin by itself is a highly crosslinked polymer that limits its
application. However, tropoelastin soluble and have been used in the fabrication of
elastin fibers preserving the unique properties of elastin [80]. Elastin has been widely
targeted to use in the modification of implant surfaces, vascular and cartilage tissue

engineering [81].
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2.2.1.4. Hyaluronic Acid. Hyaluronic acid (HA) is a glycosaminoglycan which is a long

unbranched polysaccharide contains repetitive disaccharide sub-units. It is mostly found
in skin ECM filling the interspace of soft connective tissue [82]. HA is a biodegradable
and biocompatible substance, can be observed in the vicinity of increased cellular ac-
tivities. HA is a polyanionic, hydrophilic polymer surface that does not promote cell
attachment [83]. However, a proper combination with recognizable proteins on the sur-
face of HA particles result in efficient results[84]. Since HA is a highly soluble material,
different cross-linking procedures are required to keep gel structure stable. HA have
been used in commercial products frequently, as cell deposited gel with laser drilled
holes allowing keratinocytes to transfer gradually to the surface of the wound. It is
used in chronic wounds, diabetic ulcer and burn wounds that are lacking proliferative

cells. Other applications areas are cosmetic, drug delivery, ophthalmic surgery [84].

2.2.2. Synthetic Polymers

Synthetic polymers have been used in tissue engineering widely. They are re-
producible and applicable to industrial-scale production when compared to natural
polymer. It is also easy to manipulate physical and chemical properties. Synthetic
polymers can be divided into two categories inorganic sub-group containing metals
and ceramics and organic sub-group containing PEG (poly (ethylene glycol)), PVA
(poly(vinyl alcohol)), PLA (poly (lactic acid)) etc. In this dissertation, PVA was fo-

cused on due to efficient combination with gelatin.

2.2.2.1. PVA & Electrospun PVA Nanofibers. Polyvinyl alcohol was first obtained by

hydrolyzing polyvinyl acetate by Hermann and Haehnel in 1924 having the formula of
[CHyCH(OH)],,. First PVA fiber fabricated via dry and wet spinning patent was taken
by Hermann in 1931 [85]. It is used in biomedical area due to biodegradability and
mechanical properties [86]. Lack of cell-adhesion sites needs further modification on
the chemical structure or needs a blended mixture with polymers having cell binding
properties. PVA has also increasable crystalline nature with the post process that gives

mechanical strength to the films or scaffolds obtained from PVA included polymer
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composites. Biodegradation rate is closely related to the hydrolysis and crystallinity
degree [87]. Its hydrophilic nature requires crosslinking procedures to end up with
water resistant materials. It has been used with other polymers and ceramics like

gelatin, HA, hydroxyapatite for wound dressing to nerve guiding applications.

PVA can be dissolved inside water at around 80 °C and aqueous solution is
suitable for ES. This makes it one step forward in biomedical applications where the

device contact with the body due to non-toxic solvent usage.

PVA- metallic particle composite nanofibers can be used as biochemical-sensors.
Noble metallic nano-particle added PVA was spun with a simple ES setup to measure
changes in the HyO, levels [88]. In another work, electrospun nanofibers of PVA-
glucose oxidase [89] composite fibers were shown to be good candidates for enzyme
immobilization and to detect glucose level. Another glucose level detecting device
was proposed by Kim (et al.,2017). PVA was crosslinked to make insoluble substance
with PAA (poly(acylic acid)) which makes ester bond unlike glutaraldehyde (a very
common crosslinker of PVA which will be toxic at high concentrations) [90]. Selec-
tion of PVA is due to providing inert environment and not inducing modifications in
enzymatic natures. Also spun fibers offers homogenous distribution of key metallic,
ceramic substance resulting in increased electron activity from receptors to the elec-
trodes [91]. Apart from glucose, cholesterol, triglyceride, and low density lipoprotein

affinity sensing can also be achieved with metal incorporated PVA nanofibers.

PVA /chitosan meshes targeted to use in wound healing due to enhanced cell
viability, proliferation and attachment of cells [92] in addition to drug delivery appli-
cations [93]. Bi-layered collagen/PVA scaffolds were aimed to use in cartilage tissue
engineering that are deposited on collagen sponges with aligned and random morpholo-
gies. It was concluded that aligned PVA /collagen fibers were more favorable due to
higher mechanical strengths that may be required in osteochondral repairs [94]. Ag
incorporated PVA nanofibers were used in skin tissue engineering to prevent bacte-
ria activity and shown significant decrease in E. coli (gram-positive) and S. aureus

(gram-negative) bacteria activities [95].
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PVA /gelatin is a good combination for tissue engineering that is tried and found
it is a very good candidate for wound dressing applications [36], bone tissue engineering

[96], skin regeneration [97], controlled drug release [98], vascular tissue engineering [99].

2.3. Electrospun Gelatin Nanofibers

There are various ways to produce different distinctive fiber meshes with ES on the
nano scale which makes cell attachment easy due to increased surface area. Fabrication
method (alkaline, acidic) and origin (bovine, porcine, fish, microorganisms) of gelatin
raw powders from collagen affects characteristics of gelatin fibers. Even, solutions
obtained from same solvent can possess different viscosities, conductivities and surface
tensions due to polymer concentrations in addition to the environmental parameters
of temperature and humidity. Those parameters change fiber diameter and porosity of

the scaffold therefore, cell attachment capabilities.

Scaffolds obtained by ES requires a conductive liquid state. De-ionized or distilled
water solution of gelatin is in gel state at room temperatures (23°C) which makes it
not-suitable for ES. Some gelatin kinds like fish gelatin can be attained in liquid state at
room temperatures but obtained fibers contain large beads due to high surface tension
of water. Although effect of bead is not clear from the cell viability, fiber lengths are

shorter and scaffolds have weak mechanical durability.

There are very few solvents that can dissolve gelatin due to strong polarity. There-
fore, first researches on the ES of gelatin focuses on organic solvents like TFE (fluo-
rinated alcoholic solvent of 2,2,2-trifluoroethanol), [100] HFIP (1,1,1,3,3,3-hexafluoro-
2-propanol) [101]. Although those solvents are successful in dissolving gelatin, they
smash a-helix and partial triple helix conformation inherited from collagen histories.
The resultant fibers are smooth. HFIP is less volatile than TFE having a boiling point
of 59 °C, a costly chemical and contains clogging risk during fabrication at the tip of
the needle. Organic solvents are usually toxic to environment and has safety issues.
Dealing with these solvents requires extra attention and procedures in addition to the

concerns of residual toxic elements entrapped inside the scaffolds due to strong hydro-
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gen bonds in between solvent and the protein. Although in vitro tests results of human
embryonic palatal mesenchymal cell attachment and growth are positive, their batch

production requires complex post-process to eliminate toxicity risks [102].

Dimethyl sulfoxide (DMSO) is another polar aprotic alternative solvent that does
not contain OH groups. Since it is hard to dissolve gelatin by itself it was used with
other solvent combinations [103]. And even sometimes acetone was added to increase

volatility to obtain a good binary solvent system.

Acetic and formic acids as being solvents for peptides are good alternatives to
obtain as-spun nanofibers since they are not toxic as other organic solvents [104]. There
are several groups that used acetic acid/water combination at different ratios to obtain
smooth gelatin nanofibers usually targeted to use in biomedical applications [105,106].
Even, it is far better than toxic and volatile solvents from health perspective of re-
searchers, acidic solvents decomposes amino acids partially and this changes confor-
mational structure of the gelatin fibers one more time that was inherited from the

denaturation of collagen at the beginning [107].

Sizeland et al. (2018) showed this fact clearly in their study for pig-skin and
hoki fish skin derived gelatins by using SAXS, TEM and FTIR techniques [107]. They
showed that collagen d-bands were not present in acetic acid solved collagen and gelatin.
Although, a-helix structure stays inside the electrospun nanofibers, hierarchical mor-
phology was disrupted. Peak associated with triple helix structure was absent and they
showed that with FTIR results, using: (i) wave number difference between Amide I and
Amide IT peaks (should be <100 cm™" to have a-helix [108]), (ii) ratio of Amide III /
peak @ 1451 em™! (value of >1 means strong triple-helix structure [109]), (iii) second
derivative method of Amide I broad peak (peak @ 1660 cm™! normally represents hy-
drogen bonds of triple-helices [110]), (iv) major band and sharp second derivative peak
@ Amide IT indicative of the triple helix [111]. A blue-shift of peaks were observed
by Sizeland et al.(2018) which reveals electrospinning even inside acetic acid solution

resulted in some ordered conformational changes.
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Due to high acidicity and volatility, formic acid was preferred in some cases, but it
has almost same effect as acetic acid and stability issues of formed solutions occur [112].
In another study, Liu et al. (2005) cover up that fibers obtained from acetic acid has
more triple-helix structures than HFIP using circular dichroism technique [113]. Those

obtained fibers were also directed to use in neural tissue engineering.

Ethanol was also used in many of the studies to increase evaporation rates and
balance surface tension of the prepared solutions for ES. Ethanol by itself cannot
dissolve gelatin totally, although it contains both polar and non-polar groups. It is most

commonly combined with acetic acid/water, formic acid/water binary systems [114].

Relatively greener and conservative method is dissolving gelatin inside PBS /
ethanol /water ternary solvent system [115]. It is possible to prevent gelling with
this mixture while maintaining proper spinning characteristics. Although this is an
effective method that can produce < 100 nm thick fibers, residual phosphate buffer salts
require further desalination procedure and direct using of ethanol may have allergic and
cytotoxic effects when used inside body as skin substitute. Also, a composite synthetic
material choice will require a common solvent for both of the polymers. For example,
PBS is not an option for PVA to ES, while it is a way to spin gelatin. According to the
ICH guidelines (International Conference on Harmonisation of Technical Requirements
for Registration of Pharmaceuticals For Human Use) [116], which is a toxicity level
classification of the solvents that is used to dissolve polymers, ethanol enters into
the class 3. Although class 3 allows 50 mg daily usage of ethanol, this class actually
represents low toxic potential solvent class. Therefore, it is required to further detection

of residual solvents inside the scaffold prepared by this benign solvent technique [117].
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Cationized gelatin can be obtained by anchoring of amino groups on the surface
of gelatin of Type A gelatin which has more amino groups that are promoting cell
affinity. Basically carboxylic groups are turned into amino groups through chemical
reactions which are proved to by having a zeta potential value of (+2.9 mV) where
non-treated gelatin was (-2.1mV). Major advantage is that cationic gelatin is soluble at
room temperature and even a concentration of 30-50% w/v can be spun which makes
mass production possible [118]. Since preparation procedure contains acidic treatment

steps helix structures were lost.

The water-based system is a very attractive method for the electrospinning of
gelatin, which is a method that protects the helix structure, is reliable and provides
the opportunity of production with less steps. Therefore, a cationized method could be
favorable but there is a much simpler and trustable way that only elevates temperature
of the environment to above gelation temperature [75]. Also, according to the ICH
guidelines, since there is no other solvents used except water makes fabrication as the
most reliable technique. As it is conducted in this dissertation, operation temperature
is increased above gelation temperature. This gelation temperature highly depends on
the concentration, origin (bovine, porcine or fish gelatin) and type (type A or type B) of
the gelatin solution. A 8% w/w bovine type B gelatin/water solution gels at around 25
°C while 16% solution gels at around 30 °C (proven with zeta potential measurements)
[71,119]. Usually at 37 °C gelatin totally dissolves and weakening of intermolecular
hydrogen bonds in between alfa-helix strands resulting in random coil structure will
occur [120]. However this transformation is reversible, typical structure of collagen will
form again when critical gelation temperature is reached (cooling down to 30°C from
40 °C) where molecular network occurs. Addition of acetic acid inside water deforms
triple-helix structure and no crystal peaks observable from WAXS analysis while it is
possible to see pure water systems [106]. One major drawback of this technique is that
within operational limits, it is not possible to produce smooth nano-fibers due to surface
tension, viscosity and conductivity effects. Increasing concentration will decrease bead
formation but it also has a limit for needled electrospinning that clogs at the tip of the
needle. Collagen derived from bovine is not possible to dissolve inside water, however,

gelatin allows at elevated temperatures. But keeping gelatin solution above gelation
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temperature for long hours result in thermal degradation of ordered structure [70].
Therefore a fast method is required to produce aqueous gelatin nanofibers to keep
solution as short as possible (less than half hour), which may be a multi-needle ES for

high throughput mass production or free surface ES [121,122].

Another drawback of aqueous ES is that producing thick membranes above 40 ym
is not possible due to charge accumulation on the surface of the collecting electrode.
Since fiber diameters are <100 nm they don’t have enough momentum to override
charge repulsion and stick on the surface. It is possible for thicker and conductive
fibers to enforce and stick on the electrode but for thinner fibers new methodologies
are required. For instance, negatively charged collecting electrode can insist flying jets

to stick on the surface of positively charged and piled up fibers [123].

2.4. Composite Gelatin Electrospun Nanofibers

An ideal scaffold should be biocompatible, biodegradable and strong enough to
resemble native tissue. Biodegradable scaffolds are planned to place to the target tissue
in order to mimic ECM and replace with the cells and new born matrix over time. An
efficient scaffold needs to contain enough porosity, fibril structures and cell recognition
sites. As aforementioned, electrospun gelatin plays a critical role from porosity, cell
binding surface area, recognition site perspectives. However, as-spun gelatin fibers lack
mechanical strength and stability inside aqueous environments. Therefore, a composite
scaffold is a good alternative that takes physical, chemical preferences from gelatin and
mechanical preferences from another material usually synthetic polymers. Moreover,
targeted tissues can change by type, for instance, a bone tissue requires hydroxyapatite
(HAP) as key component in addition to the collagen structure [124]. Thus, addition
of hydroxyapatite inside denaturized version of collagen — gelatin — is a clever way to

mimic host tissue [125].
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Electrospun gelatin composite scaffolds can be classified into three categories by
composition: (i)inorganic nano-particle-gelatin, (ii) natural polymer-gelatin and (iii)
synthetic polymer-gelatin composite scaffolds. Actually, all other combinations are also

possible like gelatin-natural polymer-synthetic polymer-inorganic nano-particle.

Metal oxide addition is used to increase anti-bacterial skills of fabricated fiber
scaffold. Conventional scaffolds and wound dressings have usually lack of anti-bacterial
properties. As a trending method of increasing anti-bacterial performance, ZnO metal
oxides have been inserted inside scaffolds [126]. ZnO is a FDA proven material, loading

gelatin with ZnO particles enhances anti-bacterial activity.

Blend of gelatin with another polysaccharide is one of the most common combi-
nations. Although this combination contains critical components, mechanical strength
is always missing. At the same time, the water resistance of the fibers is low. Among
the examples, gelatin / chitosan blend is at the forefront. Different ratio of gelatin and
chitosan polymers blend requires different optimum spinning parameters which results

in different fiber diameters [127].

Hild et al. (2014) also fabricated electrospun gelatin nanofibers combined with
chitosan wet-spun microfibers. Chitosan fibers were knitted and placed as collecting
electrode and gelatin nanofibers deposited on it. With this way, they produced macro-
pores which allows nutrition delivery and high mechanical strength due to knitted and

large fiber diameter sizes [128].

A multi material blend of gelatin/hydroxyapatite/chitosan/graphene oxide was
synthesized by Gao et al. (2016) using co-electrospinning technique [129]. Graphene
oxide were used owing to excellent antibacterial properties and prevent infection while

hydroxyapatite used due to cell signaling for bone cells.

Heparin is an anticoagulant glycosamine. It is widely used in damaged areas to in-
hibit thrombin and fibrin activation thereby preventing drug delivery problems. Wang
et al. (2013) examined the possibility of the heparin loaded gelatin nanofibers for vas-
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cular tissue engineering purposes. Heparin addition to the gelatin acetic acid solution
decreased viscosity and increased conductivity, tremendously. Effect on the average
fiber diameter of the solution parameters was also apparent by reducing diameter from

~1000 nm down to ~200 nm [130].

Nanofiber meshes from HA and gelatin blend were obtained by Li et al. (2006)
from N,N-dimethylformamide (DMF) /water solvent mixture. Various blend ratios
were trained to find out optimum ratio [131]. DMF functioned as surfactant without
appreciable effect on the viscosity and conductivity which influenced fiber diameter.
In another study, HA /gelatin composite membranes prepared more or less with the
same technique, in vivo analysis were conducted and positive output verified with a

commercial chitosan based gel for wound healing purposes [132].

Beadless gelatin-silk fibers were synthesized from formic acid by Chomachayi (et
al.,2018). Addition of gelatin decreased pure silk fiber mechanical properties. Optimum
concentration of gelatin was found to be 10% wt/wt inside the blend. Thyme essential

oil and doxycycline monohydrate were loaded inside fibers as antibacterial agents [133].

Collagen coated gelatin nanofibers were synthesized by Janani (et al.,2017). Gelatin
nanofibers were electrospun from glacial acetic acid solvent followed by crosslinking
with aqueous glutaraldehyde solution. After this cross-linked membrane inserted in-
side acetic acid dissolved collagen bath and Riboflavin photochemical cross linker were
used to create bonds between gelatin and collagen layers. Obtained membranes were

used as to mimic the secondary sites of breast cancer [134].

Synthetic polymers in tissue engineering have been used usually for their unique
elasto-plastic properties. Natural polymers do not possess that much strength at nano-
scale productions. Also, synthetic polymers were used in ES due to effects on the solu-
tion parameters that permits smooth nanofibers. Mostly used biocompatible polymers
are : PVA, poly (caprolactone) (PCL), poly (urethane) (PU), poly (ethylene oxide)
(PEO), poly (lactic acid) (PLA), poly (lactic-co-glycolic acid) (PLGA), nylon6, PAN
(polyacrylonitrile) . In Table 2.2, targeted tissues for synthetic blends were listed.
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PVA-Gelatin blend is one of the most studied combination due to biodegradability
and biocompatibility of the PVA. However, gelatin and PVA inside water is not miscible
when pH is around 7 [135]. Therefore, a direct water solution spinning method is
questionable from the composite scaffold perspective. Huang et al. (2016) prepared
Gelatin/PVA blend solutions firstly, preparing deionized water solutions, separately
[136]. And slowly added HCI inside the solutions to change pH and thereby, allowing
a mixture followed by heating to 120 °C. They found out binding of cells via integrin
to the RGD sequence of gelatin is more effective than orientation of the fibers on the

cellular behavior.

Linh et al. (2011) studied Gelatin/PVA blend for different mixing ratios inside
acetic acid solution. They used acetic acid / water system to dissolve gelatin obtained
from porcine skin and showed the applicability of bone tissue engineering by using

osteoblast cells. They also proposed methanol as physical cross-linker [96].

Table 2.2. ES gelatin blends with other polymers or critical ceramics and targeted

applications
Electrospun gelatin blends | Target Tissue, Application | References
Gelatin - PVA Skin, Drug delivery, Bone [136-139]
Gelatin — PU Wound Dressing, Drug Delivery | [140, 141]
Gelatin - PCL Drug Delivery, General [142,143]
Gelatin — PEO -Chitosan Wound Dressing [144]
Gelatin - PLA Bone, Nerve repair [145,146]
Gelatin - PLGA Bone, Stem cell, Drug Delivery [147-149]
Gelatin — nylon6 Wound Dressing [150]
Gelatin — PLGA - nHAP Bone [151]
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2.5. Core-Shell Electrospun Nanofibers

ES is a facile technique to produce nanofibers having various morphologies. One
of them is the core-shell morphology. It allows to create nested cylinders at the nano-
scale. This technique in fact, is a way of coating nanofibers. Coating material usually
comprise of materials that can bind cells or provide differentiation and other cell activ-
ities. Since shell (natural polymer) by itself is relatively weak in mechanical strength
and fast in degradation rates, early loss of structural integrity when subjected to the
body fluid, may hinder cell activities [152]. Also, first interaction of the cell has a vital

importance, surface of the membrane has to be compatible with the cells.

Coaxial ES is one way to obtain core-shell structures in which two nested needles
are supplied with two different polymer solutions. Same parameters of simple ES is
valid in here too. Except, a proper combination of solutions is necessary. For instance,
a highly volatile solvent used inside the core solution ends in a ribbon like fibers due to
compression of outer shell polymer fibers through the free spaces. Therefore, usually,
same solvent or same evaporation rates has been selected and used as for core and shell
polymers [153]. Moreover, it is possible that both polymers may mix at the tip of the
nozzles. To prevent mixing, immiscible solvents are required. But it is not necessary
if one can control outlets of the nozzles such that immediate jet formation occurs.
Diffusion times of miscible solutions is much higher than the jet flying durations. So,
usually a sharp boundary occurs in between two polymers even solutions are miscible.
Other parameters like voltage, feed rates are needed to be arranged to fabricate stable
fibers. Eccentricity of the needles is another key parameter to control fiber morphology

for miscible polymers.

This technique has also been used to perform non-spinnable solutions to induce
fiber shapes or preventing toxicity of organic solvents by preparing emulsion from core
polymer with non-toxic solvents. Shell polymer enforces a fiber shape on the core
polymer. Controlled release of drugs and enzymes are performed by this technique.
Lysozyme enzyme was loaded inside PLGA fibers by Tiwari (et al., 2012). Time
dependent activity of (aqueous) lysozyme — (chloroform + DMF) solved PLGA core-
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shell was higher than monolithic fibers which are prone to burst release of proteins [154].
Also in the same study, (acetic acid + water) gelatin and bovine serum albumin inserted

inside the PLGA to exhibit electrospinning of high concentrations of proteins.

Medicinal herbs (Aloe vera) were incorporated inside PCL/chitosan/keratin blend
fibers by Zahedi (et al., 2019). Aloe vera has antibacterial and wound healing properties
comprised of many vitamins, anti-oxidants, enzymes and minerals [155]. Used shell

polymers are well-known polymers for wound dressing applications.

Burst release of antibacterial-agents like silver is a problem in monolithic fiber.
Core-shell methodology was used to solve this problem by Khodkar (et al., 2017). PCL
as shell polymer and silver added PVA was used as core material to control release
rates [156]. Another study was conducted by Song et al. (2013), same polymers were
used as core and shell but collagen inside core and HAp was added shell to increase

osseointegration [157].

Fibroblasts are not wanted inside bone during remodeling process since they can
grow on hard tissues faster than on soft tissues that will fill the defect sites and pre-
vent bone modelling [158]. Tang et al. (2016) prepared a scaffold for guided tissue
regeneration combining drug release and bone growth properties. PLGA/HAp - colla-
gen/amoxicillin core-shell nanofibers were synthesized from HFIP solvent. Amoxicillin
were released in a controlled fashion while core-structure prevented fibroblast exertion

inside the scaffold.

Shell thickness determined the rate of release in core-shell fibers were shown by
Yu et al. (2014) that used PCL/PEG while core diameter determines the stiffness
of the fibers [159]. PCL and gelatin core-shell combination were benefitted to pH
controlled drug release by Sang (et al.,2018). [160] They used HFIP as solvent to prepare
both precursor solutions. Drexler et al. (2011) also used same polymers and solvents
to observe the core effect on the stiffness of the material. Produced coaxial fibers,
however, have average diameter above 1 ym which can be considered as on the micron

scale [161].
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Gelatin-PVA core-shell nanofibers were obtained by Merkle (et al., 2015; 2014
:2013). [99,162-164]. Merkle et al. (2015) proved the usage of core-shell PVA-Gelatin
membranes from hemocompatibility, vascular tissue engineering, modulation of platelet
activation perspectives. They obtained PVA solution from ethanol and deionized wa-
ter while gelatin solution was prepared from ethanol added PBS solution. Reason
for ethanol to usage is to balance evaporation rates of both solutions and minimize
fiber deficiencies [163]. Effect of feed rates ratios were revealed and optimized pro-
cess conditions were reported by Merkle et al. (2015) from bioactivity and mechanical
strength. They found out that stiffness is a dominating factor on platelet deposition

and activation [99].

2.6. Crosslinking Methods for Non-Woven Nanofiber Meshes

As-spun gelatin fibers are mechanically weak and water soluble. Therefore, appli-
cation on the places where body fluid is present usually requires cross-linked scaffolds.
There are three main crosslinking procedures for gelatin based scaffolds: physical, en-

zymatic and chemical crosslinking.

Dehydrothermal treatment (DHT), pulsed inductively coupled plasma (PLS)
and UV radiation are among the physical treatment methods. Gelatin fibers were
crosslinked with DHT by increasing environment temperature to 140 °C and kept mats
at that temperature for 48 hours [165]. PLS method is the treatment of the surface of
the mat by plasma at low pressures[165]. UV method is the treatment of the membrane
surface with UV source at different durations. Generally, physical treatments are not
effective and incase of water treatment, fibers degrade faster than other methods. Since
gelatin does not contain photo initiators, UV by itself is not effective, however, bonding
it with methacrylate which is a photopolymerizable biomaterial to the amine-containing
groups of gelatin is an effective way to crosslink gelatin fibers[166]. This technique can
be combined with in situ crosslinking or post crosslinking with immersing mats inside
a non-solvent like ethanol and following UV irradiation on the surface [166]. Gelatin
and phenylazide-conjugated poly(acrylic acids) were also in situ crosslinked with UV

by azido activation which enables sub-surface crosslinking [167].



35

E-beam and gamma radiations were also used to cross-link gelatin sheets but
this technique changes physical and chemical properties of the materials by inducing
reactive intermediates and ions. Electron beam was exerted on the gelatin sheets at
different dosages by Lee et al. (2017) from 10 kGy to 600 kGy [168]. Although, cell
proliferation assays are positive, this technique is not used frequently due to residue

problems.

Transglutaminase (TG) enzymes cross-link proteins by inducing covalent bond in
between glutamine and lysine amino acids which develops more resistant membranes
[169].TG has been used as tissue adhesive in hydrogel industry. Recently, with the
discovery of microbial TG, this method become a cost effective method to cross-link
gelatin based substances. They do not need calcium ions to be activated, as opposed
to the animal originated TGs [170]. Since it is a natural cross-linker cytotoxicity
is very low compared to other techniques. However, as TG and gelatin both can
dissolve inside water, crosslinking of fibers without losing structure is not an easy task.
Using ethanol/water mixture is also not a solution due to enzymatic activity loss [171].
Taylor et al. (2017) showed various crosslinking procedures on the composite gelatin
fibers [172]. They used PBS as solvent for TG at 12% concentration and gelatin fibers
directly soaked inside the solution. (Only published results were for tensile strength

properties, micro graphs displaying surface morphology were not published.)

(EDC) 1-ethyl-3-(3-dimethyl-aminopropyl)-1- carbodiimide hydrochloride has been
used in collagen fibril crosslinking widely, relatively less toxic to glutaraldehyde which
is the most used cross-linker. This chemical establishes amide bonds between car-
boxylic and amino groups. It is a zero-length crosslinker. One of the main advantages
of zero-length crosslinkers is that there will be no toxic residual after degradation of the
biomaterial. (by product of urea) [173] EDC / (NHS) N- hydroxysuccinimide coupling
system is another safer combination for chemical crosslinking method used in collagen
crosslinking to increase the efficiency [174]. Obtained residuals are water soluble and

clinically identified as safe.
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Using aldehydes as formaldehyde [175], glutaraldehyde [36, 97|, glyceraldehyde
[175], dextran aldehydes [176] and genipin [106] are other mostly used chemical cross-
linking methods. Among them, glutaraldehyde is the far most used crosslinker for
peptides and it is proven not to be toxic when used at low amounts or cross-linked
with glutaraldehyde vapor. Aldehydes can form linkages in between amide, hydroxyl
and carboxyl groups of gelatin aminoacids [177]. Carboxyl groups of glutaraldehyde
bonds with amine and hydroxyl groups of gelatin. Although, schematic was for car-
boxymethylcellulose and gelatin, same groups are present in gelatin and PVA. GA
crosslinking occurs in between PVA molecules by inserting acetal bridges as depicted

in Figure 2.9.
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Figure 2.8. Crosslinking reactions with glutaraldehyde occurring in

carboxymethylcellulose -Gelatin mixture. (Adapted from [178].)
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Figure 2.9. Crosslinking reaction with GA occuring in PVA solution [179].
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3. MATERIALS AND METHODS

Polyvinyl alcohol (PVA, 86-89 % hydrolyzed, average molecular weight 88,000
g/mol) was obtained from ZAG Chemicals. Bovine Type-B gelatin (Bloom 200) was
obtained from Merck in powder form. Glutaraldehyde (25% in H50), lysozyme, acetic
acid and PBS were purchased from Sigma Aldrich. Deionized water was used through-

out all ES experiments.

3.1. ES Setup

A flat stationary counter electrode wrapped with aluminum foil having 10x10
cm rectangular shape was used as collector. Two syringe pumps with adjustable feed
rates were operated to drive 5 ml syringes that contain solutions of gelatin and PVA.
Voltage was supplied with a high voltage supplier having a resolution of 100 V. Heating
done with a hot air blowing gun inside a closed chamber which has higher dielectric
constant Teflon covers to prevent leakages. Targeted temperature was maintained by
a PID controlled custom-made system. An Arduino based microcontroller was used to
check humidity and temperature. For pure PVA and gelatin solutions 18 gauge needles
were used. Coaxial needles were used to obtain core-shell nanofibers. Custom-made
coaxial needle setup was done by arranging two cannula needles. Nozzle diameters are
14g is outside nozzle and 18g is inner nozzle. This combination is the best remains are
not suitable for flow due to high viscosity of PVA which creates shear stress between

needle wall and the fluid.

Table 3.1. Needle dimensions and corresponding gauge values

Gauge | Outer Diameter | Inner Diameter | Wall Thickness
14 2.108 1.600 0.254
16 1.651 1.194 0.229
18 1.270 0.838 0.216




39

All of the concentrations of prepared solutions were stated as wt/wt. Unless it is
stated, temperature of the cabin was elevated to 40 °C to eliminate gelling phenomenon,
thereby nanofibers can be obtained via ES. However, gelatin only fibers have beaded

morphology due to surface tension and viscosity effects.

Aqueous PVA solutions (8% wt/wt) were prepared first by charging PVA in deion-
ized water slowly at ambient temperature, then allowing to swell for 10 min followed
by heating up to 80 °C and keeping solution at that temperature and concentration
for an hour. After then obtaining a transparent solution, heating stopped and solution
kept at room temperature till the application. Mixing should not be pursued due to

rheopectic nature of PVA.

3.2. Crosslinking of PVA /Gelatin Core-Shell Nanofibers

Cross-linking procedure was conducted after extraction of fiber mats from alu-
minum foil by placing all fibers inside a sealed desiccator with 5% wt/wt glutaraldehyde
in ethanol vapor for 24h which was proven to be non-toxic at this level according to

literature [180, 181].

If a letter “c” put before samplelD as c1P1G, it means same process parameters
with 1P1G but cross-linked under glutaraldehyde vapor. Abbreviations starting with
letter “a” for a sampleIlD mean gelatin fibers obtained from acetic acid solutions.(see

Appendix)
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Concentraion Feed Rate (tml/h)
SamplelD (wt/wt) Voltage (kV) | Temperature (°C)
PVA | Gelatin | PVA | Gelatin

1P 8% - 0.1 - 15 40
4P1G 8% 8% 0.4 0.1 15 40
3P1G 8% 8% 0.3 0.1 15 40
1P1G 8% 8% 0.1 0.1 15 40
1P2G 8% 8% 0.1 0.2 15 40
1P3G 8% 8% 0.1 0.3 15 40
1P4G 8% 8% 0.1 0.4 15 40
1G - 8% - 0.1 15 40
1G12 - 12% - 0.1 15 40
1G16 - 16% - 0.1 15 40
1G - 8% - 0.1 15 40
1GF0.4V20 - 8% - 0.4 20 40
1GF0.4V15 8% 0.4 15 40
1GF0.4V10 8% 0.4 10 40
1G1PV12.5 | 8% 8% 0.1 0.1 12.5 40
1G1PV15 8% 8% 0.1 0.1 15 40
1G1PV17.5 | 8% 8% 0.1 0.1 17.5 40
1PF0.2 8% - 0.2 - 15 40
1PF0.4 8% - 0.4 - 15 40
1GT25 - 8% - 0.1 15 25
1GT30 - 8% - 0.1 15 30
1GT35 - 8% - 0.1 15 35
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3.3. Characterization

3.3.1. FTIR

A FTIR spectrum was completed by using spectrometer (Thermo Scientific Nico-
let 380) to gather bonding structure of pure PVA| gelatin, and core—shell fibers with
crosslinked mats. FTIR spectra were obtained at room temperature within the range of
4000 to 500 cm—1 using 64 scans with a resolution of 2 cm—1. Vibrational frequencies
have effect on the absorption amount of the applied wave, thereby chemical structure

can be identified.

3.3.2. DSC

Melting, denaturation, dehydration temperatures of the samples were identified
by using differential scanning calorimetry (DSC), (Seteram Instrumentation Labsys
Evo) using 10 mg samples under nitrogen flow with 10 °C/min heating rate from 25 to

250 °C.

3.3.3. Mechanical Tests

Tensile strength and fracture elongation values were evaluated using universal
tensile testing machine (Llyod LF Plus) equipped with a 250 N load cell. Speed of
the moving head was adjusted to 3mm/min to give constant deformation rate. All of
the experiments were conducted at room temperature and relative humidity of 50%.
At least seven rectangular strips were cut for each group including crosslinked pure
and core shell fibers. Strips were 60 mm in length and 20 mm in width. Strip holders
were centered and samples attached carefully, giving a 10 mm distance in between two
clamped portions. Since mats were soft that can be destructed with a micrometer,
thickness of the samples were determined by optical microscopy by placing in between

two glass plates Figure 3.1.
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60 mm

10 mm

Figure 3.1. Mechanical Test specimen Dummy parts were from grinding papers.

3.3.4. SEM

Size, shape and surface morphology of the nanofibers were imaged by SEM
(Philips XL30) having a chamber pressure of under 1 x 107 Pa and using a beam
voltage of 10 kV. All samples were sputter-coated with Pt prior to SEM imaging. Im-
ageJ software was used to analyze fiber diameter distribution and pore sizes. More
than 100 random fibers were used for each group and more than 30 random pores

analyzed to detect average pore size.

3.3.5. TEM

TEM analysis was performed with a JEOL-ARM 200 CFEG operating at 200 kV.
Images were taken in STEM mode using HAADF detector. Fibers were cut into small
pieces and soaked inside potassium permanganate in ethanol solution to distinguish
core and shell boundaries. A single drop was placed on 300 pum mesh size Cu grids

that are coated with carbon from one side. Cu grid was inserted inside oxygen plasma
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for 5 minutes before loading inside the microscope chamber. EDS (Energy Dispersive
Spectroscopy) analysis was also performed under the same device by shifting to EDS

mode.

3.3.6. Rheology

Rheology analysis was performed with (Brookfield DV-III Ultra) a cone plate
rheometer device with temperature control. Plate with 3 ¢ angle were used to measure
viscosity at a speed of 5 rpm. Data were collected at every 15 seconds and average of
the viscosity values were plotted to understand the behavior of polymers during and

before electrospinning.

3.3.7. Water Contact Angle

Samples were placed parallel to the camera stage and a sessile-drop of deionized
water dropped on the samples. Water contact angles of crosslinked specimens in air
were measured with a goniometer (KSV-CAM 101). More than five measurements were

conducted at different locations and mean values were calculated.

3.3.8. Biodegradation

Enzymatic in vitro degradation tests were accomplished by preparing 0.01 M
PBS solution containing 0.1 mg/mL of lysozyme. Crosslinked samples were cut into
50 mm x 50 mm squares; initial weights were recorded and soaked inside the prepared
PBS. Every individual member has its own petri dish inside the incubator that is
kept at 37 °C. Weights were measured at 24, 48, 72 and 336 hours. For every 24
hours period, samples were taken outside the dishes; washed with distilled water and
prepared enzymatic solution re-fed. Samples rinsed, dried and weighted at the specified

time points to measure weight losses. Used formula to calculate percentage loss is:
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w; —wy

w% = x 100 (3.1)

w;

where w% is the percentage loss and w;, w; are initial and final weight of the

samples.
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4. RESULTS AND DISCUSSION

In this work, unless otherwise it is stated gelatin and PVA solutions have 8%

(wt/wt) concentrations inside deionized water.

4.1. Effect of Time, Concentration and Temperature on the Viscosity of

the Solutions

Since PVA and gelatin have different rheologic properties under load and temper-
ature, preparing solutions has critical importance. For instance, keeping solutions at
constant temperature for long time alters viscosities of the solutions. Rheology analysis
was conducted to control and understand the change in viscosity of the gelatin solution
which has a complex nature due to inherent conformational structures like random coil,
« helical, -sheet and triple helix etc. Also PVA is a rheopectic fluid that is viscosity of
the solution increases with time when shear was applied on it. Therefore, preparation
of the solutions should be very precise. To point out, when preparing PVA solutions,
deionized water is heated to 90 °C. At this temperature, stirring of PVA continues in
order to have a homogenous solution. But, as can be seen from the rheology data ( Fig-
ure 4.2, Figure 4.3) PVA tends to have an increasing viscosity profile with the stirring
of magnetic stirrer inside. PVA solution should not be kept under stirring over night
or for long time, which causes different viscosities and thereby different fiber sizes. If a
narrow band of fiber diameter distribution is required then it is necessary to have the

same history of the solutions.
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In Figure 4.1, temperature dependencies of different gelatin solutions can be seen
where gelatin viscosity plotted as a function of temperature. As it is expected, higher
concentration yields a higher viscosity. Viscosity of the solutions did not change too
much in between 35 °C to 40 °C, however, a sharp decrease can be easily observed after
30 °C. Gelatin having higher concentration have a better capability to create hydrogen
bonds and capture water below gelation temperature. Although, 37 °C is known for
gelation temperature, it highly depends on the concentration and molecular weight of
the gelatin. Therefore, even at lower temperatures below 30 °C it is possible to obtain

homogenous gelatin solution.
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Figure 4.1. Temperature dependency of gelatin viscosity for different solution

concentration values.

A linear decrease of PVA solution can be depicted from Figure 4.2. Increasing
temperature from 30 to 40 °C resulted in an decrease in viscosity from 170 to 130 cP. A
wide range of viscosity values can be achieved with the change of temperature. In Fig-
ure 4.2 at data points there are blurred dots indicating small changes in temperatures

during experiments.
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Figure 4.2. Temperature dependency of PVA viscosity for 8% PVA in deionized water.

Time dependency of the polymer solutions is important in the development of a
reliable electrospinning experiment. For instance, as can be seen from Figure 4.3, a
5 hours long viscosity measurement tests were conducted in order to see the changes
in rheologic properties of the solutions. For the first half an hour PVA solution has
almost a constant viscosity. As rotating disc on the fluid continues, PVA hardens

linearly. Approximately 30% change of viscosity value was observed.

Viscosity values of gelatin had also increased. Another 30% change after 5 hours
can be observed from the graph. It is important to note that, this increase is not as is
PVA. This can be originated from sophisticated nature of gelatin secondary structures.

Helix conformation could have turned into random structures, gradually.

Due to polarities of PVA and gelatin solutions, it is expected to have a homoge-
nous blend of PVA and gelatin solutions, however, under neutral conditions, inside
aqueous environments they are immiscible solutions [135]. Figure 4.4 shows gelatin
and PVA solutions mixture at 40°C. Both solutions were heated to 40 °C and mixed
in another tube. Since PVA has lower density, it moves upwards immediately after

mixing. (Note to the bubbles inside the mixture) Two solutions are immiscible; in
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Figure 4.3. Time Dependencies of both PVA and gelatin solution at 37 °C.

fact, they create a flat interface this makes both solutions most suitable candidates to
fabricate core-shell morphology [182].This property enables coaxial electropinning even

though eccentricity of the needles were shifted.

4.2. Effect of Process Parameters on the Fiber Morphology

Morphology of electrospun fibers and created mesh of fibers depends on the pro-
cess parameters. Those parameters were investigated in the literature thoroughly.
However, gelatin dissolved inside pure water and core-shell elecrospun PVA /Gelatin
dissolved inside water cases were not investigated. This work tries to reveal the effect
of process parameters such as voltage, feed rate, concentration and temperature on the
fiber morphology thereby on the mechanical strength and surface characteristics. Also,

it is tried to show the secondary structures of gelatin with ES.



49

Figure 4.4. Left to right: 8%PVA solution, 8% Gelatin solution, Mixture of gelatin

and PVA solution, immediately after mixing.

4.2.1. Voltage

Keeping other parameters same and looking for the morphology change as a
function of voltage resulted in Figure 4.5. Concentration was 8% in deionized water,
feed rate was 0.4 ml/hour electrode distance was 15 cm and 3 different voltages supplied
to the solution and observed macro graphs (foils) on the left. Circles on the figures
are the places where 100000X zoom occurred where the right column shows figures of
SEM. Arrows indicate localized droplets. It is interesting to observe that having higher
voltages diminished the droplets on the foil. Almost no fiber is observed on the lowest
voltage (10 kV). Thickness of the fibers was well below 50 nm such that this can be
observed from the SEM figures. Although applied 20kV diminished a concentrated
zone of droplets, droplets get smaller and spread to a wide area. Besides, at lower and
higher voltages small sized fibers formed and burn out when electron beam exerted on
them. Shining spots on SEM figures indicates this phenomenon even though fibers were

coated with gold prior to analysis. 15kV voltage resulted in a stable fiber morphology.
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Figure 4.5. Left: Deposited Fibers on Aluminum Foil, Right: 100000X zoom on the
circled area: %8Gelatin, Feed rate of 0.4 ml, electrode distance of 15 cm, temperature

40 voltage Top: 10kV (1GF0.4V10) Middle:15kV bottom:20kV.

Effect of voltage on Gelatin 8% inside water can be detected by looking at Figure
4.6. Fibers for different voltages can be fabricated. Through 10kV to 20kV, morphology
of beads transforms into larger beads. Conversely, diameter of the fibers that are
adjacent to the beads are larger in 10 kV and gets smaller when the applied voltage
increased. Surface of 1GF0.4V20 membrane is full of with large droplets and spun
beaded fibers are under those large droplets. 1GF0.4V15 exhibits no droplets with

proper beads due to competition in between surface tension and viscosity.
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Figure 4.6. Effect of voltage on the Gelatin nanofibers obtained from deionized water,
%8Gelatin, Feed rate of 0.4 ml, distance of 15 cm 5000X a) 10kV(1GF0.4V10) b)15
kV (1GF0.4V15) ¢)20 kV (1GF0.4V20)
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Core-shell morphology can be obtained with voltages in between 12.5 to 17.5 kVs
at 15 cm and feed rates of 0.1 ml/hour for both solutions as shown in Figure 4.7. Three
different voltages at constant other parameters exhibited different surface morphologies.
The lowest voltage of 12.5 kV has very thick nanofibers on top and smaller diameters of
other fibers at the bottom. This is due to lack of required coulombic forces to extract
fibers to eject at the same time. When applied voltages are low a Taylor cone could
not be formed as for single solution. Bubble at the tip grows and when charges get
enough to push jet, it ejects. At 17.5 kV beaded morphologies formed due to lack of
time to create smooth fibers. As strength of the field is higher than the other cases
they are susceptible to environmental conditions to initiate an instability. At 15 kV
the optimum shape of the fiber bundles were seen. They did not exhibit any beaded

morphology or any individual gelatin or PVA fiber characteristics.

As stated above, PVA was one of the most studied polymers from ES perspective.
Effect of voltage on the fiber diameter were investigated recently by Rodoplu and
Mutlu, (2012) increasing voltages resulted in the fiber diameter reduction when other

parameters kept constant [183].

4.2.2. Feed Rate

Keeping viscosity same, feed rate has one of the most important effect on the
fiber diameter [184]. There is an optimum flow rate which creates a balance in between
solution dispense and the jet formation at the tip. Below that rate, solution does not
form a continuous Taylor cone. Figure 4.8 is of 8%PVA solution (a) has 0.1 ml/h and
(b) has 0.2 ml/h reveals that fact where both fiber diameters are very close to each
other even though latter one is twofold faster than the former one. Fibers have 219
and 207 nm diameter as can be read from Table 4.1, respectively. Optimum flow rate
for single PVA 8% was 0.2 ml/hour at that conditions. Further increasing to 0.4 ml/h
resulted in 386 nm thick fibers. (Figure 4.8 ¢). These results are compatible with the
literature concluded that a slight change in feed rate within the range of the continuous

fiber formation results in huge deviations at fiber diameter size and distribution [185].
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Figure 4.7. Effect of voltage on the core-shell nanofibers %8 PVA-%8 Gelatin
electrode distance is 15cm feed rates of both solutions was 0.1 ml/h a) V12.5
(1G1PV12.5),b) V15 (1GIPV15),c) V17.5 (1GIPV17.5).

For Gelatin different 0.1, 0.2 and 0.4 ml/h conditions were also tried and it is
observed that above 0.1 ml/h dispensed solution directly sprays on the foil without
producing fibers. This dictates that allowable gelatin spinning range has a very narrow

band close to 0.1 ml/h for voltage 15 kV, distance 15 cm and temperature 40 °C.
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Table 4.1. Mean fiber diameter values with standart deviations for three different

feed rates of 0.1 ml/hour, 0.2 ml/hour and 0.4 ml/hour of PVA 8% solution

Feed Rates
V15D15T40
FpO0l | Fp0O2 | Fp0O4
Mean(nm) 219.67 | 207.40 | 386.94
Standart Deviation (nm) | 29.18 | 40.62 | 87.37
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Figure 4.8. Effect of feed Rate on the PVA fibers at voltage 15kV distance 15 cm and
temperaute 40 °C a)Fp01 (1P) b)Fp02((1PF0.2)) ¢) Fp04 ((1PF0.4)).
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Gelatin smooth fibers from aqueous solvents could not be obtained with the spec-
ified conditions. Figure 4.9 shows surface of the mats that are produced at 0.4 ml/hour
of PVA, 20 kV voltage amplitude, 15 cm electrode distance and 40 °C conditions while
shell gelatin solution had feed rates of (a) 0.1 ml/h, (b) 0.2 ml/h, (c) 0.4 ml/h. Size of
pure PVA at 0.4 ml/h had shown at Figure 4.8 (c). It has a mean diameter of 387 nm
which is very thick compared to other feed rates. Even 0.1 ml/h of gelatin can coat
the surface of PVA. Interestingly shell feed rate of 0.4 ml/h decreased the mean size
of coaxial fibers. Increased shell feed rate enforces and stabilizes PVA fibers. Also it
is claimed that there is a ratio that coating of core fiber can be possible. Above that
ratio free forms of pure gelatin fibers can be observed. For instance, comparing shell
feed rate of 0.4 ml/h, core feed rate of 0.4 ml/hour (Figure 4.9(c)) with core feed rate
of 0.1 ml/hour (Figure 4.10 (c¢)) with specified process parameters, resulted in large,
beaded fibers. Since a decreased feed rate of PVA lead to smaller diameter fibers at
the core, adhesion of gelatin shell layer was decreased and 0.4 ml/h became excess for

the 0.1 ml/h core.
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Figure 4.9. Effect of feed rate on core-shell fiber morphology. Fp0.4V20D15 a)Fg0.1
b)Fg0.2 ¢)Fg0.4.

Figure 4.10 (a) and (b) reveals 1:1 ratio of feed rates. Decreasing feed rates
obviously decreased the mean diameter. Although case (b) is barely smaller diameter
than other cases due to slow feed rates, it has very thin fibers and thick fibers at the
same time. Case (a) has more smooth fibers and a narrower diameter distribution but
thicker than case (b). Therefore, changing operational parameters like voltage to 15kV

can make case (b) more smooth and a normalized fiber distribution.
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Figure 4.10. Effect of feed rate on core-shell fiber morphology voltage 20 kV distance
15 cm Temperature 40 °C a)Fp02Fg02,b) Fp01Fg01,c) Fp01Fg04.

To find out adsorption limit on PVA, feed rate ratios were changed gradually.
SEM images of 4:1, 3:1, 1:1, 1:2, 1:3 and 1:4 ratios were presented in Figure 4.11.Pure
PVA with 0.4 ml/h has a 387 nm mean diameter at voltage 15 kV, distance 15 cm
and temperature 40 °C conditions, while 4P1G has 308 nm diameter with an apparent
decrease at diameter. This identifies the effect of gelatin which has stabilizer and even
creating extra stress on the core PVA and shrinks size of the PVA more. Decreasing
the feed rate of PVA 0.4 to 0.1 ml/h while keeping gelatin constant at 0.1 ml/h created
a decrease on the size of the nanofiber as expected since pure PVA decreases its size
with decreasing feed rates. Even further increasing the ratio of gelatin resulted in a

slight decrease trend at diameter values. (Figure 4.12)
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Figure 4.11. Fiber morphology wrt different feed rate ratios, process parameters are

voltage 15 kV distance 15 cm and temperature 40 °C.

After 1:3 ratio extra rise resulted in free forms of gelatin as can be depicted from
Figure 4.11. This indicates 1P3G as a limiting feed rate ratio for continuous smooth
coating at voltage 15 kV distance 15 cm and temperature 40 °C conditions. 1P4G case
effects trends of the diameter size in Figure 4.12, in fact, standard deviation is very
large where diameter values are constituted from both pure gelatin and core-shell fiber
diameter values. Even excluding the last case, a slight decreasing trend at the size of

the fibers can be illustrated.
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Figure 4.12. Diameter vs different feed rate ratios at voltage 15 kV distance 15 cm
temperature 40 °C.

4.2.3. Concentration

By trial and error method maximum and minimum concentrations of the solutions
were found. For gelatin, allowed spinning range was 8-16%. To fabricate thinner fibers
lowest viscosity of the solutions that permits spinning is the first essential point. 8%
concentration was the lowest limit, below which fabrication method turns into electro-
spray where aluminum foil is coated with wet small droplets. Gradual increasing results
in fibers with larger diameters, as concentration was increased bead size decreased and
fiber diameter increased. Further increase resulted in severe clogging of the solution at

the tip of the needle.



60

4 P .
ot Magm# Dag WD
o4 & Ws.u,lg_quonx st \116

Figure 4.13. PVA fibers obtained from deionized water left 4% right 8%, feed rate of
0.1 ml/h and other process parameters voltage 15 kV distance 15 cm and

temperature 40 °C.

For PVA as taken from literature and our findings it has an optimum concentra-
tion of 8% inside deionized water at 40°C. 4% PVA was also achieved and SEM Figure
4.13 shows the fiber morphology. Although 4% fibers are thinner than 8% ones, they
have a barbed morphology not a uniform morphology. 8% PVA concentration has a

clear smooth fiber morphology.

As concentration increases gelatin fiber diameter becomes larger and beads due
to instabilities decrease. %16 concentration of gelatin is physical limit for spinning it is
because higher amounts results in severe clogging of the nozzle. This can be prevented

by increasing nozzle diameter and increasing temperature. (Figure 4.14)
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Figure 4.14. Effect of gelatin concentration on the fiber morphology
a)G8,b)G12,c)G16; process parameters are voltage 15 kV distance 15 cm and
temperature 40 °C and feed rate of 0.1 ml/h.

4.2.4. Temperature

Effect of temperature on the electrospun nanofibers can be detected on below
figure. Increasing temperature decreases viscosity therefore a decrease at fiber diam-
eter was expected [186], however higher temperatures leads faster evaporation which
turns fibers become solid immediately after ejection from the tip of the needle. This

phenomenon was also detected by different researches [187,188|.
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Figure 4.15. PVP(polyvinylpyrrolidone) fiber diameter wrt temperature, F5,F6,F7,F8

are the names of the experimental groups [187]

Near a liquid surface there occurs a thin layer of dense vapor layer called as

Knudsen layer. Knudsen layer can be computed as [189]

kT
- Td2p,

c

where p, is the saturated pressure, 7 is the temperature, d is the solvent molecular

diameter, and k is the Boltzmann constant.
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In the above equation, saturated pressure also depends on temperature which
increases in a parabolic trend. Therefore, layer thickness (L.) decreases with increased
temperature in a linear way. Explanation of the fiber diameter change with respect
to ambient temperature is lying under the tradeoff between positive effect of viscosity
and negative effect of faster evaporation. Same dependency can be detected at 1G8
nanofibers. (Figure 4.16) Changing concentration and checking again the diameters

wrt temperature, resulted the same issue.
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Figure 4.16. Gelatin fibers obtained at voltage 15 kV distance 15 cm 0.1 ml/h feed
rate and temperature of top row:25 °C (1GT25), middle row:30 °C(1GT30), bottom
row:35 °C (1GT35).(Left column zoom 100000X, right column 20000X).
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Diameter of the gelatin fibers measured by taking the smooth fibers after or before
the bead along deposited fiber. As Figure 4.17, reveals that increased temperature
resulted in thicker fibers. This result implies that those temperature values are at the
right side of the concave up parabola of diameter vs temperature graph for the specified
conditions. Below 25 °C (298K) (1GT25) Gelatin at that concentration becomes a
total gel that prevents fiber formation. Above 40 °C is not practical because of the fact
that demanded conformation of gelatin could not be preserved. Similar results were
obtained by Elliott (et al., 2009) [190]. Temperature was changed from 37 to 52 °C
for bovine gelatin having a bloom value of 210. Initially fiber diameter decreased with

temperature and increased after reaching its minimum value due to evaporation rate.
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Figure 4.17. Gelatin fiber Diameters obtained from voltage 15 kV, feed rate of 0.1

ml/h, electrode distance 15 cm with respect to temperature.
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4.3. Proof of Core-Shell Structure

Proof of the core-shell structure were ensured with TEM and EDS images of the
1P1G and SEM images of the 1P4G cases.

Figure 4.18. TEM figure of core-shell fibers.

Figure 4.18 displays two distinct regions of two separate fibers obtained from
distinct places of the samples. In order to detect core-shell structure at TEM, potassium
per manganite ethanol solution was used to increase contrast difference in between PVA

and gelatin due to different affinities of gelatin and PVA on metals [191].
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Figure 4.19. TEM EDS analysis of the samples 1P1G.

EDS analysis was performed in order to detect which element is at what point.
(Figure 4.19) Since gelatin contains nitrogen and PVA does not, this element has a
distinguisher property. Detecting the place of nitrogen gives information about the
coating. If gelatin did not coat core PVA, then nitrogen peaks could not be observed,
or they had confined to a place rather than covering hole diameter. Also EDS analysis

defeated the possibility of PVA-only fibers since PVA fibers are also smooth and close
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in diameter to the core-shell fibers.

Figure 4.20. SEM image of 1P4G sample, peeled nanofiber reveals core—shell
morphology [36]

In Figure 4.20 1P4G sample was shown. Characteristics of gelatin-only fibers
obtained from water are beads with thin fibers and small collapsed region on the beads
due to evaporation. Looking at that figure revealed an interesting result that is above
coating limit of gelatin, excess part can be easily peeled off by high strength field.
Under the peeled part another smooth fiber core can be detected which is PVA.

4.4. Mechanical Test Results

ASTM D882 is a standard that tensile properties of the specimens are determined
by using rectangular strips of mats and are not dog bone shaped. This way there is
no need to use external measuring devices to measure the elongation as the built-in

displacement indicator is adequate which reduces the complexity of the setup.

Mechanical properties of the core-shell and pure PVA mats for cross-linked and
non-cross-linked cases were listed in Table 4.3 having process parameters of voltage
15 kV, electrode distance 15 cm and temperature of 40 °C. Mechanical tests of pure

gelatin mats were excluded since they don’t have a connected fiber distribution and



Table 4.2. Dimensions of some mechanical test specimens from literature.

Article | Width | Thickness | Length | Gauge Length | Velocity
[139] 4 mm 20 mm 0.5 mm/s
[57] 10 mm | 0.05 mm | 30 mm 10 mm 0.17 mm/s
[192] 10 mm 30 mm 10 mm/s
(193] 5 mm 5 mm 5 mm/s
[194] 8 mm 0.1 mm/min
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are very short fiber, which made removal of the mat from aluminum foil at the form of
rectangular specimen impossible. However, properties of gelatin mats can be obtained
from literature which are obtained from acidic solvents that makes long fibers and made
possible to test their properties. Elongation at fracture and tensile strength values
acquired from literature for non-cross-linked pure gelatin are 1543.0% and 3.740.5
MPa respectively [194]. For cross-linked gelatin, the two values were 4.3+0.5% and
0.48+0.20 MPa [163] respectively. Although those values were obtained at different
test conditions, they were represented here for comparison. In general, crosslinking
barely decreased deformation capabilities of the mats while tensile strength properties

were slightly increased.

Tensile properties of gelatin-only mats were weak due to lack of water inside pro-
tein structures which is responsible for the plasticizer effect. Gelatin shell increased
the strength of pure PVA due to the semi-crystal structure of PVA. During the elec-
trospinning, crystalline nature of PVA and protein conformational structure of gelatin
can be improved [163].Even at coaxial electrospinning, core solution properties can be
advanced by shell solution such that PVA becomes more crystallized with the aid of
gelatin resulted in higher tensile properties. (1P 2.3+0.3 MPa vs 1P2G 2.8+0.2 MPa)
1P1G was the most effected mats from crosslinking operation with nearly two times

tensile property of non-crosslinked situation. (from 2.4 to 4.3 MPa) Elongation capabil-
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Table 4.3. Mechanical properties of the non-crosslinked and cross-lined cases

Non-cross-linked Cross-linked

FRR Percent Ultimate Percent Ultimate
Elongation Tensile Elongation Tensile
before Strength before Strength
Failure (%) (MPa) Failure (%) (MPa)
1P 93.5£39.0 2.34+0.3 89.3£7.50 3.1+0.2
4P1G | 137.4£12.5 3.9+0.2 77.5+5.0 4.8+0.8
1P1G | 80.2+9.0 2.4+0.3 28.9+1.2 4.3+0.5
1P2G | 83.0+1.1 2.840.2 23.9+12.7 3.940.6
1P4G | 114.0+15.3 2.9+0.1 25.4+3.5 2.3+0.2

ities were improved wrt pure gelatin values for both cross-linked and non-cross-linked
cases due to elastic properties of PVA. 1P4G mats lost their mechanical properties
which could be related to the entanglement level that elevates localized stresses in

addition to the free forms of short gelatin beaded fibers [195].

4.5. FTIR & DSC Results

FTIR spectra of the fabricated groups were attained to detect secondary struc-
tures of gelatin due to ES and impact of the cross-linking. Figure 4.21 shows spectra of
as received gelatin powder, electrospun non-cross-linked and cross-linked gelatin, PVA

and one characteristic group of core-shell fibers (1P1G).

The band rising at 3305 cm™! can be attributed to amide A due to N-H stretch-
ing and the band at 3065 cm™! to amide B due to C-H stretching. Also, represen-
tative gelatin peaks observed at 1643, 1536 and 1238 cm~! are ascribed to amide I,
amide II and amide III, respectively. The shift of the amide I peak from 1630 to 1643
cm ™! points to the effect of ES on the conversion of beta turn structures to more sta-

ble «v helices [196] as ordered conformations increase with ES. Cross-linking exhibits an
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intensification at amide I and IT on FTIR spectra in any of the samples, which implies
that secondary structures are mostly preserved and shows the effect of crosslinking with
glutaraldehyde. Cross-linking process, creates aldimine linkage (CH=N) in between
aldehyde groups of glutaraldehyde and amino groups of gelatin. (Figure 2.8) The char-
acteristic transmittance of the aldimine appears at 1450 cm™! deeper for cross-linked

samples [197].

Electrospinning of gelatin inside deionized water can be performed at elevated
temperatures to prevent gelation. Depending on the concentration of the gelatin solu-
tion temperature of the gelation phenomenon exhibits from 25°C to 37°C. Above this
gelation temperature ordered conformation of the protein turns into random profile,
to prevent thermal degradation a multi nozzle system was used to finish the process
within a short time at the required temperature. Preserved position of amide I peak
at 1643 cm™~! in the gelatin containing electrospun samples ensures existence of a-helix

structures.

Band around 3320 cm ™! for 1P refers to the stretching of O-H. Peak around 2930
cm~! can be linked to the vibrational band of C-H stretching from alkyl groups [179].
Also strong peak around 1733 cm ™! attributed to the stretching of C=0. General effect
of crosslinking on PVA is the broadening of O-H [179].
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Figure 4.21. FTIR spectra of gelatin,PVA, core-shell and crosslinked groups.

DSC analysis of the same groups were also performed to understand natures
of gelatin and PVA, effect of cross-linking and ES. Non-cross-linked and cross-linked
of selected 4 groups were presented in Figure 4.22. Around ~75°C water associated
evaporation enthalpy difference broadened the peak at that point which is attributed to
helix to coil transition for gelatin containing groups [198]. Transitional groups of 1P1G
and 1P4G in between pure PVA and gelatin contains both characteristic properties of
polymers. They carry denaturation peak (Td) of gelatin and melting peak (Tm) of
PVA [199].
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Figure 4.22. DSC curves of gelatin,PVA and core-shell groups.

Melting and denaturation temperatures of 1P, 4P1G, 1P1G, 1P2G, 1P4G and 1G
were listed at Table 4.4. In Figure 4.22 only two case of the core-shell groups was plot
due to similarities. Td shifted through the peak of 1G as gelatin concentration was
increased in core-shell groups. (69°C to 75°C) Melting temperature did not display
any significant difference. Miscibility of two polymers can be detected by the merge
of melting points [200]. Also cross-linking smoothened the curves and shifted denatu-
ration temperatures of gelatin-dominated samples to the right [201]. A bare effect of
cross-linking can be noticed by focusing on the change of endothermic peak value of
1P4G group. Its value doubled while other cases did not alter that much. This could
be arousing from crosslinking of PVA —~OH groups and carboxylic groups of gelatin.

(Figure 2.9) Considering SEM image of 1P4G and 1P1G cases, (see Figure 4.11,Figure
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4.12) 1P4G contains some irregular structures like beads and peeled branched fibers
while 1P1G does not contain such structures. Therefore, in 1P4G case glutaraldehyde

has the ability to connect PVA and gelatin more due to having more free surface area.

Table 4.4. Melting (Tm) and denaturation (Td) temperatures of cross-linked and
non-cross-linked (normal) groups obtained via DSC measurements (Note: For 1P Td

is dehydration temperature)

Non-Cross- Cross-linked
linked

Td Tm Td Tm

1P 69.93 191.6 64.76 192.1
4P1G 71.65 195.41 68 189.82
1P1G 74.3 195.68 75.12 192.7
1P2G 76.43 195.32 76.9 192.9
1P4G 75.16 195.14 82.57 194.22

1G 79 219.8 78.93 197

4.6. Water Contact Angle

Cell interactions, like adhesion and spreading with non-biological substrates are
highly dependent on the surface knowledge of the membrane. Cells can easily attach
on the hydrophilic interfaces [202]. Effect of crosslinking on the surface characteristics
and different FRRs with different fiber diameters are analyzed with using FRR group.
Cross-linking with glutaraldehyde did not change hydrophilic character of the scaffolds.
(<90 © see) There is a close relation between surface roughness which in this case fiber

diameter and surface porosity.
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Table 4.5. Average fiber diameter size, pore size, standard deviations and water

contact angle values of samples[36]

FRR 1P 4P1G 1P1G 1P2G 1P4G 1G
Fiber

Diameter | 200 4+ 40 | 3074+ 66 | 281+ 45 | 282466 | 220£130 | <50

(nm)

Pore Size
( ) 564595 | 8774798 | 839+803 | 703+701 | 6504+609 NA
nm

Water
Contact 47.0£2.0 | 70.0£3.0 | 60.0+5.0 | 63.0£4.0 | 65£10 | 41+£10
Angle (°)

It is obvious from the information that increased fiber diameter brought about
reduced wettability. It was recently shown that expanded surface area upgrades inher-
ent wettability properties of nanofibrous substrates [203]. For instance, hydrophobicity
of nanofibrous membranes obtained from hydrophobic materials can be increased by
increasing specific surface area which is dependent on the fiber and pore sizes [203].
Conversely, when the sesame membrane was artificially changed to exhibit hydrophilic
moieties at the surface, hydrophilic response increased with the surface area [204]. PVA
and gelatin displayed hydrophilic properties because of their polar functional groups,
an increase in wettability was normal with smaller diameter size. 4P1G has the largest
diameter, pore size and the highest water contact angle lowest wettability among other

groups.
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4.7. Biodegradation

Biodegradation data (Figure 4.23) shows that scaffolds made of pure gelatin (1G)
fibers are the least degraded within 14 days. This shows us that cross-linking has been
most effective on this group. The most important reason is that fiber diameters (~50
nm) are about 6 times smaller than other groups (~250 nm). This increases the
surface area that the crosslinker can touch. In the opposite direction, there are PVA
pure fibers. They lose about 80% from the first day. Gelatin contains more groups
that can bind to glutaraldehyde [205] while PVA has only one [206]. Degradation rates
generally decrease as gelatin concentration increases. However, another factor here is
the lysozyme enzyme. The larger the surface pore diameter, the easier it can penetrate.
Degradation rates of core-shells, generally, decrease as the gelatin rate increases due to
surface area and therefore crosslinking degree although attack of the lysozyme changes

degradation profile.

60

Remained Weight (%)
'S

Day0 I Day1 : Day2 I Day3 I Day14
Time

Figure 4.23. Biodegradation rates of the crosslinked samples [36].
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5. CONCULUSION

In this study, it was aimed to fabricate composite, nanofiber based scaffolds
without using toxic or acidic solvents. Coaxial ES, a specialized version of ES, was
used in order to obtain core-shell nanofibers. PVA was used as core material that
provides mechanical endurance, while gelatin was used as cell recognition material
that can stimulate adhesion and proliferation of cells. PVA has been studied widely in
literature by itself and it is easy to produce smooth fibers using ES. Gelatin was the
focus of this dissertation, since the critical component was gelatin as a natural protein.

Following conclusions were drawn from studies:

A systematic solution preparation is required due to different characteristics of
both solutions under shear and temperature. PVA has rheopectic properties that will
shear thicken during the preparation of the solution inside deionized water (from 140
to 180 cP). In addition, gelatin has jumps during time under elevated temperatures
(from 5 to 6.5 cP). Those findings clearly states the importance of the history of the

prepared solutions for electospinning.

Effect of process parameter was detrimental on the single and core-shell fiber
morphology. Voltage limits at specified conditions were reported for both gelatin and
core-shell nanofibers. A converse correlation in between temperature and gelatin fibers
were stated due to fast evaporation rates and being premature fibers. Concentration
of the solutions had bare effect on the fiber morphology. Although obtaining smooth
gelatin nanofibers was not possible, 16% (wt/wt) was the closest concentration in order

to fabricate a smooth gelatin nano-fiber.
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Core shell fibers were obtained by feeding 8% PVA and 8% gelatin solutions from
two different sources into the electric field created with 15 kV, 15 cm at 40 °C. 1:1 feed
rate ratio of PVA:gelatin was found to be the most proper ratio to endup core-shell
structure. 1:3 ratio has relatively more beads while 1:4 ratio contains peeled fibers.
Core-shell structures were identified with TEM after than a proper solution found that

has different affinities for both of the polymers.

Mechanical tests, FTIR, DSC revealed that, crosslinking increased and changed
material properties significantly. Although crosslinking of pure PVA fibers were not
good enough, 1P1G case has considerable improvements in tensile properties. FTIR

and DSC showed the properties of the secondary ordered structures enforced by ES.

While water contact angle analysis showed hydrophilic nature even after crosslink-
ing, biodegradation tests displayed a 14 day long degradation and tunable degradation

characteristics.
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APPENDIX A:

A.1. Gelatin Fibers Obtained From Acetic Acid/Deionized Water Solution

Acetic acid and deionized water was used as solvent at 3/1 ratio to prepare 8%
gelatin solution. Operational conditions were: feed rate at 0.1 ml/h, electrode distance
15 c¢m, voltage 15 kV and environmental conditions were 40 °C and a relative humidity

level of below 44.

Figure A.1. ES of gelatin dissolved in acetic acid 50000X.

ES of pure aqueous gelatin exhibits beaded morphology vastly due to high surface
tension. Those beads are the non-uniform parts which will raise stress for the body
cells that prevents adhesion and proliferation on them. Acetic acid has been used to
dissolve gelatin for the fabrication of uniform fibers. Although fibers of acetic acid and
water combinations display uniform structures, they contain acetic acid peaks in FTIR

analysis which will have negative effect on the cell proliferation.
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Also, acid-induced degradation rates of acidic solvent and natural polymer com-

bination is high as stated in the literature.

As can be depicted from Figure A.1, as spun nanofibers constituted from sec-
ondary jet branches departed from primary jet. This can be detected by focusing on

the conjunction points of at least 3 branches.
A.2. Electrode Distance

Effect of electrode distance on the fiber morphology was not significant for core-
shell nanofibers. Ki et al. (2009) also tested four different electrode distance and
concluded that electrode distance does not have any effect on the fiber diameter.[187]
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Figure A.2. Electrode Distance effect on the fiber size distance a)10 cm b) 15 cm c)
20 cm, at voltage 20 kV, PVA feed rate 0.2 ml/h, gelatin feed rate of 0.2 ml/h and
temperature 40 ° C.





