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Introduction and objectives

1. Introduction and objectives
Since Richard Feynman’s famous statement in 1959 “There’s plenty of room at the
bottom”, a new field of nanostructure science and technology has been opened '. However,
nanotechnology has emerged in the last decade as an exciting new research field. Recently,
the nano scaled materials have attracted extensive research interests due to their high
anisotropy and huge specific surface area. Furthermore, the continuously increasing
interest in the nanostructure materials results from their numerous potential applications in
various areas particularly in biomedical sciences . Today, nanofibers are at the forefront of
nanotechnology because of their unique properties such as low density, extremely high
surface area to weight ratio, high pore volume and controllable pore size that can not be
found in other structures. These properties make the nonwoven nanofibers appropriate
materials for wide spread applications >. Moreover, the nanofibers found to mimic the
structure, chemical composition and mechanical properties of the extracellular matrix
(ECM) *. Therefore, nanofibers based scaffolds are considered to be interesting materials
in the field of biomedicine, particularly in skin tissue engineering, bone regeneration,
wound healing, vascular grafts and drug delivery systems ~. Herein, the present thesis
aims to fabricate nano and /or micro fibers from different polymers, polymer blends and
polymer nanocomposite materials. The obtained fibers will be characterized in details to
check their potential for wide applications especially for material science and biomedical
uses.

Electrospinning is considered to be one of the most promising processes in the field of
nanotechnology due to its simplicity, low cost, high productivity, reproducibility and its
potential to be scaled up to the industrial scale *. The method involves the application of a
high voltage electric field to draw very thin fibres from a polymeric fluid stream (solution
or melt) delivered through a millimeter-scale nozzle °. Electrospinning technique depends
on various processing parameters such as solution properties (e.g., viscosity, surface
tension and conductivity) and processing parameters (e.g., electric field strength, solution
flow rate, needle diameter and distance between needle tip and ground collector).
Therefore, changing one or all of these parameters will influence the nanofiber size, shape
and morphology. Thus, by controlling those parameters well defined fibers can be
produced for desirable applications. Moreover, controlling structural features of the
electrospun fibers such as fiber diameter, porosity, volume ratio, surface morphology and

mechanical properties are an essential issue in biomedical applications, since nanofibers
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structure influences the adhesion, proliferation, differentiation, and growth of the cultured
cells. Therefore, it is important to study the morphology and mechanical properties of the
electrospun nanofibers before these fibers can be implanted into the human body. This
subject is our area of interest, since the nanofibers morphology and mechanical properties
will have an influence on the final implantable products. Selection of the material and
electrospinning processing parameters is the main challenge in this field. In addition,
measurements of the mechanical properties for the fabricated nanofibers are important to
know whether these structures are strong enough to withstand the forces as a result of
manufacturing technique and processing parameters. The behaviour of the cultured cells on
these structures will be influenced according to their surface morphology and mechanical
properties, as they grow and migrate on these non woven scaffolds. In other words, the
mechanical properties of the electrospun fibers should mimic the mechanical properties of
the implantation site. Therefore, characteristics of the fabricated fibers such as surface
properties,  morphology, thermal behaviour,  micromechanical = deformation,

biocompatibility of these fibers with cultured cells and other properties will be studied.

Objectives of the thesis
The overall objective of this research was to prepare micro- and nanofibers scaffolds from
different polymeric materials and their blends using electrospinning technique. These
polymers should have special properties such as biocompatibility and biodegradability for
using in biomedical applications. Moreover, the produced nonwoven fibers will be
characterized wusing different analytical methods. Finally, after fulfilments of
electrospinning conditions for preparation of nonwoven scaffolds and their
characterization, the utilization of this product as a biomedical material will be subjected to

a complete study.

The studies of the thesis are sub divided into five sections:
= Electrospinning of fibers with different morphology for broad applications
especially in medical uses
The first section investigates the possibility of fabricating different polymers and polymer
blends for future use in medical applications. Therefore, the electrospinning parameters
have to be varied to produce fibers with different morphology and diameters. The

variations of the morphology are important for the desired application. Thus, the optimum
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parameters for electrospinning process will be determined in order to obtain fibers from
different polymeric materials with varied morphology (e.g., porous, bead, ribbon-like,
twisted, helical, rough or smooth and core-sheath structure). The obtained fibers found to
have potential for exploitation in the use of these materials in broad applications including
tissue engineering, drug delivery, optical components, filter media, and electromechanical

devices.

= Studying the micromechanical deformation of the electrospun fibers using in
situ method
The mechanical properties of the electrospun fibers are one of the most significant factors
which influence the applications of these fiber mats. It was hypothesized that reducing
fiber diameters through the electrospinning process leads to improve its mechanical
properties. Thereby, the mechanical properties of the polymeric materials could be
enhanced by the reducing the fiber diameter. In this chapter, Polystyrene was chosen as an
example of a brittle polymer to investigate the influence of the electrospinning and the
reduction of the fiber diameters on its micromechanical deformation behaviour using in

situ deformation method during TEM imaging.

* Increasing the contact between different polymers with low adhesion using
electrospun nanofibers
PMMA and EVA have been used in dentistry to prepare dentures or mouth guards.
However debonding of the soft liner from the acrylic resin denture base is the major
problem. Herein, a new method to increase the bond strength between PMMA and EVA
will be checked. The aim is to increase the contact forces between soft liner (EVA) and
heat-cured (PMMA) denture base using electrospun PMMA/EVA blend nanofibers.
Electrospun nanofibers from PMMA/EVA blends will be prepared in the form of
nonwoven membrane and used as an interface between the soft liner and acrylic resin
denture base during the processing. Electron microscopy inspections (SEM, TEM) for the
electrospun PMMA/EV A blends will be performed. In addition, the bond strength between
two types of acrylic resin denture teeth and a pour-type denture base resin will be
measured by mechanical testing. The hope was that the large surface area to volume ratio
of the electrospun PMMA/EVA nanofibers significantly improves the bond strength

between denture base and liner materials.
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* Biomimetic nanofibers for bone tissue engineering
Recently, particular attention has been paid to the biomimetic approaches. Therefore, in the
present section nanocomposite nanofibrous scaffolds from electrospun PVA/Col/n-HAp
will be fabricated to mimic the natural bone for future applications in bone tissue
engineering. The aim is to study the structural change which occurs during the
electrospinning and to characterize the compositional structural and physicochemical
properties of the nanofibers nanocomposites (using SEM, TEM, FTIR, thermal analysis
and others. The most striking property of the as spun nanocomposite fibers is not only the
composition of the natural bone, but also mimicking the hierarchical structure of extra
cellular matrix (ECM) and mineral organization in natural bone at the nanoscale level. The
unique physiochemical features of the electrospun PVA/Col/n-HAp nanocomposite
nanofibers scaffolds will open up a wide variety of future applications for bone tissue

engineering.

= Fabrication of bi-layer hydrophilic/hydrophobic blend nanofibers for skin
tissue engineering
This section aims to produce bi-layer nanofibrous scaffolds consist of
hydrophilic/hydrophobic blend (PVA/PHB) with different ratios to mimic the ECM of
natural skin for tissue engineering applications. The electrospun blend nanofibers will be
characterize using different analytical methods to study the properties of the blend
nanofibers. In addition, cell culture of human fibroblast and keratinocyte cells will be

investigate in order to develop tissue engineered skin.
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2. Background and literature review

2.1. Preface of nanotechnology
Nanotechnology is the ability to measure, observe, manipulate and construct things at the
nanometer scales. The “nano” term comes from the Greek word “nanos” which means
dwarf. Scientists use this prefix to indicate that one nano equal to one billionth of a metre
(i.e., 10° m). On the other hand, one nanometer (nm) is about 100.000 times smaller than
the diameter of a single human hair, a typical atom is 1/5 nanometer (nm) in diameter and
viruses vary from 25 nm to 300 nm. The earliest systematic discussion of nanotechnology
is considered to be a speech given by the Nobel laureate Richard Feynman on December
29™ 1959 at the annual meeting of the American physical society at the California institute
of technology (Caltech). The speech was entitled “There's Plenty of Room at the Bottom™.
Feynman observed that the principles of physics do not deny the possibility of
manipulating things atom by atom and he gave the first invitation to enter a new field of
physics '. Feynman’s talk was published in the February 1960 issue of Caltech's
Engineering and Science, which many say represents the first introduction to
nanotechnology. Feynman discussed the importance "of manipulating and controlling
things on a small scale and how they could tell us much of great interest about the strange
phenomena that occur in complex situations. Moreover, he posed challenges of the creation
of a nanomotor and the scaling down of letters to the size that would allow the whole
Encyclopedia Britannica to fit on the head of a pin. Feynman never used the word
nanotechnology but in 1974 professor Norio Taniguchi at Tokyo Science University
coined the term nanotechnology to refer to production technology to get the extra high
accuracy and ultra fine dimensions on the order of 1 nm (nanometer) '°.

Later in 1977 the American engineer K. Eric Drexler originates molecular
nanotechnology concepts at Massachusetts Institute of Technology (MIT). Drexler
imagined a sea of minuscule robots that could move molecules so quickly and position
them so precisely that they could produce almost any substance out of ordinary ingredients
in a matter of hours. Drexler's vision inspired a generation of chemists, physicists,
computer scientists, and engineers to focus on science at the nanoscale. He realized that
molecular machines could control the chemical manufacture of complex products,
including additional manufacturing systems which would be a very powerful technology.

In 1981 Drexler published a paper about the basic concepts of nanotechnology ''. Then, in
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1986 he wrote the book entitled “Engines of Creation” and introduced the term
"nanotechnology" in his book 2.

During the recent decade, nanotechnology research is growing extremely fast and has
received considerable scientific attention in many fields of applications such as electronics,
optics, aerospace, materials science and medicine " . The importance of nanotechnology
lies in the fact that properties of substances change when their size is reduced to the
nanometer range. Therefore, individual particle exhibit unexpected properties, with

behaviours totally different from those of the bulk materials.

2.2. Nanofibers
Polymeric nanofibers are an exciting new class of material having a diameter in the range
of nanometer. In general, nanofibers are defined as structures having diameter of less than
one micron. They are not visible under optical microscopes, as their diameter is smaller
than the wave length of light, they can only be seen under the electron microscopes.
Nanofibers constitute a particularly interesting and versatile class of one-dimensional (1-D)
nano-scale material which includes nanotubes and nanorods. However, the flexibility of
nanofibers would align it along with other highly flexible nano-materials (assumed as 0-D
soft matter), as well as solid and liquid films of nano thickness (2-D) .

Nanofibers possess unique properties that distinguish them from other non woven
fibers, like extraordinary high surface area per unit mass, high porosity, layer thinness,
high permeability, low basis weight, cost effectiveness, superior directional strength, etc.
The unique properties of nanofibers make it promising materials for a variety of
applications from medical to consumer products and industrial to high-tech applications.
They can be used in several fields such as aerospace, capacitors, transistors, drug delivery
systems, battery separators, energy storage, fuel cells, information technology and medical

applications °.

2.3. Nanofibers fabrication methods
With the rapid growth of nanoscience in recent years, nanofibers technology has been
greatly accelerated to create nanoscale fibers from a broad range of polymeric materials.
There are several approaches for generating fibers in a nanometer scale such as drawing,
template synthesis, phase separation, self-assembly and electro static spinning

(electrospinning). Although there are several methods for making fibers in a nanoscale
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range, none matches the popularity of the electrospinning technique due to its simplicity,

cost effective and relatively high production rate ‘.

2.3.1. Drawing
Nanofibers can be prepared by drawing method using a micropipette with a diameter of a
few micrometers. The micropipette was dipped into the droplet of polymer solution or molt
polymer near the contact line and then withdrawn from the liquid and moved at a speed of
approximately 1 x 10  m/s, resulting in a nanofiber being pulled. The pulled nanofibers
can be successfully drawn and deposited on the surface of the glass by touching it with the
end of the micropipette. Thus, drawing nanofibers requires material with viscoelastic
properties that can undergo strong deformations while being cohesive enough to support
the stresses developed during pulling. Xing et al. have fabricated nanofibers with diameters
down to 60 nm and lengths up to 500 mm from molten poly (trimethylene terephthalate)

through the process of drawing '

2.3.2. Template synthesis
Nano-sized fibers and nanotubes can be fabricated from many materials using template
synthesis method. In this particular method, the water pressure will be applied from one
side on the polymer solution. The pressure will increase and will force the polymer
solution to penetrate through the membrane which contains cylindrical nanopores. The
polymer solution will solidify by coming into contact with coagulation solution, gives rise
to nanofibers. However, the nanofibers diameter depends mainly on the diameters of the
pores of the membrane. Template synthesis can be used for nanofibers fabrication for

: 18
polymers, metal, carbon and semiconductors °.

2.3.3. Phase separation
The main mechanism in this process is the separation of phases due to the physical
incompatibility. When the homogenous polymer solution undergoes a decrease in
temperature, two phases would form, the first phase is a polymer rich phase and the second
one is a polymer lean-phase. By extracting the solvent from the polymer rich phase, a
gelation could occur forming a network structure and the polymer lean phase will become
pores structure. Various porous structures can be achieved by this method by varying the

thermodynamics and kinetic parameters. Liu et al. have prepared gelatine matrices with
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nanofibrous architecture by using a thermally induced phase separation technique as

scaffolds for tissue engineering applications .

2.3.4. Self assembly
Nanofiber self-assembly involves the use of smaller molecules as basic building blocks for
building-up nanofibers. The main mechanism for self-assembly is the intermolecular forces
that organize the smaller units together and determine the over shape of the
macromolecular nanofibers. Self assembly significantly affected by many parameters and
varying these parameters, a micro or nano scale fibers can be achieved. Self assembled
nanofibers can be constructed through multiple processes of polymer chain annealing,
crosslinking (chemically, thermally or UV crosslinking), dissolution and cleaving.
Sargeant et al. have prepared peptide amphiphile nanofibers with porous titanium as a

hybrid bone implant using the self assembly method .

2.3.5. Splittable bicomponent fibers
Ultrafine fibers can be fabricated using bicomponent extrusion method, which consist of
two incompatible polymers having different chemical or physical properties. They are
extruded together using a special spinneret to form one filament in the range from 20 to 40
um per filament. The filament is then processed and splitted into smaller filaments which
have a diameter of micro or nanoscale. The diameter of splitted fiber depends on the initial
filament diameter, the smaller the initial bicomponent fiber diameter, the smaller the fiber

after splitting *'.

2.4. Electrostatic spinning (Electrospinning)

While there are a number of different processing techniques that can be used for
fabrication of nanofibers, an additional unique synthetic method, electrostatic spinning
(electrospinning), has received much attention lately. This process was patented by
Antonin Formhals in 1934 ** and has recently become an attractive method for the
preparation of polymeric and composite nanofibers °.

Electrospinning is a novel process for forming superfine fibers with diameters ranging
from 10 pm down to 5 nm by forcing a polymer melt or solution through a spinneret with
an electric field. It is currently the most widely used method for the production of
polymeric nanofibers, due to its simplicity, cost effective, and suitability to yield very long

fibers from various polymers. It can be simply carried out by applying a high voltage
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(several thousand volts/cm) to a capillary filled with polymer fluid (solution or melt),
which is ejected out toward a counter electrode serving as the collector. The liquid jet
undergoes a whipping process and splaying occurs in a region where the repulsive force
from the electric charges carried by the jet becomes larger than its cohesive force. Splaying
and solvent evaporation, together with a large elongation (because of the acceleration of
the polymer jet by the electric force) are responsible for formation of the nanometer-sized
polymeric fibers .

Recently, electrospun fibers have attracted great attention due to their potential
applications in many fields. To date, a variety of synthetic and natural polymers have been
electrospun *, some important applications for these nanofibers include, but are not limited
to nanocomposites ** , fine filtration »°, nanofibrous membrane for high performance

7

batteries 2, protective clothing ', scaffolds in tissue engineering °, drug delivery % ,

wound healing *° and vascular grafts *°.

2.4.1. History of electrospinning
The behaviour of the magnetic and electrostatic phenomenon has been described by
William Gilbert in the beginning of the 17" century. He invented the term electricity and
distinguished between the force arising from a loadstone and the force from rubbed amber
3! The first recorded observation of electrospraying was known after he observed that
when a droplet of water was brought near to a suitably charged piece of amber it would
form a cone shape and small droplets would be ejected from the tip of the cone. In 1902
the fundamental idea of the term ‘“electrostatic spinning or electrospinning” was patented
by J.F Cooley and by W.J. Morton ** **. They described a method of using high voltage
power supplies to generate a cobweb-like deposition of fibres. Even at this early stage it
was recognized that the electric stresses must be controlled properly to give fibres, also the
fluid must be sufficiently viscous with a solvent volatile enough to evaporate and allow
hardening.

In 1914 John Zeleny published work on the behaviour of fluid droplets at the end of
metal capillaries and he attempted to mathematically model the behaviour of fluids under
electrostatic forces. Further developments were made by Anton Formhals for the
fabrication of textile yarns and described in a sequence of patents from 1934 * to 1944 **.
Formhals used an electrical charge to draw very fine (micro and/or nano scale) fibers from
a polymer solution. A polymer solution was introduced to the electrical field by placing

one electrode into solution and the other onto a collector. Thus, charged polymer solution
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jets ejected out of a metal spinneret and evaporated and formed fibers onto the collector. In
1936 electrospinning from melt polymers was patented by C.L Norton *° using an air-blast
to assist fibre formation.

Between 1964 and 1969 Geoffrey Ingram Taylor contributed to electrospinning by
mathematically modelling the shape of the cone formed by the fluid droplet under the
effect of an electric field. This cone has since been known as the Taylor cone *°.

It was not until the mid-1990s with interest in the field of nanoscience and
nanotechnology that researchers started to realize the huge potential of the process in
nanofibers production *’. Electrospinning has received much attention lately and has
recently become an attractive method for the preparation of polymer nanofibers °. The as
spun nanofibers possess some amazing characteristic like large surface area to volume
ratio, flexibility in surface functionalities, and superior mechanical properties.

The electrospinning process offers many advantages over traditional nanofiber fabrications
(e.g., drawing, template synthesis, phase separation, and self assembly) like control over
morphology, porosity and the possibility to develop continuous nanofibers from various
polymers for mass production. Electrospinning is currently the only technique that allows

the fabrication of continuous fibers with diameters down to a few nanometers.

2.4.2. Electrospinning Process
The apparatus used for electrospinning consists of a high voltage power supply with
positive or negative polarity, a needle spinneret which is connected to the syringe with a
polymer reservoir and a conducting flat plate or rotating drum which acting as a ground
collector (see Fig.1). The polymer solution or molt is held by its surface tension in the form
of a droplet at the needle tip (spinneret). When an electric potential is applied between the
needle of syringe and collector, then increasing the voltage, charge is induced on the fluid
surface and the pendant droplet of the polymer solution at the needle tip is deformed into a
conical shape (Taylor cone). This occurs at the equilibrium of the electric forces and
surface tension of the polymer solution or molt. When the intensity of the electrical fields
surpasses a critical value, the electrostatic force will increase the electrical repulsion
between the mutual charges on the surface of the drop. Thereby, the electrostatic forces
will overcome the surface tension of the polymer solution and consequently, a fine charged
jet is ejected from the apex of the cone. Meanwhile, the solvent start immediately to

evaporate and finally the jet solidify into fibres deposited on the collector plate.

10
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In general, there are three main stages in the electrospinning of jet. The first one is the
formation of Taylor cone in a fluid drop at the needle tip of the syringe. Then, a linear jet
emerges from the bottom of the cone and moves towards the ground collector (stable
region). After a few millimetres at most, a bending instability of the electrospun jet is

observed due to the high electrostatic forces on the surface of the jet .

Sytinge Driver Polymer Solution

|

+«— Capillary (Needle)

Collector

.
PVP Nanofibers

i

Fig. 1. Electrospinning apparatus

Bending instability is the region where the jet bends due to the high electrostatic forces on
the surface of the jet at the tip of Taylor cone. When the pendent droplet at the needle tip is
electrically charged by applying an electric field between the droplet and a ground plate,
the droplet acquire a stable shape only if the electric field is not too high. This stable shape
occurs only at the equilibrium between electric forces and surface tension of the droplet.
Further increase of the electrical potential leads to distortion of this shape, and the droplet
acquires a conical shape referred to as Taylor cone, having half of angle of 49.3°. Thus,
Taylor cone refers to the cone observed in electrospinning from which a jet of charged
particles emanates above a threshold voltage. The charged jet of the polymer is stretched
and travels for a certain distance towards the ground electrode, then a bending (whipping)
instability occurs and the jet transformed into superfine fibers. There are three different

types of instabilities, like the so-called Rayleigh (Varicose) instability, in which the jet

11
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breaks into micron-sized droplets. However, another mode of instability is the
axisymmetric conduction instability, in which the jet resulted in a bead structure. The
bending (whipping) instability is the important one in the process, which is responsible to
elongate the jet and forming the nanofibers.

Bending instability of the charged jet occurs due to mutual repulsive forces between the
electric charges transported by the jet. It can be defined as the region where the jet bends
and stretching due to the high electrostatic forces on the surface of the jet. Bending
instability was described by Sir Geoffrey Ingram Taylor in 1964 **. Recently, the
mechanics of the whipping jet have been analyzed by studying the instability of an

electrically driven jet with increasing field strength **.

2.4.3. Parameters affecting electrospinning process
The properties of the electrospun fibers (e.g., fiber morphology, average fiber diameter,
porosity, uniformity and mechanical properties, etc) are dependent on several ranges of
parameters such as processing parameters and solution properties. Desired electrospun
fibers could be assessed systematically by varying the electrospinning parameters. The
most important factors are the solution properties which are affected by solubility of the
polymer in the solvent and also by vapor pressure of the solvent used. Furthermore,
polymer crystallization, glass transition temperature, molecular weight and molecular
weight distribution have significant influences on the electrospinnability of the solution. In
addition, processing parameters include electric field strength, solution feeding rate, needle
diameter and distance between needle tip and ground collector would affect of the obtained

14
fibers .

2.4.4. Different morphology of nanofibers
Electrospinning provides a possibility to produce nanofibers with different structures and
morphologies by varying the processing parameters. A number of methods have been
employed in different contexts to fabricate polymeric nanofibers with different
morphologies, namely, beaded, ribbon, porous, smooth and core-shell nanofibers 4 The
morphology of the electrospun nanofiber as well as fibers diameter can be changed by
varying the electrospinning parameters to fit desired applications. Several types’ fibers

morphology can be realised:

12
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* Porous nanofibers
Fabrication of porous nanofibers through electrospinning increases the specific surface
area of the fibers. These porous nanofibers are in great demand for a wide range of
applications '®. The main mechanism for the formation of porous fibers is the phase
separation. Highly porous nanofibers can be fabricated by the rapid phase separation
during the electrospinning process using a highly volatile solvent. The more volatile
solvent make a hole due to the high evaporating rate during electrospinning '°. Moreover,
the solvent vapor pressure has a critical influence on the process of pore formation. It was
reported that decreasing the vapour pressure of the solvent used (decreasing the volatility)
effectively reduced the pores formation '*. Furthermore, porous nanofibers can be prepared
by spinning of a blend of two different polymers. One of the polymers could be removed
after fibres formation by selective dissolution in a solvent in which the other polymer is

insoluble *°.

* Branched fibers
Due to the solvent evaporation and elongation of the jet during electrospinning, the charge
per unit area carried by the jet will be changed. Thereby, the shape of the jet becomes
unstable because of the difference between the surface tension and the electrical forces.
This instability of the jet reduces its local charge per unit surface area by ejecting a smaller

jet from the surface of the primary jet or by splitting apart into two smaller jets '* *.

= Nanofibers with ribbon-like morphology
Ribbon-like fibers can be obtained from several polymers under certain processing
conditions. The mechanism of the formation of ribbon-like fibers is related to the solvent
evaporation at the jet surface during electrospinning process. As a result, a thin polymer
skin will be formed on the surface of the electrospun jet, thereby resulting in a thin layer of
solid skin with a liquid core. Thereafter, the skin undergoes to an elastically buckling due
to the critical pressure differential inside the ribbon. The circular cross section became

elliptical and then flat, forming a ribbon-like or flattened fibers ** *!

. Recently, different
polymers and composites have used to create flattened or ribbon-like fibers using

electrospinning technique with water and organic solvents .
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= Helical fibers
Mechanisms for the formation of the helical structures have been discussed by many
researchers *2. The electrospun polymeric fibers are electrically charged with the same
sign; these like charges repel each other along a straight line between their centres. As a
result, net coulombic elongational force will be occurred along the fiber length. When the
polymer fiber deposited on a conductive surface, the charge is transferred to the surface of
the polymer jet and non equilibrium between forces takes place (the contracting
viscoelastic force exceeds the repulsive coulombic force). In consequently, the fiber
undergoes a structural rearrangement in order to restore equilibrium and spontaneously
contracts into the helical structures. Micro- and nanoscale helical structures have potential
applications in many fields includes electromechanical devices, optical components and

drug delivery '*.

* Core-shell nanofibers
With the relatively new technique of co-axial electrospinning, core-sheath fibers can be
fabricated using two different polymeric components. The co-axial electrospinning consists
of a coaxial nozzle with a central tube surrounded by a concentric circular tube. The
different polymer solutions are separately fed into the co-axial nozzle and ejected
simultaneously. As in the conventional electrospinning, under the application of applied
voltage Taylor cone is formed and a liquid jet consists of the core and a sheath material is
ejected towards the ground electrode. Then, the jet will be pulled by the electric field and
stretched by the bending instability. Finally, the solvent starts to evaporate leading to the
formation of core-sheath micro and /or nanofibers **. Co-axial electrospinning of core —
sheath structured fibers could enhance the material properties for various applications such
microelectronics, optics and medicine. In addition, co-axial electrospinning offers the
fabrication of hollow fibers and nanotubes using mineral oil as a core material and polymer
or ceramic as a sheath material. After electrospinning, the mineral oil will be removed to

created hollow fibers or nanotubes .

* Beaded nanofibers
The formation of beads during electrospinning reduces the large surface area per unit mass
of the obtained fibers. Therefore, beads considered as a defect in the electrospinning
process. The mechanism of bead formation is related to the viscosity, surface tension of the

polymer solution, and net charge density carried by the polymer jet **. However, the major
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competition between the surface tension and viscoelastic force is the main reason of the
bead formation. Basically, the surface tension of the polymer jet tries to decrease the
surface area per mass, while the electric force tries to increase it. Higher surface tension
leads to contraction of the radius of the jet and drives the jet towards the formation of
beads. In addition, decreasing solution viscosity and net charge density favour the
formation of fibers with beads. Addition of small amount of salts or polyelectrolyte to the
solution increases the charge carried by the jet during the electrospinning and thereby,

increase the jet stretching. As a result, fibers without beads will be created.

2.4.5. Properties and potential applications of nanofibers
Polymeric nanofibers and nanocomposites materials exhibit many unique properties that
distinguish them from the other conventional fibers. They posses a huge surface to volume
ratio, low density, high porosity, and nano pores with highly interconnected internal

structure 4

. One of the most important property of the nanofibers is the superior
mechanical behaviour that nano-sized materials possess as compared to bulk materials. The
superior mechanical properties of the electrospun nanofibers (such as higher elastic
modulus and strength) arise from the decrease in diameter and the higher molecular
orientation of the polymer molecules. The molecular orientation is produced by the
stretching of the polymer jet during Electrospinning °.

The mechanical properties of single nanofiber as well as nanofibrous scaffolds are
extremely essential issue in engineering applications. In tissue engineering, the ideal
scaffolds should gain some special characteristics before implantation into the human
body. Scaffolds should be strong enough to withstand the forces exerted by the cells (as
they grow and migrate on the scaffold). In addition, the scaffold should have suitable
mechanical properties match those of the tissue that they are intended to substitute, to
provide mechanical integrity for the tissue formation. So the mechanical properties of
biomaterials scaffolds are one of the most significant factors in tissue engineering
applications which can be improved by crosslinking of the nanofibers mats **. To improve
the deficiency of the mechanical properties, a good selection of the materials should be
taken into the consideration when fabricating fiber scaffolds. Furthermore, the mechanical
properties can be manipulated through varying solution composition (blending) and
altering the processing parameters. However, because of the small diameters of the
electrospun fibers, it is a challenge to measure their mechanical properties. Although most

mechanical tests have been evaluated for the scaffold or mats rather than individual fibers,
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techniques for testing single nanofibers have been developed recently *°. These techniques
are suitable for measuring the Young’s modulus, tensile strength and tensile strain at break
of the single nanofiber *°. Furthermore, the special properties of the electrospun nanofibers
make them suitable for a wide variety of applications including, protective clothing,
sensors, filter media, drug delivery, tissue engineering, nanoelectronics, wound dressing,
energy & electrical applications ',

Electrospun micro and / or nanofibers are morphologically similar to the extracellular
matrix (ECM) of natural tissues and its nanoscale fibrous structure; it can be explored in
diverse areas of tissue engineering *’. Natural and synthetic fibers have been widely used
as promising scaffolds for tissue repair, these fibrous scaffolds are mechanically stable and
capable of functioning biologically in the implant site * . However, the mechanical
stability is dependent primarily on the selection of biomaterial, the architectural design of
the scaffold, and the cell material interactions *. Therefore, to design an ideal scaffold,
various factors should be considered, such as pore size and morphology, mechanical
properties versus porosity, surface properties and appropriate biodegradability. Of these
factors, the importance of mechanical properties on cell growth is particularly obvious in
natural tissues such as bone, cartilage, blood vessels, tendons and muscles 0 Tissue
engineered constructs must exhibit tissue-like functional properties, including mechanical
behaviour comparable to the native tissues they are intended to replace. Moreover, the

ability to reversibly undergo large strains can help to promote and guide tissue growth.

2.4.6. Aligned nanofibers
In general, the electrospun fibers are deposited as non-woven or randomly oriented fibers
on the collector. However, it is desirable to control the arrangement of the electrospun
fibers to form patterned structures that can be used in a wide variety of applications
including biomedical engineering. Aligned electrospun nanofibrous membrane has shown
considerable promise in tissue engineering to control cell proliferate in the direction of the
fibre orientation. Several researchers have shown the possibility to obtain aligned fibres by
using a specially designed collector consisting of patterned electrodes *'. It is shown that
well aligned nanofibers can be obtained by using a rotating cylindrical drum. However, the
speed of the rotating drum has a main influence on the degree of the fibers alignment.
Increasing the rotating speed leads to fabrication of good aligned nanofibers. In addition,
the velocity of the rotating mandrel not only influences the alignment of the nanofibers, but

also influences the crystallinity and mechanical properties of the obtained nanofibers. On
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the other hand, if the rotating speed is too high, fibre breakage may occur °'. As well as,
aligned nanofibers have been fabricated by using two parallel electrodes to collect the
aligned fibers in the gap between them. However, the length of the aligned electrospun
fibres across a gap is limited by the gap length. The electrospun fibres would deposit

across the gap from the tip of one blade to the other '

2.4.7. Nanofibers blends and their phase morphology
Polymer blends have been used as a tool for tailoring products with optimized properties.
They are interesting materials for a broad class of industrial products because of providing
new physical and mechanical properties that the individual polymer does not possess 2.
However, blending polymers can lead to a wide range of phase behaviors that directly
influence the associated mechanical properties and ultimate applications. Phase behaviour
of the blend polymers is influenced by many factors. In short, choice of monomers,
molecular architecture, composition, and molecular size >. The blend polymers show
phase separation with a dispersive phase in the matrix if the polymers components are
immiscible together. The dispersive phase is usually formed from the minor component,
while the matrix is formed by the major component >*. In case of large phase separation,
the components have a weak interfacial connection results in a drastic reduction in the
mechanical properties of the blend. On the other hand, phase separated nanofibers can be
fabricated during electrospinning process using single polymer. The phase separation
occurs during the electrospinning due to the inherent thermodynamic immiscibility .
Recently, there has been much focus on fabrication of different types of phase morphology

- 56,57
for the electrospun fibers such as co-continuous and core-sheath ™ ".

2.4.8. Nanofiber nanocomposites
Polymer nanocomposites are the result of combination between polymers and organic or
inorganic fillers at the nanometer scale. The filler can be one-dimensional (e.g., nanotubes
and fibres), two-dimensional (e.g., clay), or three- dimensional (e.g., spherical particles).
The development of nanocomposite materials with improved properties has dominated the
field of material science. Recently, much work has been focused on the construction of
nanocomposite materials due to the structural enhancements in physical and mechanical
properties for these systems ~°. The physical and mechanical enhancements result from the
interaction between filler components and matrix (e.g., hydrogen bonds) at the nanometer

scale. This interaction enables them to act as molecular bridges in the polymer matrix .
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However, the properties of these nanocomposite materials are highly dependent on how
well the filler are dispersed within the polymer matrix. Achieving a uniform dispersion of
the filler by conventional mixing methods is difficult as the high surface energy of the
nano filler makes them very easily agglomerate. Among these methods, one of the most
desirable processes for nanocomposites fabrication is electrospinning technique. It has
been used to fabricate hybrid nanocomposites (organic/inorganic) nanofibers with a high

dispersion of the nano fillers inside the fibers matrix ¢

. Moreover, the unique
combination of high specific surface area, flexibility and superior directional strength
makes nanofibers nanocomposites promising materials for wide applications including

medical uses *”.

2.4.9. Biomimetic nanocomposite nanofibers
Biomimicry or biomimetics is the imitating or taking inspiration from nature’s forms and
processes to solve human problems ®°. Recently, there has been an increased focus on the
inspired materials because of their advanced applications especially in the fields of
defense, nanotechnology, robot technology, artificial intelligence and biomedical

% Natural bone is an example of the natural biocomposite materials that

applications
attracted much attention from the biomimetics scientists. Bone is a nano biocomposite
matrix composed of hybrid organic— inorganic components. Around 30% of bone is
composed of organic compounds, of which 90 to 95% is Type I Collagen (Col). The
inorganic phase composed of about 70 % mineral hydroxyapatite (HAp). The combination
of both Col and HAp allows bone to be flexible and strength, thereby provide a mechanical
and supportive role in the body *. Several studies have been devoted recently to mimic or
closely match the composition, microstructure and properties of natural bone * ®' ¢,

The main idea in mimicking natural bone is to control and fabricate the morphology and
the composition of mineralized collagen fibrils, in which the nano particles of inorganic
compounds (HAp) are being dispersed with preferential orientation in the organic matrices
(Col), see Fig 2.

Bone in human and other mammal bodies is generally classified into two types; the first
one is the cortical bone shell or compact bone, so-called due to its minimal gaps and
spaces. Cortical bone constitutes the outer walls of the bones; they have thicknesses varied
from about several tenths of a millimetre to about 1-2 centimetres. The second type is the

trabecular bone or cancellous bone which constitutes the interior layer of the cortical bone.

Cancellous bone is a highly porous tissue composed of a network of rod and plate like
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elements ® (see Fig. 2). Both cortical and cancellous bone is made of a laminate of
collagen fibrils reinforced with hydroxyapatite particles of nanometric dimensions.
Nanofiber nanocomposites are considered to be useful as bone regeneration scaffolds, due
to their nanostructure which mimics the size of natural extracellular matrix (ECM) of bone
component. Moreover, nanofibrous nanocomposite scaffolds have been demonstrated to

improve cell attachment and proliferation /.

Cancellous bone
Cortical bone HAp nanoparticles

Yellow marrow

<>

~ 100 nm

Collagen Fibril
~1.5nm

Fig. 2. A schematic diagram showing (a) cortical shell bone and a cancellous bone structures, and (b)

the lowest level of hierarchical organization
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3. Materials and experimental Methods
The experimental parts of this thesis can be subdivided according to the objectives into the
following sections:
1) Fabrication of nanofibers and nanocomposite fibers through electrospinning.
2) Characterization of the as spun fibers using different methods.
3) Applications of the obtained fibers scaffolds as a materials for biomedical applications

(Skin tissue engineering and dentistry applications).

3.1. Materials

3.1.1. Materials for electrospinning fibers
In this work, many polymers and solvents were used to fabricate different electrospun
micro and /or nanofibers. In addition, blends from different polymers and polymer
nanocomposites were also fabricated by electrospinning in order to get micro and
nanofibers scaffolds for diverse applications. The list of the used polymers and their
solvents is shown in Table.l. All solvents were purchased from Sigma—Aldrich
(Deisenhofen, Germany) except Dichloromethane was purchased from Carl Roth GmbH,

Germany and they were of analytical grade and used without any further modifications.

3.1.2. Types of cells for cell culture
Human Fibroblasts and HaCaT (Keratinocytes) cell line were used to measure cell
adhesion and surface coverage after different days of culture using electrospun PHB and
PVA/PHB nanofibers with different ratios. Primary fibroblasts were purchased from Cell
Lining GmbH (Berlin, Germany). HaCaT cell lines were a kind gift from Prof. Dr. N.
Fusenig from the German Cancer Research Centre (DKFZ), Heidelberg, Germany.
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Table. 1. List of the overall polymers used in the present thesis and their solvents

Polymer type Specification Solvents”
PLLA Poly(L-Lactic acid), Cargill M,, = 200 kg/mol, Dow Chemical, Germany Chloroform and Dichloromethane
Polyetherimide, (Ultem 1000, General Electric, Schenectady, NY,U.S.A.), granted by Prof. Dr. )
PEI Chloroform and N-Methyl-2-pyrrolidone
Groth, Institute of Physics, Martin Luther University
Polyethylene Oxide with an average M,, = 600,000, Sigma Aldrich, Germany
PEO/ y-Fe;0; . . o . Chloroform
Fe,0;: Ferromagnetic nanoparticle concenetration is 0.01 wt % in CHCl;
PET/ y-Fe,04 Ferromagnetic nanoparticle concenetration is 0.01 wt % in CHCl; Trifluoroacetic acid
Chloroform/Dimethylformamide
EVA 40 Poly(ethylene-co-vinyl acetate), Vinyl acetate 40 wt. % from Sigma Aldrich, Germany
and N-Methyl-2-pyrrolidone
PMMA Polymethylmethacrylate, PalaXpress Kaltpolymerisat powder, Heraeus Kulzer GmbH, granted by Chloroform/Dimethylformamide
Prof. Dr. med. dent. Karl-Ernst Dette, Faculty of Dentistry, Martin Luther University Halle
Chitosan Chitosan from crab shells highly viscous, Sigma-Aldrich, Germany, Trifluoroacetic acid/Dichloromethane
PHB Polyhydroxybutyrate, M,, = 4.4x10? kg/mol from Sigma-Aldrich, Germany Chloroform and Hexafluoro-2-propanol
PHB/Chitosan As above Trifluoroacetic acid/ Hexafluoro-2-propanol
Polystyrene Polystyrene, M,, = 120 kg/mol from BASF, Germany Chloroform /Tetrahydrofuran
PEI/EVA As above Chloroform/Dimethyl formamide
Polyvinyl alcohol, Average M,, = 85,000-124,000 and 87-89% hydrolyzed from Sigma Aldrich, o
PVA De-ionized Water and Hexafluoro-2-propanol
Germany
Rat tail Type I Col (6.3 mg/ml dissolved in 1 M acetic acid) was kindly provided by Faculty of o o
Collagen o . 1 M acetic acid in De-ionized Water
Medicine, Halle Wittenberg, Germany
PVA/Collagen As above 1 M acetic acid/ De-ionized Water
Hydroxyappatite Commercial grade Ostim® from aap Implantate AG, Germany De-ionized Water

* All solvents were purchased from Sigma—Aldrich (Deisenhofen, Germany) except Dichloromethane was purchased from Carl Roth GmbH, Germany
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3.2. Experimental
3.2.1. Electrospinning apparatus setup

The instrument setup used in this work was a vertical spinning configuration (see Fig. 3a)

Electrospinning was carried out at room temperature using applied voltages in the range
from 3 to 22 kV, driven by a high voltage power supply Heinzinger PNC (Heinzinger
Electronic GmbH, Rosenheim, Germany). The polymer solution was filled in a 1 ml
syringe attached with a blunt steel needle of 0.8 or 1 mm inner diameter. A square steel
plate covered with aluminium foil was placed 10-15 cm away from the needle tip acting as
a counter electrode. In addition, the polymer solution is forced with constant flow rate
during electrospinning process using an infusion pump. The polymer solution feeding rate
was varied from 100 ul/h to 1 ml/h depending on the polymer type. For morphological
investigations, a glass plate was placed over the counter electrode as collecting substrate.
Then, the electrospun fibers on the glass substrate coated with a thin layer of gold in a
sputtering machine to conduct the surface for better imaging. The electrospun fibres mats
were collected either directly on the aluminium foil as a nonwoven membrane or on
grounded stainless steel network to obtain web scaffolds. On the other hand, in order to get
uniaxially aligned nanofibers, a rotating drum was used as a ground collector ( Fig.3b) '*.
Moreover, uniaxially aligned nanofibers were prepared by the parallel electrodes method
(Fig. 4) °'. Two parallel electrodes were fixed as a ground collector through a conductive
wire to collect the uniaxially fibers for studying the mechanical deformation behaviors

insitu during the imaging with TEM.

e ol LTI
'AH
”/tlﬂlﬂltllﬂlftfff"t::‘l"‘l"l"

Fig. 3. Electrospinning setup (a) square metal plate used as fibers collector (b) metal rotating drum

used as fibers collector
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Parallel electrodes with sharp edges

Uniaxially aligned nanofiber

> Insulator plate

| e

Conductive wire

Fig. 4. Schematic illustration of parallel electrodes method for aligned nanofibers preparation

3.2.2. Hot compaction of aligned polystyrene nanofibers
Multilayer aligned polystyrene (PS) nanofibers membranes were prepared and compacted
at different temperatures using a hot compaction technique (Labo press 200 T hot
compaction). The hot compaction process applied to the aligned nanofibers mats at a
temperature that is below the glass transition temperature of PS (T, about 105 °C).
Compactions were at two different temperatures ( 85 °C and 90 °C) with a pressure of 20

MPa for 5 min.

3.3. Characterization methods

3.3.1. Scanning electron microscopy (SEM)
Over the last two decades, scanning electron microscopy (SEM) has been used in polymer
research to get a better understanding of structure property correlations in polymers.
Moreover, SEM considered being the most popular of the microscopic techniques because
of the ease of specimen preparation, and the general simplicity of image interpretation **. It
is a type of electron microscope that images the sample surface by scanning it with a high

energy beam of electrons. Morphological details at length scales from the visible (0.1mm)
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up to a few nm can be detected by using SEM. In general, the electrons interact with the
atoms of the samples that make up the sample producing signals contains information about
surface topography of the sample. Therefore, the surface must be conducting; the sample
can easily be made conductive by coating the sample surface with a thin layer of heavy
metal (e.g. gold) in a sputtering machine. Such a coating also contributes to reduce the
surface charging and makes SEM photographing possible. Furthermore, the observation
must be performed in a vacuum to prevent scattering of the electrons by stray air molecules.
Basically, the coated sample is placed into the SEM chamber and the air is pumped out of
the chamber creating a vacuum. Then, high energy electrons beam is emitted by electron
gun positioned at the top of the set-up which travels down the column through a series of
magnetic lenses in order to focus the beam to a very fine spot. The focused beam hits the
sample surface producing secondary electrons which are attracted and collected by a
detector and then translated into signals. These signals are then amplified, analyzed, and
translated into images for the surface topography of the sample >*. During 1980s,
environmental scanning electron microscope (ESEM) has been invented to allow the
samples to be observed in low-pressure gaseous environments and high relative humidity. It
is operating in 'wet' mode and it is not necessary to coat the nonconductive samples before
imaging >*.

In the present work, samples for electron microscopy were prepared by direct
electrospinning of the polymers, nanocomposites and polymer blends on the slide glasses
then followed by Au sputtering to ~ 20 nm thickness for better conductivity during
imaging. The size and morphology of the electrospun fibers were investigated by a
scanning electron microscope (JSM 6300 JEOL). The mechanical deformation behaviours
of PS nanofibers were measured by using field emission gun—environmental scanning

electron microscopy (FEG-ESEM, Philips ESEM XL 30 FEG).

3.3.2. Transmission electron microscope (TEM)

In general, transmission electron microscope (TEM) operates on the same basic principles
as the light microscope but uses a highly energetic beam of electrons as "light source" that
passes through the specimen instead of light. The lower wavelength of the electron beam
makes it possible to get a resolution a thousand times better than with a light microscope. It
can be used to visible objects to the order of a few angstroms (107 m). Basically, the
electron gun at the top emits a stream of monochromatic electrons that travel through
vacuum in the column of the microscope. The electromagnetic lenses used to focus the

electrons into a very thin beam. Then the electron beam travels through the sample
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specimen and scattered from the specimen at different angles depending on the density of
the material used. The unscattered electron signals are magnified by a series of
electromagnetic lenses and hit a fluorescent screen, which gives rise to a shadow image of
the sample displayed in varied darkness according to the density of the material present *.
In the present work, the morphology of the electrospun polymeric fibers, nanofiber blends,
nanoparticles, and nanofiber nanocomposites were investigated by conventional
transmission electron microscopy (TEM) (JEOL 200CX operated at 200 kV). Samples
were prepared by directly depositing electrospun fibers onto Cu-grids 3 mm diameter
covered with an ultrathin carbon layer. The spatial dispersion of the nanoparticles within
the electrospun fibers were also conducted using the same method.

For phase characterization and miscibility of the binary polymers in the electrospun
blend nanofiber, a conventional transmission electron microscopy (TEM) (JEOL 200CX
operated at 200 kV) was used to image the phase morphology after selective staining.
Samples were prepared directly by depositing nanofibers onto Cu-grids 3 mm diameter
covered with an ultrathin carbon layer. The grid was then placed into a sealed chamber
with Osmium tetroxide (OsO4) or Ruthenium tetroxide (RuQOs) vapors for different time.
The selective stain attacks the functional group of one polymer (e.g. hydroxyl group)

giving it a darker contrast compared to the other region >*.

3.3.3. Image analysis

The fibers size distribution were determined by measuring over 200 fibers selected
randomly from the SEM or TEM images using image analysis software (Analysis, Soft
Imaging System Co., Germany). In addition, the scaffold porosity has been measured from
the SEM images using analysis software (Image J, National Institute of Health, USA),

according to the method of Ghasemi-Mobarakeh et al. .

3.3.4. In situ deformation of polystyrene nanofibers

To study the mechanical deformation structures of the electrospun PS nanofibers, aligned
nanofibers were prepared in a miniaturized straining holder from Gatan Inc, USA., for a
TEM (JEOL, JEM 4010, 400 kV in the Max-Plank-Institute of Microstructure Physics in
Halle/S). In addition, a miniaturized straining holder from Kammrath & Weil GmbH for
an ESEM has been used to study the micromechanical deformation of PS nanofibers.

Straining devices, shape and size of the specimen used are shown in Fig. 5.
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Fig. 5. In situ deformation devices
(a) Scheme of the miniaturized straining holder from Gatan Inc., for a TEM (JEOL, JEM 4010,
operated at 400 kV)
(b) Straining holder from Kammrath & Wei GmbH for ESEM
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3.3.5. Thermal investigations
It is an important issue to check the thermal characteristics of the electrospun nanofibers,
nanofiber blends and nanocomposite nanofibers after electrospinning in order to compare
them with their pure polymers. The glass transition temperature, melting temperature,
enthalpy of fusion, degree of crystallinity and thermal degradation are a sign of structural
change which might be occurred after electrospinning and / or blending. Therefore,
differential scanning calorimetry (DSC) and thermo gravimetric analysis (TGA) were
investigated to get some information about the thermal behaviour of the electrospun fibers
after electrospinning. Also to check the homogeneity and miscibility of the polymer blends

through the degree of crystallinity.

* Differential scanning calorimetry (DSC)
Thermal characteristics such as glass transition temperature, melting temperature, degree
of crystallinity and thermal degradation of the pure polymers and their electrospun fibers
were investigated using DSC. Thermal measurements have been done in heat flux mode
under nitrogen as purge gas using the instrument DSC Mettler Toledo 820, Giessen,
Germany. About 5 mg of the samples were heated and cooled in the temperature range
from 25 °C to 250 °C at a rate of 10 K/min. Firstly, the samples were heat treated from
25°C to 250 °C, and then cooled to 25 °C for complete crystallization of the matrix. The
specimens were heated again to 250 °C without prior cooling to obtain the DSC
endotherms. In case of PHB and their blends with PVA, the samples were heated and
cooled in the temperature range from -30 to 200 °C at a rate of 10 K/min. The sample
firstly heated from -30 to 200 °C and kept at 200 °C for 2 min to eliminate any thermal
history, and then cooled to -30 °C for complete crystallization of the matrix. The specimens
were heated again from -30 to 200 °C without prior cooling to obtain the DSC endotherms.
For all samples, the heat evolved during non-isothermal crystallization was recorded as a
function of time. Furthermore, crystallization temperatures (T.) and heat of crystallization
(AH.) were determined from exothermal peaks in cooling run. In addition, cold
crystallization temperatures (T.), heat of cold crystallization (AH.) and melting
temperature (Ty,) were obtained from the second endothermic heating runs. On the other
hand, the degree of relative crystallinity (X.) was estimated from the endothermic area

using equation 1.
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X.=AH, /AH;’. (equation 1)

Where AH: is the measured enthalpy of fusion from DSC thermograms and AH{’ is the
enthalpy of fusion for 100% crystalline polymer.
The degree of crystallinity of PHB in the blends was calculated by assuming that the

AH § value of 100% crystalline PHB is 146 J g’ and AH ) of 100% crystalline PVA is

156 T g%,

* Thermo gravimetric analysis (TGA)
Thermo gravimetric analysis (TGA) was performed using TGA /SDTA 851 (Mettler-
Toledo GmbH, Germany) under a nitrogen flow. About 5 mg of sample was heat-treated
from room temperature to 750°C at a heating rate of 20 °K/min. All the graphs were
plotted for temperature against the heat flow mW (Y-axis). DSC and TGA not only give
information about thermal behavior of the polymer blend, but also can provide information
about the compatibility of the polymer blend. In addition, it can be used to estimate the
influence of the blending on the crystallinity, hence mechanical properties of the obtained
electrospun fibers. The first order derivative of TGA refers to the temperatures at which

the maximum decrease of mass occurs.

3.3.6. Fourier Transform Infrared spectroscopy (FTIR)
The principle of FTIR spectroscopy is to submit the sample to an infrared beam and the
absorption of this radiation will promote the excitation of its molecular vibrations by
depositing quanta of energy into vibrational modes ®. The chemical bonds absorb the
infrared energy at specific frequencies (or wavelengths) corresponding to its molecular
modes of vibration in the region of the electromagnetic spectrum '°. This absorption
corresponds specifically to the bonds present in the molecule and the resulting spectrum is
characteristic of the molecules structures present in the sample. FTIR is an effective
analytical tool for identification of the compounds structure. It represents a fingerprint of
the sample because each specific chemical group has a specific frequency or wave number.
Moreover, FTIR technique is one of the powerful tools to obtain information on polymer
blend systems, such as crystallinity, existence of specific interaction such as hydrogen
bonds and so on ’'. In the present study, FTIR spectroscopy was carried out to analyze any

complex structural changes that might have occurred due to the electrospinning and
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blending. Also to elucidate the interaction (hydrogen bonding) in the blend nanofibers
which is in consequently affect on the crystallinity and compatibility of blend fibers ¢'. The
spectra of the pure polymers and electrospun fibers were obtained using an FTIR
Spectrometer S2000, Perkin-Elmer, Germany equipped with a fixed 100 um diameter
aperture and a mercury-cadmium-telluride (MCT) detector was used to analyze the

absorbance in the wave number range of 500- 4000 cm™ with a resolution of 2 cm™.

3.3.7. Water contact angle measurements (WCA)
Water contact angle or the measure of wettability is an important factor which can help to
evaluate the possible effect of a biomaterial on cell adhesion and growth. Thin films of
PVA, PHB and their blends with different ratios (dissolved in HFIP) were prepared onto
glass substrates by spin coating (at 350 rpm) with ‘SPIN150-NPP Spin coater by SPS-
Europe B.V’ (Putten, Netherlands). The static values of water contact angle on the
prepared films were measured in a humidity chamber with the Contact Angle Unit OCA-
15+, Dataphysics Instruments, (Filderstadt, Germany). The sample and needle of the
device were enclosed with a chamber containing a Petri dishes have a wetted salt of
sodium hydrogen sulfate (ROTH, Germany) to control the humidity of the chamber
(relative humidity of about 50%=). At least three measurements on different film locations

were averaged for data analysis.

3.3.8. Zeta potential measurement (§)

Zeta potential is related to the quantity and dissociation of charged groups on the material
surface. Thereby, increasing or decreasing in the surface charged groups will result in a
higher or lower zeta potential value . Surface zeta potential is an important feature of
material surface and its interaction in biological environments. It is highly dependant on
environmental pH value and if plotted versus pH, will be positive at low pH and lower or
negative at high pH.

Streaming potential measurements were performed using a SurPASS (Anton Paar,
Graz, Austria) to monitor the surface charge. Films of PVA/PHB with different blend
compositions were prepared by solution casting of 1.5 wt% PHB and PVA in HFIP. Two
films were attached on the sample holder and introduced into the flow cell. The zeta
potential ({) was determined by adjusting the gap of the flow cell to a distance where a
flow rate between 100 and 150 ml/ min at a maximum pressure of 300 mbar was reached.

A flow check was performed to achieve a constant flow in both directions. 1 mM
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potassium chloride was used as electrolyte while 0.1 N hydrochloric acid was used for pH
titration. Before starting a measurement the pH value of the electrolyte solution was
adjusted to pH 10.5 using 1 N sodium hydroxide. Finally, an automated titration program
performed the measurement from pH 10.5 to pH 2.25 using titration steps of 0.03 ul from
pH 10.5 to pH 5.0 and 0.25 pl from pH 5.0 to pH 2.25.

3.4. Biological tests

3.4.1. Degradation measurements
The measurement of degradation rate in a specific biological environment is an important
factor in tissue engineering. The growing cells have to replace the scaffolds and build the
new ECM structure. Electrospun nanofibrous scaffolds from PHB and PVA/PHB with
different compositions were cut into square shapes weighting ~ 3-6 mg and placed in wells
of 12 well plates. Wells were filled with phosphate-buffered saline (PBS; 2.7 mM KClI,
137 mM NaCl, 1.4 mM KH,PO,, 4.3 mM Na,HPO, dihydrate, pH 7.4). The samples were
incubated at 37°C to mimic the biological environments of the body. The PBS buffer was
changed every 3-4 days, and samples were taken out after 1, 3, 6, 9 and 12 weeks and
washed with micro-pure water then dried to constant weight. They have been weighted
with a precise balance and weight loss was measured. The degradation rate was determined

by the ratio of the weight loss to the initial weight of samples as shown in equation number

2.

S= W,— W, x 100 (equation 2)
W,

where S is the degradation rate, Wy is the initial sample weight and W, is the weight of

dried samples.

3.4.2. Sterilization of nanofibrous matrices
The nanofibrous scaffolds were backed up by transparent polypropylene (PP) sheets for
better handling during cell culture. The transparent PP sheets were washed before the
experiments for 2 hours in a solution mixture composed of ethanol/acetone (50/50) to
remove any contaminations on the surface. Then, the nanofibrous scaffolds supported with
PP films and they were cut into discs with a diameter of 14 mm. The prepared mats were

placed in 24 well-plates and supported with glass rings to avoid them floating in medium.
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Thereafter, they were sterilized for 1 hour with 70% pure ethanol followed by 3 times

rinsing with sterilized PBS before cell seeding.

3.4.3. Cells harvesting
Human Fibroblasts and HaCaT (Keratinocytes) cell line were used to measure cell
adhesion and surface coverage after different days of culture. Both cell types were cultured
in Dulbecco's modified Eagle medium (DMEM, Biochrom AG, Germany) supplemented
with 10% v/v fetal bovine serum (FBS, Biochrom AG, Germany), 1%
Pen/Strep/Fungizone (AAs, PromoCell, Heidelberg, Germany), and 1% L-glutamine
(Sigma, Germany) and were incubated in humidified incubator at 37°C with 5% CO,
(NuAire Corp., Plymouth, Minnesota, USA). For the experiments, cells from preconfluent
cultures were harvested with 0.25% Trypsin /0.02% EDTA solution (PromoCell,
Heidelberg, Germany) and resuspended in culture medium DMEM with 10% FBS and
seeded on the nanofibrous scaffolds at a density of 2.5 x 10* cells/ml for HaCat cells and

1.5 x 10* for human fibroblast.

3.4.4. Cells adhesion and proliferation investigation
Sterilized PVA/PHB blend nanofibrous scaffolds of different compositions were placed
into 24-well tissue culture plate for studies of cell attachment and growth. Plain tissue
culture polystyrene (TCP) was used as a control. HaCaT cells were seeded at a
concentration of 25000 cells/ml while human dermal fibroblasts were seeded at a density
of 15000 cells/ml. Dulbeccos Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 1% antibiotic/antimycotic solution (all obtained from
Biochrom AG, Berlin, Germany). Samples were incubated at 37°C, 5% CO, for the
times indicated. The medium was exchanged every 48h. Attachment, distribution and
growth of cells were visualized by vital staining with fluorescein diacetate (FDA, Sigma,
Deisenhofen, Germany) and imaging with confocal laser scanning microscopy "CLSM 710"
(Carl-Zeiss, Oberkochen, Germany).

FDA staining was performed exchanging the medium by 1 ml DMEM plus 5ul FDA
stock solution (5 mg/ml acetone), followed by an incubation for 5 min at 37°C, 5% COs..
Thereafter, staining medium was replaced by DMEM only and 15 images of each scaffold
were taken by CLSM at an excitation wavelength of 485 nm and an emission of 520 nm.
Percentage of surface coverage of samples with cells was calculated by image processing

software ‘ImagelJ, NIH’, and compared as quantitative measurement.
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Table. 2 Polymers, solvents and optimum electrospinning parameters for all fabricated fibers used in

the present thesis

. . Needle
Fibers Solvent Cocentration | Volt | Distanse | Flow rate diameter
(Wt %) kV) (cm)* (mL/h) *
(mm)
PLLAMED L) CHCI 4 14 15 1 0.8
with porous structure
PEI (bead structure) NMP 20 10-12 8 0.1 1
PEI (Ribbon-like CHCI 15 12 ] 01 1
structure)
PET/y—F6203*** TFA 12 10 8 0.1 1
FEO/1-Fe,0; CHCl4 2 10 8 0.2 1
PEI/EVA NMP 20 14 15 0.1 1
TFA/DCM
CTS (70/30) 2.5 20 15 0.1 0.8
PHB HFIP 3 16 15 0.1 0.8
HFIP/TFA

PHB/CTS (50/50) (50/50) 3 16 15 0.1 0.8

PS THF/DMF 20 16-20 15 0.1 0.8

PVA H,O 7 16 15 0.1 0.8

PVA/Col H,O 7 16 15 0.1 0.8

PVA/n-HAP H,O 7 16 15 0.1 0.8

PVA/Col/n-HAp H,O 7 16 15 0.1 0.8

CHCl;/DMF
PMMA/EVA (80/20) 18 16-20 15 0.1 0.8
PVA/PHB HFIP 3 16 15 0.1 0.8

* Distance from the needle tip to the ground collector

** Inner needle diameter
The concentration of Fe,0; in the total solution is 250 ppm

sk
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4. Results and discussion

4.1. Electrospinning novel fibers with different morphologies for spread
applications

4.1.1. Electrospun fibers with porous structure
It is well known that electrospinning technique depends on various processing parameters
such as solution properties and instrument setup. Therefore, choosing the solvent and type
of the polymer are important factors that influence the solution properties, (e.g., viscosity,
surface tension and conductivity) which in turn, influence the electro-spinnability, surface

73 .
. However, in order to control the

morphology and diameters of the obtained fibers
morphology and diameters of the obtained fibers, the overall parameters of electrospinning
process should be taken into consideration. Recently, many researchers showed that
surface morphology of the biomaterial scaffolds play a vital role in controlling cell
adhesion, proliferation, shape, and function *. Herein, this chapter aims to develop and
fabricate different electrospun polymeric materials with different structures and
morphology that can be applied in many fields, especially in biomedical uses. In this
chapter, solution parameters including polymer type, concentration, solvent vapour
pressure, viscosity and composition of the solution (polymer blend) were studied. In
addition, the process parameters including electric field strength, conductivity, solution
flow rate, distance between the capillary and the collector, and needle diameter were also
investigated. The results showed the possibility to produce fibers with a variety of surface
morphologies including porous, beaded, ribbon-like, helical and uniform structure. In
addition, the fiber size diameters were also varied by changing the electrospinning
parameters.

In the present work, Poly (L-lactic acid) (PLLA) has been electrospun using solvents
with different vapour pressures to investigate the influences of the solvent vapour pressure
on morphology, diameter, crystallinity and mechanical properties of the electrospun fiber
scaffolds. The results showed that the vapour pressure of the solvent and /or mixture
solvents play an important role in the fiber diameters and their crystallinity. Furthermore,
the fiber crystallinity increased by lowering the vapor pressure of the used solvent. In
addition, the mechanical properties (tensile strength and young’s modulus) are strongly
dependent on morphological features such average fiber diameter. The smaller the average
diameter the higher the tensile strength and Young’s modulus .

Fig. 6 shows the electrospun PLLA fibers with a highly porous structure. The as spun
fibers were fabricated by inducing phase separation between PLLA and PEO (80/20 wt/wt)
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during electrospinning. Then, the fibers were soaked in water for 5 days for selective
removal of PEO fraction. Thereby, a highly porous structure with a controllable pore size
and interconnected pores were obtained. Such kind of biocompatible, biodegradable, and
highly porous fibers with high surface area can be applied as drug carrier for drag delivery
systems '°. Moreover, the fibers porosity allows favorable cell adhesion, propagation, and

growth and hence makes them potential candidates for tissue engineering applications.

ooozze43 | —— am JEOL

Fig. 6. Electrospun PLLA/PEO (80/20) fibers have a porous structure after selective removal of PEO

4.1.2. Electrospun fibers with bead and ribbon-like structures
Polyetherimide (PEI) is an amorphous thermoplastic that features high strength and rigidity
at elevated temperatures with good flame retardant and chemical resistance. It is
commonly specified for aerospace, automotive, and packaging applications. Recently, PEI
have been used as a membrane for medical applications "’. In the present work, beaded
fibers from electrospun PEI were fabricated using N-Methyl-2-pyrrolidone (NMP) as a
solvent. Ribbon-like fibers were obtained due to the high boiling point and higher surface
tension of the solvent used. NMP has a boiling point of ~ 202°C, meaning that a long time
is required to evaporate the solvent during electrospinning. Moreover, the surface tension
of NMP is ~ 30 dyne/cm which has the main influence to form the bead structure of the
resultant fibers. The surface tension tries to decrease the surface area per mass unit of the
electrospun jet and will contract its radius to form such beads along the fiber axis (Fig. 7).
On the other hand chloroform has a boiling point of about 61.2 °C and a surface tension of

~ 26.67 dyne/cm which is low compared with NMP. In this case, the solvent starts to
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evaporate immediately after the ejection of the electrospun jet and will form a thin polymer
skin on the surface of the jet. Then the skin undergoes to an elastically buckling, and the
circular across the fiber section will be elliptical and then flat to form a ribbon-like shape
(Fig. 8). Electrospun PEI fibers with bead or ribbon-like structures might be used in the

future as a scaffold for tissue engineering applications '

Fig. 7. Electrospun Polyetherimide using N-methyl 2-pyrrolidone as a solvent

500X 2500X

JEOL

Fig. 8. Electrospun Polyetheimide using chloroform as a solvent

4.1.3. Electrospun fibers with helical and twisted structures
The electrochemical property of conductive y-Fe,Os; played an essential role in the
formation of the helical structure as helical fiber was not achieved from neat polymer .
The charge carried by y-Fe,Os were transformed to the surface of the collected fibers on
the ground collector. Thereby, an imbalance between the forces occurred to compel the
rearrangement of the fibers (to retain the force equilibrium) and finally a helical or twisted
structure could be obtained as shown in Fig. 9 and 10 a, b. The electrospun PET/y-Fe,O;
showed a twisted structure which arises from the presence of y-Fe,Os. On the other hand,

PEO/y-Fe, 05 exhibited a helical structure with some deformed fibers. The high amount of
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forces carried by electrospun jet leads also to stretch the fibers in the electrospinning
direction and the fibers will be deformed. The deformed fibers posses internal plastically
stretched fibrils parallel to the fiber direction (see Fig. 10 b). Both electrospun fibers
containing ferromagnetic nanoparticles could be potential candidates for micro electronics,

smart textiles and biomedical applications.

Fig. 9. Electrospun PET/ y-Fe,0; (ferromagnetic iron oxide nanoparticles) nanocomposites fibers with

twisted structure

Fig. 10. Electrospun PEO/ y-Fe,O; (ferromagnetic iron oxide nanoparticles) nanocomposites fibers

with helical structure

4.1.4. Electrospun fibers with rough surface
Polyethylene co-vinyl acetate (40% vinyl acetate) (EVA) were blended with PEI and they
were electrospun using NMP as a solvent for the blend polymers. The influences of
polymer composition on the fibers morphology were studied. The results showed that pure
EVA solution (dissolved in NMP) is not able to form fibers, they produce only drops. This
might be attributed to the less entanglement of the EVA macromolecules which is not
sufficient to form continuous fibers. Addition of about 20 wt% PEI will promote the fiber
structure formation, but they showed a high amount of spherical beads along the fibers.

The spherical beads were transformed gradually to cylindrical structure by increasing the
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PEI fraction (see Fig. 11). Furthermore, addition of small amount EVA (5 wt%) to PEI not
only enhance the fiber homogeneity, but also provide a rough morphology to the fiber
surface. The electrospun biocompatible PEI/EVA scaffolds might be useful candidate for
biomedical application. It can be used in skin tissue engineering, drug delivery system and

vascular graft application ”’.

PEI/EVA (20/80) PEI/EVA (20/80)

00022287 —— 10pm JEOL 00022293 — 10pm JEOL

PEI/EVA (80/20) PEI/EVA (90/10)

! ¥ 1
&' = & A X ) f
5 - | ¥ A

JEOL = ooz2sst . — 1 JEOL

Fig. 11. Electrospun PEI/EV A with different ratios
4.1.5. Electrospun fibers with core sheath structure

= Morphology and phase structure of the blend PHB/Chitosan nanofibers :
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Chitosan (CTS) and their derivatives were investigated as one of candidate materials for
vastly diverse applications, including but not limited to waste management, food
processing, biotechnology, tissue engineering and regenerative medicine "> 7. Moreover,
much attention has been devoted recently to fabricate CTS nanofibers for medical
applications . Likewise, electrospun PHB nanofibers have been reported as scaffolds for

- S 81, 82
medical applications "

. However, the major problem associated with the PHB
applications is its high degree of crystallinity and brittleness ®. An approach to overcome
the high crystallinity of PHB is to make miscible blends of PHB with another kind of
polymer such as CTS *. Nevertheless, electrospun PHB/CTS blend nanofibers have not
been investigated in the literature. Fig. 12 (a, b) shows the SEM micrographs of
electrospun chitosan and PHB/Chitosan (50/50) nanofibers, respectively. It is shown that
both fibers have a homogenous structure without any sign of beads formation. The as spun
chitosan has an average diameter of about 160 nm and PHB/Chitosan (50/50) has an
average diameter of about 426 nm (see Fig. 13 a, b). Moreover, phase structure of
chemically stained PHB/CTS nanofibers revealed that both polymers have a good
distribution in the macromolecular region without any sign of phase separation (Fig. 14).
Such kind of homogeneity and miscibility of the polymer blends is an important factor not
only for reducing the high crystallinity of PHB, but also to facilitate the degradation rate of
the obtained fibers scaffolds. On the other hand, fibers with diameters thicker than 500 nm

exhibited a core sheath structure. The chitosan fraction agglomerated at the fiber surface as

a sheath and PHB formed the fibers core (see Fig. 15).

00023418 JEOL

Fig. 12. SEM micrograph of (a) electrospun CTS nanofibers using TFA/DCM as a solvent and (b)
electrospun PHB/CTS nanofibers using TFA/HFIP as a solvent
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Fig. 13. Diameter distribution of electrospun (a) PHB/CTS (50/50) using HFIP/TFA as a solvent and
(b) Chitosan using TFA/DCM

Fig. 14. Electrospun PHB/CTS blend nanofibers, stained with OsO, vapors for 4 days (fibers thinner
than 500 pm)

Fig. 15.Electrospun PHB/CTS blend nanofibers, stained with OsO, vapors for 4 days (fibers thicker
than 500 pm)
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* FTIR spectra of electrospun PHB/CTS blend nanofibers :
The sensitivity of FTIR spectrum to crystallization of PHB was demonstrated by
Bloembergen et al.®*. In the present study we investigated the influence of CTS on PHB
after electrospinning. Electrospun PHB/CTS nanofibers have not been prepared before.
Fig. 16 shows the FTIR spectra for electrospun PHB, CTS and PHB/CTS (50/50). The
spectrum of PHB has a prominent characteristic absorption centered at about 1720 cm '
assigned to the stretching vibration of the carbonyl groups. In addition, the bands observed
at about 980, 1227, 1277 and 1720 cm ', attributable to the crystalline phase of PHB and
band at 1180 cm ™" arises from the amorphous phase. Moreover, the band observed at about
1380 cm ' is assigned to symmetric wagging of the CH; group. CTS has characteristic
absorptions centered at about 3348 cm™! attributed to the hydroxyl stretching (vo.y) and the
N-H stretching, and two bands observed at about 1652 cm™' and 1557cm ' were attributed
to the amide I (v ¢-0), amide II and the N-H deformation arising from the amide and/or
amine groups *°. However, the carbonyl band observed at about 1720 cm™' in pure PHB
shifted to about 1727 cm' in case of electrospun PHB/CTS. The wave number of the
carbonyl group was increased due to the disturbance of the crystalline portion after
addition of CTS *’. Moreover, the bands centered at 980, 1227 and 1277 cm’! attributable
to the crystalline phase of PHB were disappeared in the electrospun PHB/CTS blend
nanofibers. Furthermore, the band observed at about 1672 cm ' assigned for NHCOCHj;
bonding of CTS and band at about 1528 was for the NH, group. The results from FTIR
demonstrated that PHB was interconnected with CTS through hydrogen bonds in the
macromolecular region. Moreover, the crystalline related bands were disappeared in the
blend fibers; CTS suppressed the crystallinity of PHB in the blend nanofibers through the
interaction between them (hydrogen bonds). The interaction act as bridges between the
polymers and consequently reduces the crystallinity and facilitated the miscibility of the

polymers in the blend nanofibers.
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Fig. 16. FTIR spectra of electrospun (a) pure PHB, (b) PHB/CTS (50/50) and (c) pure CTS nanofibers,
the marked peaks represent the crystalline phase of PHB

= Crystallization behaviour of electrospun PHB/CTS nanofibers :
The results from DSC and the characteristics observed for PHB powder, electrospun PHB
and PHB/CTS (50/50) nanofibers were showed in Fig. 17 and summarized in Table. 3. The
melting thermogram of PHB exhibited two endothermic peaks at about 147 and 159.6 °C,
arising from melting of crystalline PHB. The double melting peaks of PHB can be
attributed to the melting of the re-crystallized component which can occur during the
melting process *°. Moreover, the double melting peaks of PHB powder were slightly
increased after electrospinning due to the macromolecular orientation of the polymer
molecules in the fiber direction during Electrospinning ¥ . Thus, the degree of crystallinity
of electrospun PHB found to be increased compared with PHB powder. On the contrary,
the double melting peaks are slightly decreased in case of electrospun PHB/CTS (50/50)
blend nanofibers. Furthermore, the degree of crystallinity of PHB in the blend PHB/CTS
(50/50) significantly decreased after electrospinning (see Table. 3). CTS molecule has a
large amount of amine groups in its side chains that provide ability to form a large number
of intermolecular hydrogen bonds with carbonyl groups of PHB. The suppression of PHB
crystallization found in the PHB/CTS (50/50) blend may be caused by the formation of

intermolecular hydrogen bonds between the carbonyl groups of PHB and the amine and /or
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hydroxyl groups of CTS. The decrement of the degree of crystallinity of PHB in the
nanofibers blend was also found by FTIR spectroscopy.

14 4
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Fig. 17. DSC thermograms of (a) PHB powder, (b) electrospun PHB and (c¢) PHB/CTS (50/50)

nanofibers

Table. 3. DSC data and the characteristics observed for PHB powder, electrospun PHB and PHB/CTS

nanofibers
Sample T Tz Te é};?)l Crystallinity
O (°C) (°C) : (%)
PHB 147.2 | 159.68 76 97 66.5
Powder
PHB
Nanofibers 152.2 | 164.50 81.4 98.5 67.5
PHB/CTS
Nanofibers 150 163 70.6 27.56 37.7
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* Degradation morphology of PHB/CTS (50/50) blend nanofibers
The morphology changes during in vitro degradation were examined by using scanning
electron microscopy. For degradation study, electrospun PHB/CTS nanofiber specimens
were immersed in simulated body fluid (PBS solution) at 37 °C for one week. Thereafter,
the specimens were dried in a drying oven and then coated with Au in sputter coating
machine before observation through SEM. The nanofibrous scaffolds showed a remarkable
degradation after one week (see Fig. 18). It is known that PHB has a low degradation rate
because of its high crystallinity *°. However, in the present study PHB/CTS nanofibers
started to degrade one week after the test and the degradation increased by increasing the
time. The reason for the fast degradation is the lower degree of crystallinity for the blend
nanofibers. PHB/CTS blend nanofibers exhibited a degree of crystallinity of about 37.7
compared with about 67.5 for pure PHB nanofibers (Table. 3). The crystallisation plays an
important role in the PHB hydrolytic degradation, which happened in the amorphous
region at an earlier stage °'. Moreover, an important factor that enhanced the degradation
rate was that the nanofibers had a higher ratio of surface-to-volume than bulk materials.
The characteristics of the fabricated nanofibrous scaffolds (e.g., high surface area to mass
ratio, high porosity, biocompatibility and biodegradation with faster degradation rate)

might be promising scaffold materials for tissue engineering application.

1 4

JEOL

Fig. 18. SEM images showing in vitro morphology changes of electrospun PHB/CTS (50/50) blend

nanofibers after one week degradation in PBS solution at 37 °C
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4.2. Mechanical properties of PS nanofibers
Reneker and Chun demonstrated that the electrospun nanofibers have a good
macromolecular orientation which is produced by the stretching of the polymer jet during
Electrospinning °. Thereby, the high molecular orientation of polymer molecules in the
electrospun fibers will enhance their mechanical properties (e.g., higher elastic modulus
and strength) as compared to bulk materials. Recently, many attempts have been gained
using in situ imaging of single nanofiber to study its mechanical deformation and relating
the deformation observed to the stress—strain characteristics of the nanofibers **.

Polystyrene (PS) is a thermoplastic amorphous, stiff polymer with limited flexibility. It
is considered to be one of the most versatile, easily fabricated and cost-effective plastics *°.
PS is used in many different applications including packaging for food, disposable cutlery,
plastic models, packing materials, insulation, and disposable beverage cups °*. Recently,
PS nanofibers and nanocomposites have been fabricated by electrospinning technique for
different applications > *°. One of the most disadvantages of PS is its brittleness; in tension
the strain at break is only a few percentages. However, PS macromolecules can be
deformed to a very high degree if they are arranged in very thin fibers or films. This effect
is well known from the fibrils inside crazes, the typical deformation zones in PS.

Crazes are long deformation zones in perpendicular direction to the loading direction,
up to some 100 um long and about 10 um thick. They posses an internal structure of
nanovoids with plastically stretched fibrils about 10-30 nm thick. The fibrils are stretched
up to more than 300 % 7, the limit of deformation of the entanglement network °®. In this
section, PS was chosen as an example of brittle material to study the effect of the
electrospinning process on the mechanical deformation behaviour of the single nanofiber.
Moreover, the aim of this study was also to check if PS nanofibers reveal a transition from

the typical crazing behaviour to ductile deformation with decreasing fiber thickness.
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4.2.1. Morphology
Fig.19 shows SEM micrographs of electrospun PS nanofibers with random orientation. It is
visible that the individual PS nanofibers are relatively uniform in thickness without any
sign of bead formation. The diameters of the electrospun PS nanofiber vary from 150 nm
to 800 nm (see Fig 20) with a well pronounced maximum at a diameter of about 380 nm.
Fig. 21 shows a SEM micrograph of PS nanofibers uniaxially aligned in one direction.
Such patterns of parallel nanofibers have been used to perform tensile tests and also to
produce hot compacted specimen. Result of the hot compaction is a compacted pattern of
fibers with many free spaces or holes between them, see Fig. 22. Fig. 22 a shows uniaxially
aligned PS nanofibers compacted at 85 °C with a pressure of 20 MPa for 5 min and Fig.22
b. shows nanofibers compacted at 85 °C with 30 MPa for 5 min. The best temperature for
compaction found to be at ~ 85 °C with a pressure of 20 MPa and 30 MPa. Many of the
original nanofibers were connected to thick fiber bundles up to some pum thickness, but
there were visible also some thin individual nanofibers. In case of compaction at 90 °C
(which is near to T, of PS), the nanofibers adhered together and formed a membrane

without any sign of fibril structure (Fig.22 c).

Fig. 19. SEM micrograph of electrospun PS nanofibers
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Fig. 20. Diameter distribution of PS nanofibers Fig.21. SEM micrograph of uniaxially PS nanofibers
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Fig. 22. Morphology of a pattern of hot compacted PS nanofibers
(a) Compacted at 85 °C with a pressure of 20 MPa for 5 min
(b) Compacted at 85 °C with a pressure of 30 MPa for 5 min
(¢) Compacted at 90 °C, 30 MPa for 5 min
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4.2.2. Deformation of single electrospun PS nanofibers
Fig. 23 shows the deformation structures of PS nanofibers mechanically deformed in situ
in a TEM. It is shown that the fibers exhibited some places with the appearance of typical
crazes before breaking. The craze thickness (elongation of crazes in direction of fibril
length) is about 120 nm, the craze fibrils are ~ 20 nm thick and the interfibrillar spacing
between craze fibrils (long period) is about 25 nm (Fig. 24). Appearance of crazes in

similar structure has been detected in all PS fibers with diameters above 225 nm.

Fig. 23.TEM micrographs of deformed PS nanofibers with fibrillated crazes

47



Mechanical properties of nanofibers

25
24
23+ fibril diameter
224 /
7 21
b= ]
3 204
e 19 Interfibller distance
2 = Craze thickness £
e
e 9
g 8
r 7
6
5
4
3
2
1
r-
0 50 100 150 200 250 300 350 400
Size (nm)

Fig. 24. Distribution of craze thickness, craze fibril diameter and interfibrillar distance (long period) in

deformed PS nanofibers

Fig. 25 shows ESEM micrographs of deformed and partially ruptured PS nanofibers. It is
an interesting result that some fibers showed thinner parts due to necking and cold

drawing. The same effect was visible after deformation in the TEM (see Fig. 26).

BN o ML P

Fig. 25. Deformed PS nanofibers in ESEM micrographs: Local necking zones are shown by arrows
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Fig. 26. TEM micrographs of deformed PS nanofibers with necking and cold drawing zones in lower

(left) and larger magnification (right): image rotating due to change in magnification in TEM

A detailed inspection revealed that fibers with necking and cold drawing appear only in the
fibers thinner than 225 nm, see Table. 4. The fiber diameter contracted from ~ 225 nm to
nearly 60 nm in the neck regions. The length of the neck zone was in the range from 100
nm to 200 nm and partly some necking zones follows one after the other. Partly there were
thin cold drawing zones with a total length of these zones of some um. It is a surprising
result that the transition in the micromechanical behaviour appeared at thicknesses of the
PS fibers between 220 and 230 nm, i.e. with a sharp limit. PS fibers thicker than this limit
showed only craze deformation and PS fibers thinner than that revealed only necking and

cold drawing.
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Table. 4. Results of image analysis of deformed PS nanofibers with appearance of crazes or necking

zones, respectively

Fiber Diameter Craze Craze Fibril
No Thickness Diameter Observation
(nm)
(nm) (nm)
Crazing
1 391 223 8 No Necking
Crazing
2 614 93 25 No Necking
Crazing
3 364 >7 18 No Necking
Crazing
4 363 o8 12 No Necking
Crazing
> 378 %6 13 No Necking
Crazing
6 237 112 23 No Necking
Crazing
7 226 90 17 No Necking
8 Crazing
264 9 23 No Necking
No Fiber Diameter length of Neck width .
necking zone Observation
(nm) (nm)
(nm)
9 220 123 52 Necking
10 218 155 52 Necking
11 198 168 65 Necking
12 165 109 88 Necking
13 )
155 189 57 Necking

4.2.3. Deformation of compacted PS nanofibers
PS nanofibers in parallel packaging, which have been compacted under pressure at higher
temperature below the glass transition temperature of bulk PS (T, = 105 °C) revealed in the
deformation tests that the deformation mechanism is only crazing. The compacted material
consists mainly of thicker PS fibers (Fig. 27) showing crazes in the thicker fibers of the
compacted pattern. The thick compacted fibers, which consist of several individual parallel
fibers, show coarse crazes with large nanovoids and irreguallary arranged fibrils with

thickness from 25 nm up to 200 nm (see Fig. 27. a, b and Fig. 28 c,d). The thick compacted
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fibers deform with formation of crazes propagating from one surface to the opposite one,
but with interruption of the regular craze fibrillation due to the interfaces between the
individual nanofibers. In general, the compacted material deforms such as thicker PS single

fibers and also as bulk material.

JEOL

Fig. 27. Deformation of hot compacted aligned PS nanofibers in SEM compacted at 85 °C with a

pressure of 30 MPa for 5 min

JeEOL

JEOL

Fig. 28. Deformation of hot compacted aligned PS nanofibers in SEM compacted at 85 °C with a

pressure of 30 MPa for 5 min
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The thick fibers show crazes at lower elongations and determin the deformation character.
Thinner fibrils with thickness below the thickness limit of about 220-225 nm have no
influence on the deformation mechanism. As mentioned before, the structure of the crazes
in compacted PS nanofibers appear coarser than in the single nanofibers, see Fig. 29 (and
compare with Fig. 24). The reason is partly in the higher stress level in compacted material
and partly also in the limited resolution power of the SEM inspection (Fig. 27 and Fig. 28)
compared with TEM inspection (Fig. 23). The SEM micrographs reveal only the thicker

craze fibrils and not, as in TEM inspection, also all the thinner ones.
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Fig. 29. Distribution of craze thickness, craze fibril diameter and interfibrillar distance of deformed

hot compacted PS nanofibers (hot compacted at 85 °C, 30 MPa for 5 min)

Table. 5. Glass transition temperatures for bulk PS, PS nanofibers and hot compacted PS nanofibers

Sample No Sample description T,
Polystyrene I Granules 105
Polystyrene II Nanofibers 101
Polystyrene I1I Compacted nanf(())fribserrrsliit 82 °C,30 MPa 99

Polystyrene IV Compacted nanofibers at 90 °C, 30 MPa 03

for 5 min

52



Mechanical properties of nanofibers

4.2.4. Thermal analysis (DSC)
The result of determination of the glass transition temperature of the different materials
from DSC analysis is summarized in Table 5. Compared to the glass transition temperature

of granules of PS (the same as in bulk PS) the fibers show lower values.

4.2.5. Discussion and conclusions
Bulk PS material deforms with the only formation of crazes. The features of crazes,
stretched fibrils between elongated nanovoids, are illustrated in Fig. 30 a. From the starting
point, e.g. a notch or defect at the surface as a stress concentration point, the craze
propagates into the bulk material and usually decreases in thickness. Under additional
increase in loading, the craze fibrils rupture and a crack propagates very quickly through
the craze. The very fast crack propagation is the typical feature of the brittle fracture of PS.
Hot compacted PS with thick fibers or strands of PS nanofibers revealed the same
micromechanical behaviour with fibrillated crazes starting from the surface and
propagating into the material. Crazes appear also in the thicker nanofibers (thicker than
about 230 nm), but with the difference that the crazes penetrate the whole fiber thickness.
The average fibril thickness of 10-25 nm and the fibril distances (long period) of 30-60 nm,
i.e. the diameter of the nanovoids between fibrils of 10-40 nm, correlate very well with the
typical features of crazes in bulk PS *® . The craze length is limited by the fiber thickness,
i.e. in the range of a few 100 nm, see Fig. 30 b. A very interesting transition in the
deformation behavior appeared in fibers thinner than 225 nm. Here, the plastic deformation
started with necking of the fiber and thinning up to a thickness of about 50-80 nm. The
necking zone is partly localized and partly expanded up to some pm, similar a cold
drawing zone, see Fig. 30 c. The reduction of the fibril thickness from about 200 nm up to
60-80 nm in the necking zone can be used to estimate a local plastic strain of up to few 100
%. This value correlates with the maximum elongation of the entanglement network in PS
of about Ay.x = 400 % %, 100, see Fig. 31. Such high elongations are also realized in the
craze fibrils of bulk PS with the typical fibril thickness of 10-30 nm after stretching. The
fibrils are deformed up to some 100 % and, therefore, the starting thicknesses of the PS
parts before deformation were in the range of 30-60 nm. These results showed that plastic
yielding in bulk PS starts, if there are material strands between nanovoids thinner than
about 60 nm. In such thin strands exists only some entanglement meshes in perpendicular
to the deformation direction. Therefore, there are no constraints acting and an easier

101

deformation in length direction is possible . Nanofibers, on the other hand, start to

necking, if they are thinner than 220 nm. The reason of this larger thickness compared with
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the thickness of craze fibrils could be found in the free surface of the nanofibers and,
therefore, the reduced glass transition temperature T, (see Table 5). This effect could
increase molecular mobility and ductility of the material in a modified surface layer around
the fibers. If we assume such a modified surface layer with increased mobility in the same
thickness than the PS strands in the crazes, i.e. of about 60 nm, an unmodified core in a
thickness range of about ( 220 — 2 x 60 = 220-120) 100 nm remains. To explain this
discrepancy we can found an additional effect in the macromolecular orientation in the
fibers. It can be assumed that the macromolecules were partly oriented in fiber direction
with a change from spherical macromolecular coils as in the bulk to an oriented shape in
the fibers. Oriented PS films showed a higher crazing stress in orientation direction **. In a
consequence, with increasing loading the yield stress can be reached earlier than
cavitational stress (or crazing stress) and necking occurs. Both effects, the free surface of
the nanofibers with increased molecular mobility (and reduced glass transition temperature
T,) and the macromolecular orientation with increased crazing stress, enhance the ductility
limit of the nanofibers to the larger values of about 200 nm (compacted to about 60 nm of
PS strands in crazing mechanism). The change in deformation mechanism with decreasing
specimen thickness of PS from crazing in bulk material to multiple craze formation in thick
nanofibers and necking or cold drawing in thinner nanofibers is sketched in Fig. 32.

To conclude, the usually typically brittle PS can be modified using electrospinning
technique so that a transition from crazing behaviour to micronecking and ductile
behaviour appeared. The increased ductility of very thin PS fibers could be used to produce
ductile PS networks for different applications for instance networks as flocculants in the
treatment of waste water '*?, ion exchanger '**, for organic electronic applications '™, for

optical application ', and scaffolds for biomedical applications '
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(b) PS nanofibers thicker than about 230 nm

c
> >
v

(c) PS nanofibers thinner than about 225 nm

. M
(a) Bulk polystyrene
| I

Fig. 30. Schematic illustration of micromechanical deformation mechanism of PS in dependence on
sample thickness
a) Bulk polystyrene
b) PS nanofibers thicker than about 230 nm

¢) PS nanofibers thinner than about 225 nm
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Fig. 31. Entanglements and entanglement network in amorphous polymers; M,, |, are the molecular

weight and the length of the macromolecular segments between entanglements, respectively; d is the
distance between entanglements; A = B
applied loading stress (from reference™).

Nanofibers
’ ' Bulk

is the maximum elongation of the network under an

220 nm
Sample thickness

Fig. 32.Scheme of change in the deformation mechanism of PS with decreasing sample thickness from

bulk material to nanofibers
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4.3. Electrospun PMMA/EV A nanofibers for dentistry applications

(custom-made mouth guards and dentures)
Mouthguards are worn by participants are active in some fields of sport to reduce damage
to the orofacial complex, as well as to protect teeth against chipping, fractures,
displacement, and avulsion caused by impacts. The most commonly used and cheaper type
is the mouth formed mouthguard which is made by the user after softening it in hot water
and forming it in the mouth with pressure from fingers, tongue, and cheek '*’. The second
type is the custom made mouthguard which is individually fitted to the wearer and requires
a dental impression, dental models, and a forming process based on either pressure or
vacuum ', Generally, this type of mouthguard has the advantage of better fit and greater
comfort and is, therefore, more effective. Polyethylene-co-vinyl acetate (EVA) is the most
common material exhibits desirable properties for fabrication of custom made mouthguard
19 "1t is a non-toxic material with minimal moisture absorption, elasticity, ease of
manufacture and adequate mechanical properties '° ''°. Next to special medical grade
rubber (EVA), denture liners are also fabricated from silicone-type compounds '''. Poly
(methyl methacrylate) (PMMA) is one of the plastics commonly used as dental-base
materials because of its biocompatibility, relatively ease of manipulation, and low toxicity
"2 Tn addition, PMMA has been used for bone cements, contact and intraocular lens,
screw fixation in bone, filler for bone cavities and skull defects and vertebrae stabilization
in osteoporotic patients '"*. All acrylics in denture use are based on PMMA, with two
distinct types, heat cured and autopolymerized. Polymeric materials processed from
powders of predominantly polymerized poly (methyl- methlacrylate) (PMMA) and a liquid
monomer are widely used in dentistry and orthopaedics ''*.

The major problem in denture was, and still is, the adhesive failure between the denture

base and the liner '

. Bond failure creates a potential surface for bacterial growth ''°,
Therefore, frequent clinical evaluation and periodic replacement of the soft denture liner is
required. Nowadays, the challenge is to find some other ways to increase the bonding
strength between denture base and soft liner. It was suggested that surface roughness can
improve the adhesion between the denture base and soft liner materials. But some authors
stated the opposite effect of roughening ''’. The purpose of the present study is to increase
the adhesion between EVA resilient lining material and heat-cured acrylic resin (PMMA)

denture base material. The idea is to produce an interfacial layer by electrospinning of

PMMA/EVA blends. PMMA/EVA blends with different ratios (30/70), (50/50) and
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(70/30) are produced. The large surface area will act as bridges between denture base and

soft liner materials.

4.3.1. Morphology of electrospun PMMA/EVA
The SEM micrographs left in Fig (33) show the morphology of electrospun PMMA/EVA
(50/50) blends with different concentrations (15, 18 and 20 wt %) in solution of CHCl;. It
is shown that the 15 wt% concentration exhibited fibers with beads along the fiber
direction; the beads have a length of ~70 um and a width of ~ 41 um. The bead structure
appeared at 15 wt% because of the low viscosity of the electrospun solution. Therefore, it
is important to modify the fiber morphology and to decrease the fiber diameter in order to
increase the surface area to volume ratio. Increasing the concentration of the polymer
solutions to 18 and 20 wt% improves the electrospinnability, and the bead structure
disappears. The fiber morphology found to be better at 18 wt% but the fiber diameter is
still non homogenous with a broad diameter distribution (Fig.33 b and c¢).
Electrospinnability and fibres morphology can be enhanced by addition of DMF to the
polymer solution. DMF increases the dielectric property of the electrospun solution and
thereby improves the fiber morphology (the ratio of DMF to CHCl; was 20:80).
Furthermore, the diameter of the obtained PMMA/EV A blend fibers decreased to ~ 1.1 um

with narrow diameter distribution (see Fig. 34).

4.3.2. Manufacturing of mouth guards
PMMA/EVA blend nanofibers are deposited directly on the surface of EVA plates
(80-95 % purity with about 20-34 % vinyl acetate). The time of electrospinning was varied
from 15 min to 4 hours. EVA plates were heated and pressed against the nanofibers layers
using a thermo pressure machine. Then, 5-20% PMMA prepolymer added at the surface of
the EVA plate and distributed homogeneously. The denture composite is made by the
polymerization of the PMMA prepolymer at the interface of EVA-plates (covered with
PMMA/EV A nanofibers) under elevated temperature and pressure. Thereafter, the material

mixture was pressed to a plate of about 4 mm thickness (see fig 35).
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Fig. 33. SEM micrographs of electrospun PMMA/EVA (50/50) with different concentration ratios of
the solutions : (a) 15 wt %, (b) 18 wt% and (c) 20 wt%
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Fig. 34. SEM micrograph showing the morphology and diameter distribution of electrospun
PMMA/EVA (50/50) using CHCl;/DMF (80/20) as a solvent
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Fig. 35. Photo image of polymerized PMMA on the EVA plate using PMMA/EVA (50/50) nanofiber as

an interface between them
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4.3.3. Phase separation of PMMA/EVA at the nano scale
The phase behaviour and phase separation of the PMMA/EV A blend nanofibers have been
investigated using TEM inspection after staining the electrospun fibers with RuO4 vapours
for 4 days. Fig. (36) shows the TEM micrographs of the electrospun PMMA/EVA (30/70)
and (70/30) with 40 wt% V Ac content to illustrate the phase behaviour of the binary
polymers for different concentrations. It is shown that the blend PMMA/EVA (30/70)
exhibits homogenous distribution of the polymers without micro phase separation. The
homogeneity of the distribution of PMMA at the fibres matrix might be attributed to its
low concentration. On the other hand, the PMMA/EV A blend (70/30) shows two different
cases of phase behaviour. The thinner fibers (thinner than 750 nm) show homogenous
distribution of the binary polymers in the blend and there is no visible micro phase
separation. Decreasing the fiber diameter improves the macromolecular distribution of the
polymer blend in the fiber matrix. So, the blend exhibits homogenous distribution of both
polymers at the nano scale range. On the contrary, the thicker fibers (thicker than 750 nm)
show separated phases between PMMA and EVA. This could be attributed to the non
miscibility of both PMMA and EVA at the micro scale. It is revealed that the diameter of
the fibers influences the micro phase separation. The thinner fibers have a better
macromolecular distribution. Thereby, the miscibility of the polymer blends will be

improved and the micro phase separation disappears.
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200 nm

PMMA/EVA40 (30/70)
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PMMA/EVA40 (70/30) PMMA/EVA40 (70/30)

( Fiber thickness < 750 nm) ( Fiber thickness > 750 nm)

Fig. 36. TEM micrographs showing the phase separation of PMMA/EVA blend at the nano range, the fibers stained with RuO, vapours for 4 days
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4.3.4. Measuring the interfacial strength (bond) between soft liner (EVA) and
denture base (PMMA)
Tensile and peel bond strength between denture base and soft liner materials have been
investigated after using electrospun PMMA/EV A nanofibers as an interface between them.
The ability of the material to withstand peeling depends on the strength of the bond
developed between soft lining and denture base materials. Fig. 37 shows results of the
tensile strength tests for the samples prepared using electrospun PMMA/EVA (50/50)
nanofibers as an interface between soft liner and denture base acrylic resin. The results
show that the time of electrospinning (the thickness of the electrospun fiber mats)
influences the bond strength with a significant increase in the bond strength between soft
liner and denture base with increasing electrospinning time to 4 hours. The required force
to detach the bond between denture base and soft liner is ~490 N. The surface property of
the soft liner plays an important role for adhesion of the electrospun fibers on its surface. It
is found that roughness of the EVA sheets increases the bond strength due to the good
penetration of the electrospun fibers in the surface of EVA sheets. The required force to
detach the bond between denture base and soft liner material is ~620 N compared with ~

490 N without roughening the EVA surface (Fig. 38 ).
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Fig. 37. Interfacial strength (adhesion) between heat cured PMMA and EVA plate, the surface of EVA
plate is smooth
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Fig. 38. Effect of the surface roughness on the bond strength

4.3.5. The bond between EVA (soft liner) and PMMA (denture base) materials
To check the contact between denture base and soft liner materials, the contact layer has
been investigated using TEM of the prepared denture after staining with RuO4 vapours for
4 days. Fig. 39 shows the TEM micrograph of the stained denture which exhibiting the
good contact between the three components (PMMA/EV A blend nanofibers, EVA plate
and heat cured PMMA). The denture composite showed no phase separation between EVA
plate and heat cured PMMA after using the electrospun nanofibers mat as an interface
between them. Meaning that, the high surface area of the electrospun nanofibers provides a
huge number of nano contacts acting as bridges between the denture liner and base
materials. Moreover, the good interaction attributed to the miscibility of the blend
composite which arises from the unlimited number of intermolecular hydrogen bonds.
Such a huge number of hydrogen bonds are the responsible for the strong interactions
between denture liner and denture base. The results showed that electrospun nanofibers
might be used as dry adhesive to increase the contact between polymers that are not
compatible and lacking adhesion together. In addition, the results provide a good and
practical solution for the debonding problem in denture and mouth guards’ applications.

The results of this work has been submitted as a patent ''*.
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PMMA/EVA 40 (30/70)
100 nm nanofibers

Fig. 39.TEM micrographs showing the contact layer between EVA plate and heat cured PMMA using
electrospun PMMA/EVA 40 (30/70) nanofibers mat as an interface between them, the sample was
stained with RuQ, vapours for 4 days
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4.4. Nanofibers for bone tissue engineering

The requirement for new bone materials to replace or restore the function of traumatised,
damaged, or lost bone is a major clinical need 19, Large bone fracture, defects, loss,
infections and tumor resections are serious problems for bone surgery *°. One strategy for
dealing with serious bone damage is to develop tissue engineered bone substitutes '
Mimicking the architecture of an extracellular matrix (ECM) is one of the major challenges
for tissue engineering '*2. Col and HAp have potential in mimicking natural ECM and
replacing diseased skeletal bones '** . Furthermore the combination of both a ceramic and a
polymer within one material result in composites, having the ductility of the polymer and
the bioactivity of the calcium phosphate phase. Kikuchi et al. synthesized HAp and Col
composite which could be applied for better bioactive bone graft materials '**. Recently,
studies on three-dimensional scaffold materials have become a key element of bone tissue
engineering '>°. It has become a rapidly expanding research area since it offers a new and
promising approach for bone repair and regeneration of fractured or diseased bones.

PVA is a synthetic polymer, has gained popularity as a scaffold supporting material for
tissue engineering, because it endows mechanical stability and flexibility to the
conventional scaffolds made of natural polymers. It has been selected as the polymer
additive to produce electrospun nanofibrous mat because of its good fiber forming,
biocompatibility, and chemical resistance properties '*°. Moreover, PVA hydrogels have

been used in a number of biomedical applications including soft contact lenses '*/,

129 130

implants '**, drug-delivery matrices and

131

, temporary skin covers or burn dressings
artificial organs °'. This is because of their inherent non-toxicity, non-carcinogenicity,
good biocompatibility, and desirable physical properties such as rubbery or elastic nature
and high degree of swelling in aqueous solutions 2.

The main objective of the present study was to design a novel biodegradable
nanocomposite nanofibers (NCNFs) scaffolds consisting of PVA/ Col with unidirectional

aligned nano hydroxyapatite to mimic the nano structure of human long bone tissue.
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4.4.1. Crystalline structure and morphology of HAp and the electrospun NCNFs
Fig. 40 shows a TEM micrograph of HAp nanoparticles, in which the morphology of the
individual HAp nanoparticles was clearly revealed to be of rod-like shape. The image
indicated that HAp consists of well defined crystalline rods have a width of 10 to 30 nm
and lengths of 20 to 120 nm (see Fig. 41). Most striking feature obtained from TEM
investigation was that all HAp nanorods exhibited nano porous morphology on the surface,
which might be useful for cell anchorage sites, provide mechanical stability, also to
provide interface to respond to physiological and biological changes and to remodel the

ECM in order to integrate with the surrounding native tissue.

Fig. 40.TEM micrograph of HAp nanorods

30 —— Width
—— Length
25 -
o
S 204
o
o,
3 154
c
[
=}
5
x 104
5 -
0 -
T T T T T T T T T T T T T
0 20 40 60 80 100 120

Size nm

Fig. 41. Size diameters distribution of n- HAp nanorods
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Fig. 42 shows a representative TEM micrograph of pure PVA nanofibers (NFs), which
have a uniform structure without any sign of beads formation. In Fig. 43, which represents
the average size diameters for all electrospun NFs, it is shown that PVA NFs has an
average size diameter of ~ 160 nm. The structure of electrospun PVA/n-HAp
nanocomposites nanofibers (Fig. 44) showed that they have structures identical to those
from pure PVA. However, a minor increase in the fiber average size occurred by addition
of HAp nanorods; the average size diameter of the PVA/n-HAp NCNFs slightly increased
to ~ 176 nm. Nevertheless, the majority of diameter in both cases was in the range of 100
to 250 nm.

The typical internal morphology of the electrospun PVA containing n-HAp is shown in
Fig. 44. It is clearly seen that the HAp nanoparticles are well distributed within the
electrospun fibers, and of most interest a large number of HAp nanoparticles were

preferentially oriented parallel to the longitudinal direction of the electrospun PVA.

Fig. 42. TEM micrograph for electrospun PV A nanofibers
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Fig. 43. Diameter distribution of (a) electrospun PVA, (b) PVA/n-HAp, (¢) PVA/Col and (d) PVA/Col
/m-HAp
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l,200 hm

Fig. 44. TEM micrograph of electrospun PVA/n-HAp nanocomposite nanofiber
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.

Fig. 45.TEM micrograph of electrospun PVA/Col nanofibers

PVA/Col solution with and without n-HAp have been electrospun at the same conditions
described above. It was shown in Fig. 45 that PVA/Col NFs are unchanged compared with
PVA and PVA/HAp NCNFs, accompanied by increasing in the average size diameter (~
245 nm). Furthermore, uniform NCNFs could be produced after incorporation of 5 wt %
HAp nanorods to PVA/Col solution. The obtained NCNFs have the same homogeneity as
the previous NFs without any beads formation (see Fig. 46 a). The average size diameter
occurr to be ~ 320 nm, and the majority of diameters in both cases is in the range of 100 to
530 nm.

Fig. 46 b shows the SEM back-scattered images of uniaxially aligned electrospun
PVA/Col/n-HAp NCNFs. It is shown that the majority of n-HAp particles is arranged in
the fiber direction (see Fig. 46 a). This nanoscale orientation resembles the orientation of
HAp crystals in mineralized ECM and Col NFs of natural bone fibril'**. Furthermore,

aligned NFs represent an effective approach to control cell orientation and migration in
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tissue engineering °. Fig. 47 shows the final electrospun PVA/Col/n-HAp NCNFs web
scaffold (7 cm x 11 cm). This scaffold can be helpful for building 3-D structure for tissue

engineering applications'**.

a

Fig. 46. TEM micrograph for electrospun (a) PVA/Col/n-HAp and (b) back scattered SEM micrograph
for aligned electrospun PVA/Col/n-HAp

Fig. 47. Photograph of PVA/Col/n-HAp biocomposite nanofibrous scaffold

4.4.2. FTIR measurements
FTIR spectroscopy was carried out to elucidate the presence of Col and HAp in the
blended nanocomposite, to analyse any complex structural changes that might be occurred
due to the blending and also to analyse the interaction (hydrogen bonding) between Col,
HAp and PVA in the final NCNFs. The representative FTIR absorption spectrum of the
pure HAp nanorods is shown in Fig. 48 and tabulated in Table 6. A broad band observed
starts from about 3700 cm™ to 2500 cm™ and is centred at about 3297 cm’l, which could be
attributed to the stretching mode of OH" ions. In addition, two distinct bands were observed

at 3576 cm™ and 1639 cm™, which arose from the stretching mode and the bending mode
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of H,O molecules, respectively. Furthermore, some other impurity ions were also
identified by the peaks appeared in the range of 1490 cm™ to 1410 cm™, which were
attributed to components of the stretching mode of a trace amount of CO3™> groups
presented in HAp.

The phosphate ions PO, are the principal molecular components of HAp giving to the
IR absorbance in the region of 550 cm™ to 1200 cm™. The HAp characteristic peaks
appeare at 962 cm™, 1019 cm™ and 1088 cm ™' correspond to the stretching vibration of

PO, and peak at 599 cm™ corresponds to the deformation vibrations of PO, .
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Fig. 48. FTIR spectra of n-HAp nanorods
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Fig. 49. FTIR spectra for solutions of (a) Col, (b) Col/n-HAp and electrospun fibers of (c) PVA, (d)
PVA/n-HAp, (e) PVA/Col and (f) PVA/Col/n-HAp
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Table. 6.Assignments of FTIR absorption bands of pure polymers and electrospun nanofibers

Peaks for Solution (cm™)

Peaks for Electrospun Nanofibers (cm™)

Assignment
Col HAp Col/HAp PVA PVA/HAp | PVA/Col | PVA/Col/HAp
3567 stretching and bending mode of
H,O (water)
3312 amide A, N-H stretching and O-
H stretching
3316 3278 3296 Stretching of OH
3076 amide B, C-H stretching
2949 2940 2935 2939 2923 2927 asymmetric stretching of CH,
2914 2911 symmetric stretching of CH,
1711 1717 1710 1713 stretching of CO
1657 1674 O=H, C=C
1653 1654 1657 1656 amide I, C=0 stretching
stretching and bending mode of
1638 shoulder 1850 ()
1552 1549 1556 1554 amide II, N-H begdmg and C-N
stretching
1450 1421 1413 1421 1416 impurities (CO,”)
O-H, C-H bending, y(CH2),
1404 1413 1418 1418 1422 1416 5(OH)
1341 1341 1374 1378 1372 1373 CH, wagging
1326 1325 1327 1325 8(OH) with CH wagging
1240 1240 1243 1246 amide III, CN strchhmg and N-
H bending
1241 1240 C-0-C
stretching of CO(crystalline
1143 shoulder s VA
stretching of CC and bending of
1079 1087 1083 1083 OH(amorphous sequence of
PVA)
1088 1078 1092 1083 symmetric stretching of PO,
1019 1016 1033 1019 symmetric stretching of PO,
962 884 962 941 symmetric stretching of PO,
917 920 914 918 bending of CH,
831 838 836 828 rocking of CH,
3 5 3 p
599 PO, ~ deformation vibration
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Typical FTIR spectra of pure PVA NFs and PVA/n-HAp NCNFs are shown in Fig. 49 and
tabulated in Table. 6. As it seen in the characteristic absorption bands of PVA occurr at
3278 cm’ (stretching of OH), 2935 cm™ (asymmetric stretching of CH,), 2906 cm
(symmetric stretching of CHy), 1417 cm™ (wagging of CH, and bending of OH), 1143 cm’
(stretching of CO from crystalline sequence of PVA), 1088 (stretching of CO and bending
of OH from amorphous sequence of PVA), 919 cm™ (bending of CH,) and 838 cm™
(rocking of CH).

The FTIR spectrum of the electrospun PVA/n-HAp NCNFs after incorporating HAp

nanorods onto the PVA solution, exhibited the characteristic absorption bands of PVA
along with additional bands corresponding to the phosphate groups of n-HAp. The
predominant broad absorption band associated with the OH stretching of PVA centered at
3278 cm’ shifted the higher wave number region (von = 3296 cm™). This result suggested
that the hydrogen bonding became stronger in the electrospun PVA/n-HAp than that of in
pure PVA as well as in the electrospun PVA fibers due to the increase in the number of OH
groups by adding of HAp. In addition, the major absorption band of PO4” stretching
appearing at 1019 cm ™' in HAp’s spectrum, moved to 1033 cm™'. This shift might be
attributed to the interactions between PVA molecules and n-HAp particles. Furthermore,
the overall PVA crystallinity decreased by loading of n-HAp within the electrospun fibers,
which was clearly evidenced by weakening of the crystalline band at 1143 cm’.
It is of interest to note here that the absorption bands associated with H,O molecules
distinctly appeared at 3576 cm™ and 1638 cm™ in the spectrum of n-HAp. The higher peak
at 3576 cm’ was completely missing in the electrospun fibers of PVA/n-HAp NCNFs,
while the peak at 1638 cm™ still exists in the spectrum in spite of a large extent of
reduction in its intensity.

In conjunction with the TGA results we confirmed that the former band at 3576 cm™
was identified with the loosely physisorbed water at the surface of HAp nanorods, whereas
the latter arose from the chemisorbed molecular water within the HAp lattice.

The characteristic peaks of Col (Fig. 49 and Table. 6), appears at 3312 cm ' (amide A, N-
H stretching and O-H stretching), 3078 cm ' (amide B, C-H stretching), 1654 cm ' (amide
I, C=0 stretching), 1552 cm™' (amide II, N-H bending and C-N stretching) and 1240 cm ™'
(amide III, CN stretching and N-H bending)*> "° . Col/n-HAp composite spectrum
showed the peaks for amide A, amide B, amide I, amide II and amide III without any
significant shifts for Col characteristic peaks. Furthermore, the characteristic peaks for

HAp in Col/n-HAp composite appeared also at the same wave numbers for pure HAp
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without any significant shifts. PVA/Col NFs spectrum showed that the amide A band
shifted to lower frequencies than in collagen and the amide B band disappeared, because
the amide B band was observed only for Col/PVA blend weight ratio (99:1) '*°. Besides, it
displayed a moderate peak at 2923 cm™ resulting from the acetic acid solvent. The peaks of
amide I, II and III bands displayed at the same wave numbers for pure Col. The spectra of
PVA/Col/n-HAp NCNFs, show a small decrement for amide A compared with pure Col,

and absence of amide B (due to the high amount of PVA)'®

. Amide I, II and III appears
without any significant shifts, as well as the characteristic peaks for HAp in the NCNFs
compared with pure HAp.

FTIR results demonstrate that Col can be successfully electrospun in combination with
water soluble PVA and nano hydroxyapatite without any structural change of Type I Col.
Furthermore, there was strong intermolecular hydrogen bonding between the molecules in

the electrospun PVA/Col/n-HAp biocomposite NFs due to the presence of large number of
OH groups.

4.4.3. DSC measurements
DSC measurements have been done to investigate the thermal behaviour of the electrospun
NCNFs, such as melting, crystallization and formation of crystalline structure. To
characterize thermal properties of all samples in the present work, the second heating run
of DSC was taken into account. The results from DSC and the characteristics observed for

pure polymers and the prepared NCNFs are shown in Fig. 50 and summarized in Table 7.

Col

—— PVA Granules
—— PVA Nanofibers
—— PVA/HAp Nanofibers
—— PVA/Col Nanofibers

/f\

Exothermic

50 ' 100 ' 150 ' 200 ' 250
Temperature °C

Fig. 50. (a) DSC curves for PVA granules,(b) electrospun PVA, (¢) PVYA/n-HAp, (d) Col, (¢) PVA/Col

and (f) PVA/Col/n-HAp
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DSC for PVA granules in Fig. 50 showed the first endothermic peak at 49.8 °C, which is
corresponding to the glass transition temperature (7,). The glass transition temperature
decreased to reach 48.3 °C for electrospun PVA. The decrease in glass transition
temperature can be attributed to the very large surface to volume ratio of the electrospun
membranes having air as the plasticizer'”’. By addition of HAp nanorods onto PVA NFs,
an increment of T, occured to reach ~ 50.3 °C, this increment could be attributed to the
segmental motions of the polymer chains which were greatly constricted by the strong
interactions between them through the hydrogen bonds. The second endothermic peaks
(Tmm) for PVA granule, PVA NFs and PVA/n-HAp NCNFs appeared at ~ 218 °C, 219 °C
and ~ 216 °C respectively, which were attributed to the melting of the crystalline phase of
PVA %,

Table. 7. DSC and the characteristics observed for the pure and electrospun polymer nanofibers.

T Ty Wi T, AHp, Crystallinity
Sample name o 0 o o X
P O O O (O (/g (%)
49.86 -- 218 179 65.3 47
PVA granules
48.3 - 219 190 61.4 44
PVA fiber
PVA/n-HAp 50.3 - 216 187 57.8 42
fiber
30.86 70.90 70.90 - 36.13 -
Col Soln
: 71 192. 4 41.22 29.74
PVA/Col 50.96 78.7 92.39 93 9.7
49.32 76.82 | 193.73 100.47 38.42 25.36
PVA/Col/n-HAp

It is observed that the melting temperature (T,,) in the pure PVA granules and
electrospun PVA NFs was almost the same, but the melting temperature shifted slightly to
the lower value after addition of HAp nanorods in case of PVA/n-HAp NCNFs compared
with others. A decrease in the enthalpy of fusion and the melting temperature suggested
that the crystallinity and perfection of the crystal structure were reduced by addition of n-

HAp.
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The DSC for type I Col is shown in Fig. 50. A shoulder endothermic event have been
observed at 30.86 °C which is corresponding to the water bonded to molecules and
unfolding of the triple helical structure in diluted acetic acid'*. Furthermore a strong
endothermic event has been showed at 70.8 °C (Ty,) with enthalpy of fusion (36.13 J/g),
corresponded to the maximum temperature at which there was complete denaturation of
the Col samples.

The DSC measurements for PVA/Col NFs with and without n-HAp (Fig. 50 and Table.
7) showed three main thermal phenomena. A shoulder peak observed at 50.7 °C, which is
corresponding to glass transition of PVA, this increment also attributed to the strong
interactions between the molecules through the hydrogen bonds. A broad peak at 78.2 °C
corresponding to Col denaturation and strong peak at Ty, 192.7 °C represents the melting of
PVA. After incorporation of n-HAp to PVA/Col NFs, the glass transition (T,) for PVA
decreased to 49 °C, the denaturation of Col occurred at 77.6 and the melting of PVA
occurred at 194 °C. Beatrice et al. proved that Col denaturation endotherm in PVA/Col
blend shifted to higher temperature with increasing PVA content '*.

By calculating the degree of crystallinity (X.) from the equation (1), it is found that X,
for the PVA granule is ~ 47 %, which is considered as semi crystalline polymers, but the
degree of crystallinity decreased to 44 % after the electrospinning. This decrement is
attributed to the reason of the strong electrostatic potential applied to a capillary which
causes the jet ejection from a capillary tip with a high elongation flow rate. The polymer
chains will be stretched in the electrostatic direction and the solvent will evaporate
simultaneously within a very short time scale that generally leads to a lowering of the
temperature (like quenching) and thereby the development of crystallinity is considerably
hindered to form perfect crystalline structure. As a consequence, the molecules in the
electrospun fibers exhibit a little bit decrement in the degree of crystallinity. The further
decrease in crystallinity (42 %) which is observed for PVA/n-HAp NCNFs, attributed to
the effect of hydroxyl groups presented on the surface of HAp nanorods which serve as
heterogeneous nucleation sites for PVA crystallization . Furthermore, the interactions
between PVA and HAp nanoparticles via hydrogen bonds induce defects in a crystalline
phase in PVA. As a consequence, the decrease of the melting temperature results '*',

It is interesting to observe that degree of crystallinity for PVA/Col NFs decreased to
29.7 %. This decrease attributed to the strong hydrogen bonds occurred between Col, HAp
and PVA (see Fig. 51). Col, which is a hydrogen donor, should form hydrogen bonds with

135
1

the hydroxyl group of PVA even in small amount of Col °. By incorporation of HAp
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nanorods onto PVA/Col NFs, the probability of hydrogen bonding formation increased.
PVA makes hydrogen bonds between Col and HAp in the electrospun NCNFs, thus
reduces the degree of crystallinity for the electrospun PVA/Col/n-HAp to ~ 25.3 %.

Collagen Hydroxyappatite PVA

Hydroxyproline NP b\ // ?HZ

Gylcine (|3

Proline C—C—H - O
/s [ - O
HC oo ++ CH
’ \C/NH Ca | 2
H,

Fig. 51. Suggested hydrogen bonds between Col, n-HAp and PVA

4.4.4. TGA and DTGA
Fig. 52 shows typical TGA thermograms of weight loss as a function of temperature for all
samples. It can be observed that pure Col has an initial thermal transitional change with
63.3 % mass loss in the range between 30-140 °C, which is attributed to the removal of
water and is in accordance with a dried protein molecule '**. A second transition band with
~1.8 % loss weight is associated with slow decomposition of Col over a temperature range
of 200-750 °C.

The TGA for electrospun PVA, PVA/n-HAp, PVA/Col and PVA/Col/n-HAp exhibited
three major weight loss stages (~ 5 wt %) at 30-210 °C, which are referring to the weakly
physisorbtion of water. The decomposition of side chain of PVA occurred in the range at
210-400 °C, and the decomposition of main chain of PVA occurred at 400-540 °C '*. A
major weight loss (~ 75 wt %) were observed in the range of 210-540 °C for all

electrospun samples, which are correspondent to the structural decomposition of the PVA.

71



Nanofibers for bone tissue engineering

PVA/HAp Nanofibers
PVA/Collagen Nanofibers
PVA/Colagen/HAp Nanofibers
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Fig. 52. TGA thermogram for (a) Col, (b) electrospun PVA, (¢c) PVA/n-HAp, (d) PVA/Col and (e)
PVA/Col/n-HAp
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Fig. 53. First order derivatives TGA for (a) Col, (b) electrospun PVA, (¢c) PVA/n-HAp, (d) PVA/Col
and (e¢) PVA/Col/n-HAp

Fig. 53 shows the first order derivatives of TGA (DTGA) for all samples, refers to the
temperatures at which the maximum decrease of mass occurs. It is observed that DTGA for
Col has a maximum peak at ~ 150 °C, which is attributed to the water bound in Col. The
temperature at the maximum mass loss rate for PVA NFs and PVA/n-HAp NCNFs are 308
°C and 281°C respectively, which indicated that the decomposition of the PVA side chains
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was occurred readily before to the main chains. The maximum mass loss rate of the
electrospun PVA/n-HAp NCNFs further shifted to a lower temperature compared with that
of the electrospun pure PVA. It is interesting to note here that in the first derivative of the
electrospun fibers of PVA/n-HAp NCNFs exhibited a distinctive peak at 316 °C, which
was not appeared in TGA curve. To identify this peak we dried the electrospun PVA/n-
HAp NC fibers in air at 85 °C for 8h, then cooled in a desiccators and TGA was carried out
again. This peak completely disappeared in the DTGA curve of the dried electrospun
PVA/n-HAp NCNFs fibers. This result clearly indicated that the peak at 316 °C arises from
the loss of lattice water which may be “structural” water or water trapped within HAp
nanorods. This result is consistent with data of Rootare and Craig for the chemisorbed

144
water layer

. The maximum mass loss rate of the electrospun fibers of PVA/Col shifted
to a higher temperature 338 °C compared with that of the electrospun pure PVA, which
was attributed to the strong hydrogen bonds between Col and PVA. Furthermore,
incorporation of n-HAp onto PVA/Col NFs increased the maximum mass loss rate to a
higher temperature (345 °C) compared to other. This is attributed to increasing the number
of hydrogen bonds between Col and n-HAp with PVA. Over ~600 °C, all TGA diagrams
became flat and mainly the inorganic residue (i.e. HAp nanorods) remained. From the
amounts of the residue at 800 °C, the inorganic contents of the electrospun PVA/n-HAp
NCNFs was estimated to about 7.5 wt%.

The results shown here provide the possibility of producing a new 3-D biocomposite
NFs scaffold for potential bone graft applications, which has biocompatibility and
composition similar to that of bone. Microscopic photographs showed that PVA/Col/n-
HAp biocomposite NFs had a similar nanostructure to bone in which the nano rod-shape
HAp crystals were aligned along PVA/Col NFs. The alignment of n-HAp, Col and PVA
was self-assembled by strong hydrogen bonding interaction between them. PVA/Col/n-
HAp NCNFs scaffold (7 cm x 11cm), has a porous structure with a controllable pore size
and shape, the pore sizes are in the range of 650 um with porosity of 49.5 %.

In conclusion, the most striking properties of electrospun PVA/Col/n-HAp
biocomposite NFs scaffold are not only the composition but also mimicking the
hierarchical structure of ECM and mineral organization in bone at the nanoscale level
which might be open up a wide variety of future applications for higher bioactive bone

graft materials especially for non load-bearing bone tissue engineering.
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4.5. Nanofibers from blends of polyvinyl alcohol and polyhydroxy

butyrate as potential scaffolds material for tissue engineering of skin

Skin is the largest organ of the human body which provides many different functions

including protection against heat, injury and infections '+’

. Therefore, failure or complete
loss of the skin is incompatible with sustained life. Basically, skin built up of two main
layers, the superficial one called epidermis layer which is formed from keratinocytes,
providing a barrier against infection and moisture loss. Below the epidermis lies the dermis
layer, formed primarily from fibroblasts cells. The dermal layer is responsible for the

elasticity and mechanical integrity of the skin '*°

. Epidermal substitutes emerged in the
1980s '*” and provide a source of advanced therapies for burn victims and healing of
chronic or deep wounds and diabetes related ulcers '* '** % However this epidermal

150

sheets have certain disadvantages like fragility and poor take rates . Hence, a lot of

attempts have been made by different groups to generate many types of skin substitutes "
132 They developed different scaffolds with varied compositions and structures to meet the
primary goal of the restoration of native skin functions. Some of these scaffolds provide
temporary coverage and others act as a permanent skin replacement '>*. For this purpose,
the ideal tissue-engineered skin should as closely as possible approximate the skin in
structure and function. Therefore, some essential characteristics should be taken into
consideration when creating a scaffold for skin tissue engineering in order to heal the

wound properly **'%

. For this reason the material for dermal equivalents should promote
adhesion, growth and function of fibroblasts, while the epidermal should solely promote
keratinocytes and inhibit colonization with fibroblasts. One of the most important features
of the scaffold is its high surface area which helps to improves cell attachment,

- - e 146,153
proliferation and migration

. Electrospun polymeric nanofibers have great interests in
tissue engineering because of their nanostructure which mimics the native extracellular
matrix (ECM)'*°. Moreover, electrospun nanofibers have desirable features as skin
substitute materials, such as high surface area to volume ratio, and high porosity which is
efficient for nutrient delivery, fluid absorption and excretion of the metabolic wastes '>.
Over the past years, attentions have been focused on the production and potential
applications of Polyhydroxyalkanoates (PHAs) and their copolymers " ¥ Poly-3-
hydroxybutyrate (PHB) is probably the most common type of PHAs. It has been
demonstrated that PHB is biodegradable and biocompatible thermo-plastic polymer with a
high degree of crystallinity, displaying properties similar to polypropylene '*°. Because of

the biodegradability, biocompatibility, optical activity and piezoelectricity of PHB ' 1!,
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it has been evaluated as a suitable material for a wide variety of medical applications
including but not limited to controlled release system, surgical sutures, wound dressing,
orthopedic uses, bone tissue engineering and skin substitute material '*'"'**. Currently the
main problem which limits the widespread utilization of PHB, is its high crystallinity and
brittleness *. An approach to improve its physical and mechanical properties can be made
through blending PHB with flexible and/or plasticizer polymers ** '**. Several reports
showed that PHB is miscible with poly(ethylene oxide) (PEO) ', poly(vinyl acetate)
(PVAc) "%, poly(vinyl chloride) (PVC)'”’, and poly(vinylidene fluoride) (PVdF)'®.
Polyvinyl alcohol (PVA) is a water-soluble synthetic polymer used in a wide range of

169

industrial, commercial, food and medical applications It is a hydrophilic, semi-

170

crystalline polymer with a good chemical and thermal stability . Furthermore, it is a

biodegradable, non toxic, non-immunogenic and non-carcinogenic polymer with excellent

171, 172

mechanical properties . Because of the excellent properties of PVA, many attempts

have been devoted to prepare miscible films from PVA/PHB blends ' ™. The hybrid

polymers showed a partial miscibility of the two components in the amorphous region '” .

176
% In

Moreover, they adopt low crystallinity for both PVA and PHB in the blend film
addition, PVA significantly improved the mechanical properties of the blends and
exhibited a faster degradation of the blend compared to pure PHB '’

Mixing both phases of PVA and PHB at the macromolecular region is not so easy by using
the solution casting method, because PVA is more hydrophilic than PHB. Nevertheless,
electrospun PVA/PHB nanofibers have not been reported heretofore. Herein, the aim of the
present work was to fabricate nanofibrous scaffolds from PVA/PHB blend and to
investigate their miscibility in the macromolecular region. Then, the nanofiber scaffolds
composed of hydrophilic/hydrophobic components could be useful for culturing both
HaCaT and fibroblasts cells for potential application as a skin substitute material, since
HaCaT might prefer more hydrophilic substrate and fibroblasts don’t. To these end
physical properties of nanofibers from PVA/PHB blends of different ratio were studied,

while the biocompatibility of nanofibers mats was studied with human fibroblasts and

keratinocytes (HaCaT) cell line. Results are reported herein.

81



Nanofibers for skin tissue engineering

4.5.1. Morphology of electrospun PVA/PHB blended nanofibers
Fig. 54 shows the morphology of electrospun pure PVA, PHB and PVA/PHB (50/50). It is
shown that PHB, PVA/PHB (50/50) nanofibers have a uniform structure without any sign
of beads formation. In addition, the average size diameter of PHB is about 680 nm and
PVA/PHB (50/50) is about 615 nm (see Fig. 55). Nevertheless, the majority of fiber
diameters in both cases were in the range of 200—1100 nm. On the other hand, increasing
PVA fraction more than 50 wt% in the blend resulted in a non -homogenous structure with
small beads and ribbon like morphology. Pure PVA also showed non homogenous fibers
with a ribbon like structure, because of using HFIP as a solvent. In this study we have
chosen only the homogenous fibers structures (blends with PVA fraction up to 50 %) to

study the possibility of using them as scaffolds for skin tissue engineering.
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Pure PHB PVA/PHB
(05/95)
| 00029151
PVA/PHB PVA/PHB
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(90/10)

JEOL — om  JEOL

Fig. 54. SEM micrographs of the electrospun fibers of (a) pure PHB, (b) PVA/PHB (50/50) and (c) pure
PVA using HFIP as a solvent for both polymers
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Fig. 55. Fiber diameter distribution of electrospun mats of (a) pure PHB and (b) PVA/PHB (50/50)

blend nanofibers

4.5.2. Phase morphology characterization of electrospun PVA/PHB
It is known from previous studies with blend polymers that PVA fraction appears as a
darker area while the PHB fraction remains non-stained . Therefore, to obtain
information about miscibility or segregation of both polymers after electrospinning,
nanofibers of PVA/PHB (50/50) were stained with OsO4 vapors for 4 days in order to give
good contrast during TEM inspection. As shown in Fig. 56, the fibers were found to have a
relatively smooth surface with a homogenous distribution of both PHB and PVA fractions
in the blend nanofibers at the macromolecular level. Moreover, the internal morphology of
the nanofiber showed no visible phase segregation or porosity. This can be considered as a
sign of good compatibility and miscibility of the two polymers in the blend ™. On the
other hand, changing electrospinning parameters leads to production of fibers in the micron
range. These thicker fibers (with diameter more than 1.5 um) showed phase separation
between the two polymers (see Fig. 57). The non homogeneity of the thicker fibers can be
related to the tendency of PVA to be agglomerated on the fiber surface making micro-

17

phase separation '”’. This result revealed that the reduction of the fibers diameters

increases the molecular distribution of the polymers in the blend.
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Fig. 56.TEM micrograph of chemically stained PVA/PHB (50/50) nanofibers, stained with OsO, vapor

for 4 days (a, b) in a lower and higher magnification (fibers have an average diameter less than 1.5 pm)

Fig. 57. TEM micrograph of chemically stained PVA/PHB (50/50) nanofibers, stained with OsO, vapor

for 4 days (fibers have an average diameter more than 1.5 pm)

4.5.3. Water contact angle (WCA) measurements
Films of PVA, PHB and their blends prepared by spin-coating were used for WCA
measurements. The static values were tabulated in Table 8 and merged with zeta potential
values. It is shown that pure PHB exhibited less hydrophilic surface with WCA of about
70°. However, addition of PVA to the PHB gradually decreased the values of WCA for the
blend films. PVA/PHB (50/50) showed a more hydrophilic surface because of the
segregation of PVA fraction on the surface of the blend film. Moreover, PVA/PHB blend

films containing 30 and 50 wt% PVA were found to have similar water contact angle of
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about 41°. This might be related to the surface being covered and saturated with PVA
molecules. Ikejima et al revealed by ATR-FTIR spectroscopy that the surface of films of
PVA/PHB blends was more hydrophilic than that of only PHB films, because of the

preferential accumulation of PVA fraction at the surface '*° .

Table. 8. Water contact angle, zeta potential and pH values at zero charge for spin coated films of

PHB, PVA and their blend with different compositions

Zeta potential at )
Sample name WCA (°) pH (p(l)llnt of zero
pH 7.54 (mv) charge)

Pure PHB 70 -16 6.9
PVA/PHB

(05/95) 62 -12.6 6.5
PVA/PHB

(10/90) 54.8 -6.9 5.9
PVA/PHB

(30/70) 47 2.3 5.6
PVA/PHB

(50/50) 41 2.1 5.1
Pure PVA 37.3 T —
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Fig. 58. Zeta potential vs. pH for films of (J) pure PHB, (x) PVA/PHB (05/95), (>) PVA/PHB (10/90),
(A) PVA/PHB (30/70) and (O) PVA/PHB (50/50)

4.5.4. Zeta potential
Zeta potential is related to the quantity and dissociation of charged groups on the material
surface and dependent on ionic strength and pH value of electrolyte solutions. Thereby,
increasing or decreasing in the surface charged groups will result in a higher or lower zeta
potential value "*. Results of zeta potential measurements in dependence of pH value for
different blend compositions were presented in Fig. 58, and summarized in Table 8. It is
shown that pure PHB has a zeta potential of about 45mv at extreme acidic pH. On the
contrary, at alkaline pH, the PHB molecules tend to adsorb hydroxyl ion and become
negatively charged (~ -42 mV). It was reported previously that hydroxyl ion preferentially
adsorb onto aqueous-hydrophobic interfaces resulting in a net negative surface charge
density '®'. On the other hand, addition of a small amount of PVA(5 wt %) to PHB resulted
in a significant decrease in zeta potential values for the blend films, and these values
further decreased by increasing PVA fraction. This decrement in potential is a reflection of
decrease of the number of surface charges attributable to the presence of PVA molecules
'82Furthermore, zeta potentials for films with PVA content of 30 and 50 wt% were almost

the same, which can be another sign showing that the PVA molecules becomes saturated
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on the surface of the film and that the hydroxyl groups are the reason of the decrease in
zeta-potential and water contact angle.

Zeta potential values for all the compositions were found to be negative at pH 7.5
(biological pH). However, the negative magnitude decreased gradually by increasing the
PVA fraction, due to the presence the hydroxyl groups (Table 8). Altankov et al.
demonstrated that the hydroxyl polar groups (OH) diminish the negative magnitude of zeta

183 . .
. Moreover, the iso electric

potential while the carboxylic group (COOH) increased it
point of the samples was in the acidic range and shifted to a lower pH region by increasing
PVA fraction compared with pure PHB. Such decrement is attributed to the specific
adsorption of anions (hydroxyl ions ) '®*. Based on the WCA and zeta potential results, it
can be concluded that PVA molecules are concentrated on the surface of the film and the

hydroxyl groups play a role in changing surface charge properties.
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Table. 9. Assignments of FTIR absorption bands for electrospun pure PVA, pure PHB and PVA/PHB
(50/50) blend nanofibers

Peaks for electrospun nanofibers ( cm™)
VA o PVA/PHB Assignment
(50/50)
3278 3311.70 Stretching of OH
2976 C-CH;
2912.82 2936.18 294138 Asymmetric stretching of CH,
2871 CH stretching
1720 1723 23 C=0 carbo:r};lsgﬁﬁf)e s;;er:]t)ci)llni;igg\rl(i)‘?l;ation of the
Stretching of C=0 (Acetate group)
1714.36 1687
(Crystalline)
1656 O=H, C=C
1556.21 C=C end group
1452.30 1454.57 Asymmetric deformation of CHj
1417 O-H, C-H bending, y(CH2), 5(OH)
1380.24 1381.24 Symmetric wagging of CHj
1374 C-H bending or CH, wagging
1326.70 C-O-H bending
1276.67 1284.23 Symmetric C-O-C stretching
1258.92 1263.14 Symmetric C-O-C stretching + C-H deformation
1233.61 C-O-C (Acetate group)
1227.44 shoulder C-O-C stretching
1180.40 1182.67 Asymmetric C-O-C stretching
130.11 113043 Symmetric stretching vibration of C—O—C group
1100.90 1198.96 Symmetric C-O-C stretching
1089.92 Stretching of C-O and bending of OH(amorphous
sequence of PVA)
1057.10 1058 C-O stretching and CH, rocking
980.85 shoulder C-C stretching (Crystalline)
918.66 Bending of CH,
831.87 828.03 Rocking of CH,
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4.5.5. Fourier transform infrared spectroscopy (FTIR)
FTIR measurements have been performed to analyze the structural changes that might be
occurred upon blending, as well as the interactions between (OH) groups of PVA and
(C=0) groups of PHB, which consequently affect on the miscibility and crystallinity of the
blend nanofibers. The absorption peaks of the observed frequencies and their assignments
were summarized in Table 9. Results obtained showed that the most evident characteristic
bands for PHB and PVA were the carbonyl and hydroxyl group bands centered at ~ 1720
cm—1 and ~ 3278 cm ', respectively. These two molecular vibrations are important in
infrared range absorption peaks; the investigation of these peaks in the blend gives
important information about the intermolecular interaction (e.g., hydrogen bond) between

13 The other characteristic bands for

two polymers in the blend and their compatibility
PHB were observed at ~1276, ~ 1180 and ~ 1057 cm™ which can be assigned to the ester
groups of the polymer '*. The bands centered at 980, 1227, 1276 and 1720 cm™ were
shown to arise from the crystalline phase of PHB. On the other hand, pure PV A nanofibers
showed two bands centered at 1714 and 1089 cm™ which are corresponding to C-O of the
remaining acetyl groups present on the partially hydrolyzed PVA back bone ™.

The sensitivity of FTIR spectrum to crystallization of PHB has been investigated by
Bloembergen et al. *. Moreover, analyzing the spectra of FTIR would give crucial
evidences on both crystallization and miscibility of the blend polymers '*’. In the present
study, the electrospun PVA/PHB (50/50) blend nanofibers showed an increment in the
crystalline related carbonyl group bands of PHB to ~ 1723 and 1284 cm™ (see Table 9).
The increment of carbonyl band order can be attributed to the absence of an ordered
structure (hydrogen-bonding effects are reduced) and thereby the wave number of
absorbance will be increase *’. Furthermore, the intensity of bands observed at 980, 1227
cm™ were decreased in the blend PVA/PHB (50/50) fibers. In addition, the absorption band
of PVA hydroxyl group shifted to a higher frequency at ~3311 cm™, due to the presence of
intermolecular hydrogen bonding interaction between the two polymers '*. Moreover, in
the pure PHB nanofibers, a crystalline related peak such as peak at ~ 2976 cm™ for CH;
asymmetric and symmetric stretching was disappeared in the blend fibers, which can be
assumed as a sign of depression of crystallization of PHB by addition of PVA. Likewise,
this phenomenon can be verified also by the disappearance of the band centered at ~ 2871
cm’ (CH stretching of PHB) and band at ~ 1687 cm™ (stretching of C=0O of PHB).
Besides, the crystalline related peaks at 1417 and 1326 cm™ in pure PVA were disappeared

in the blend fibers (Table 9), which can be a sign of interaction of the carbonyl groups of
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PHB with hydroxyl groups of PVA. Thereby, restrictions of these bands were obtained and
disappearance of wagging and bending movement of the hydroxyl groups were observed.
The FTIR results revealed that the crystallinity of electrospun PVA/PHB (50/50)
nanofibers was suppressed compared with pure PHB. Such decrement of the total
crystallinity is very important factor for acceleration of the fibers degradation and also for
decreasing the brittleness and improving the mechanical properties of the nanofibers
scaffolds. The intermolecular hydrogen bonds between C=O groups of PHB and OH
groups of PVA found in the blend PVA/PHB (50/50) fibers are considered to be an

evidence for the miscibility of the polymers.

4.5.6. Differential scanning calorimetry (DSC)
The second heating scans of DSC for PVA granules, PHB powder, electrospun PVA, PHB
and their blend nanofibers with different ratios were taken into consideration and the data
were given in Table 10. Results obtained show that PVA granules exhibit a first
endothermic peak at ~ 41.7 °C, which is corresponding to the glass transition temperature
(Tg). Furthermore, crystallization temperature (T.) and melting temperature (T,,) of PVA
granules were observed at ~ 179 and ~ 218 °C, respectively. The T, of PVA nanofibers
was found to be ~ 48.3 °C with a slightly increment after electrospinning. Similarly,
electrospun PVA nanofibers exhibit a slightly increment in T, and Ty, peaks to ~ 190 and ~
219 °C, respectively. These increments indicated that the oriented PVA chains are highly
confined in the electrospun fibers. Thus, the molecular orientation limits the chain mobility
and thereby T, , T. and T,, values were increased 137, Likewise, an increment of T. , Ty,
and degree of crystallinity were observed for the electrospun PHB nanofibers compared
with PHB powder. Increasing degree of crystallinity for PHB fibers can be attributed to the
orientation of polymer molecules in the fiber direction during electrospinning. It was
reported previously that electrospinning improves the degree of crystallinity and aligns the
molecules in the direction of the fiber axis *. On the other hand, T, of PHB and their
blends with PVA were not detectable because of the high crystallinity of PHB. Xing et al.
suggested that T, of the blends must be between glass transition temperatures of the two
polymers '"*. Furthermore, neat PHB exhibited cold crystallization peak at ~ 76 °C
suggesting that PHB crystallizes more rapidly at a lower temperature compared with PVA.
In addition, PHB exhibited double melting peaks at ~147 and ~159 °C. The double or
multiple melting behavior of PHB can be attributed to secondary crystallization (melting—

recrystallisation—remelting), which can occur during the melting process as well as during
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storage at room temperatures > . Furthermore, in the electrospun PHB and their blends
with PVA, cold crystallization of PHB was observed which normally takes place above T,
of the blend where crystalizable polymer chains have enough segmental mobility to
crystallize. The crystallinity of both PVA and PHB were reduced by the blending (even
with Swt % PVA) due to some specific interactions between them (e.g., hydrogen bonds).
The interaction between PVA and PHB occurs only in the amorphous phase, whereas the
crystalline fractions of both components do not influence each other. Another factor other
than hydrogen bonds which lowers the degree of crystallinity of PHB is the difference in
the molecular mobility between PHB and PVA. The difference in the glass transition
temperature between PVA and PHB (~ 60-80 °C) influences the degree of crystallinity of
their blends. The ‘glassy’ environment of PVA are trapped the molecules of PHB in the
amorphous phase and hindered their required mobility for crystallization, resulted in a
lower degree of crystallinity. Therefore, the influence of PVA on the crystallinity of PHB
can be considered as a proof for good miscibility (compatibility) of the two polymers. In
literature, PHB has been found to be partially miscible with PVA and in the amorphous

region '

. Moreover, Yoshie et al. found that PVA/PHB blend is compatible only when the
blend contains a large amount of PVA ', A similar behavior has been observed
previously for the blends of PHB in blends with chitin and chitosan ®*. The DSC results
revealed that blending PVA with PHB suppressed the crystallinity of both polymers in the
blend fibers. In addition, there was an interaction between both polymers in the electrospun
PVA/PHB blend fibers. Such interaction can be considered as a sign of miscibility of the

two polymers in the macromolecular region.

4.5.7. TGA and first order derivatives of TGA

Fig. 59 shows typical TGA thermograms indicating the weight loss as a function of
temperature for the electrospun PVA, PHB and their blends with different ratios. It is
observed that TGA thermograms for all samples exhibited major weight loss stages (~4
wt%) at 30-220 °C, which is refers to the weakly physisorbtion of water. Furthermore, the
as spun PHB nanofibers showed higher thermal stability than PHB powder. In case of PHB
powder, the main decomposition (~93 wt %) occurs at ~ 280 °C, while the thermal
degradation of PHB nanofibers (~ 89 %) occurs at ~ 290 °C. The thermal stability of the
electrospun PHB nanofibers can be attributed to its high crystallinity and orientation of the

polymer molecules in the fiber direction during electrospinning compared to PHB powder
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% On the other hand, thermal decomposition of PVA occurs at 400 °C (~81 %) which
indicated that PVA is more thermally stable than PHB:

First order derivatives of TGA (DTGA) curves, showing weight loss over temperature
change (-dM/dT) vs. temperature, was calculated and drawn for all samples (Fig .60).
DTGA refers to the temperatures where maximum mass decomposition occurred. The
results showed that the temperature at which the maximum decomposition of PHB powder
and electrospun PHB nanofibers occurs at 275 and 281°C, respectively. In PVA
nanofibers, the maximum decomposition occured at 308 °C, indicated that PVA more
thermally stable than PHB as demonstrated above. In the blend nanofibers containing PVA
up to 10 wt %, the thermal stability decreased, due to the lower degree of crystallinity and
hydrogen bonds interaction between them. Increasing PVA content up to 50 wt %, two
decomposition temperatures were observed. Furthermore, the decomposition temperature
of both polymers in the blend nanofibers will be decreased by increasing PVA contents.
Lowering the decomposition temperature can be considered as a sign of good compatibility

of the two polymers as confirmed also with TEM, DSC and FTIR results.
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100 4 —— Pure PVA nanofibers
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Fig. 59. TGA thermograms for electrospun pure PVA, pure PHB and their blends with different ratios
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Table. 10.DSC data and the characteristics observed for PVA granules, PHB powder, electrospun
PVA, PHB and their blend nanofibers with different compositions

T T T, First AH rln Crystallinity
Sample (031) (032) crystallization g-g)
temperature (%)
47
PVA 218 ———- 179 65.3
granules
44
PVA
e 210 | 190 61.4
66.43
PHB 147.2 | 159.68 76.1 97
Powder
PHB
Nanofibers 152.2 | 164.50 81.4 98.5 67.46
PVA/PHB
1349 | 152.19 65.4 84 60.56™
(05/95)
PVA/PHB .
(10/90) 1334 | 151.59 82.3 74 56.31
134.34
PVA/PHB N
(30/70) 116.6 | 144.15 161.9 53.5 52.34
186.51"
122.26
159.6
PVA/PHB N
(50/50) 102 | 135.29 24 32,87
186.15"
* T for PVA fraction

** Crystallinity of PHB fraction in the blend nanofibers
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Fig. 60. DTGA thermograms for electrospun pure PVA, pure PHB and their blends with different
ratios

4.5.7. In vitro degradation of electrospun PVA/PHB nanofibrous scaffold
PHB and PVA were reported as biodegradable polymers "** ', but PHB has a rather low
degradation rate due to its high crystallinity *° . However, the hydrolytic degradation of
PHB has been investigated by several researchers and results have provided contradictory
findings. While some authors have reported that PHB degrades through surface erosion '**
194 others have reported the random bulk hydrolysis of ester bonds in the polymer chain
195197 Fig. 61 shows the hydrolytic degradation of electrospun PHB and PVA/PHB
nanofibers mats with different PVA fractions. It was found that all electrospun fibers were
partially degradable and they began to degrade one week after starting the test.
Furthermore, they showed a remarkable degradation over time, but the degradation was
significant only for the nanofibers mats contain PVA-rich composition. Moreover,
significant degradation of pure PHB nanofibers occurred after 9 weeks. PHB nanofibers
containing 30 and 50 wt % PVA showed degradation after 12 weeks of ~ 8 % and ~ 28 %
weight loss, respectively. However, pure PHB nanofibers showed ~ 9% weight loss after

12 weeks which is higher than PVA/PHB nanofibers containing 30% PVA. This can be
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attributed to the different degradation mechanism in pure PHB nanofibers and PVA

. 171
containing one .

The accelerated degradation rate of PVA/PHB nanofibers mats
(contains 30 and 50 wt % PVA) is mainly due to the lower degree of crystallinity of the
final blend nanofibers. Previous reports demonstrated the biodegradation behaviors of
PVA/PHB blend films and they concluded that the biodegradation profile depends strongly
on the water solubility of the PVA components '7”- '

PVA accelerates the degradation of PHB. In addition, the degradation of PVA/PHB blend

. The degradation results showed that

nanofibers was dependent on the PVA fraction.
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Fig. 61. Degradation of electrospun nanofibrous mats of PHB, PVA/PHB (05/95), PVA/PHB (10/90),
PVA/PHB (30/70) and PVA/PHB (50/50), degradation were measured by weighting the nanofibers

scaffolds after degradation in phosphate-buffered saline within 3 months
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4.5.9. Adhesion and proliferation of epidermal and dermal cells on the nanofibers

* HaCaT cells
Fig. 62 and 63 showed the qualitative and quantitative measurements of HaCaT cells
adhesion and growth on the electrospun PHB and its blends with different PVA fractions.
It is shows that HaCaT cells attached and grew well on pure PHB nanofibers. Moreover,
the surface coverage after 7 days was almost the same as the control surface (TCP).
Peschel et al. suggested that the surface hydrophobicity might have a negative effect on
HaCaT cell growth '*°. However, it has been shown previously that PHB nanofibers mimic
the nanostructure of the native ECM and this characteristic may overcome the possible
negative effect of less hydrophilic PHB on the behavior of HaCaT cells *"*®. On the other
hand, addition of Swt % PVA resulted in a significant decrease in the number of viable
HaCaT cells. However, it is somehow difficult to explain such decrement of the viable
cells number on the 5% PVA containing scaffolds. On contrary, increasing PVA fraction
exhibited an increment in the number of viable cells on the nanofibers scaffolds. Such
increment of the viable cells was attributed to the saturation of PVA on the surface, as was
found by surface analysis (water contact angle and zeta potential measurements). As
discussed previously, HaCaT cells prefer more hydrophilic surfaces, and increasing PVA
content (hydrophilicity), resulted in a good adhesion and proliferation of the HaCaT cells
on the nanofibers scaffolds '*.

In all, HaCaT cells showed highest proliferation on electrospun pure PHB nanofibers
(comparable to tissue culture polystyrene) and relatively good adhesion and proliferation
on high PVA containing scaffolds after 1 and 2 weeks, promising further proliferation and

growth in longer incubation time.
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HaCaT cells distribution and growth

Pure PHB PVA/PHB(05/95) PVA/PHB(10/90) PVA/PHB(30/70) PVA/PHB (50/50)

(=) 50 um

Fig. 62. HaCaT cell growth on the electrospun PVA/PHB nanofibers scaffolds with different blend compositions after 3, 7 and 14 days
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Fig. 63. HaCaT cells surface coverage on the electrospun PVA/PHB nanofibers scaffolds with different
blend compositions after 3, 7 and 14 days

* Dermal fibroblasts cells
Qualitative and quantitative measurements of the adhesion and growth of dermal fibroblast
were presented in Fig.64 and 65. It is shows that increasing PVA content of the nanofibers
scaffolds has a negative impact on attachment and proliferation of the fibroblasts cells. It
was reported previously that the hydrophilicity of the substrate had a negative effect on the
fibroblasts proliferation and function and better cellular interaction was found on

intermediate wettable surfaces '*°

. Decreasing amount of fibroblasts living cells by
increasing substrate hydrophilicity can be related to the high water uptake of PVA,
probably reducing adsorption of attachment proteins **. On the other hand, water uptake
for PVA/PHB blend nanofibers has a small unfavourable impact on HaCaT cells because
they have a tight connection and have cell-cell signaling with neighboring cell. It was only
necessary that some of them find and attach to the few anchorage sites available on highly
hydrophilic surface, then other cells can attach to these cells and further cell-cell
communication and their proliferation can follow *°'. Here again, PHB nanofibers were
found to have highest fibroblasts adhesion and proliferation compared to other blend

compositions. Nanofibers mats with 5-10 % PV A content were also found to promote cell

adhesion and proliferation (although inferior to pure PHB mats).
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Fibroblast morphology and growth

PVA/PHB(10/90) PVA/PHB(30/70) PVA/PHB (50/50)

Pure PHB PVA/PHB(05/95)

(—) 50 um

Fig. 64. Dermal fibroblast growth on the electrospun PVA/PHB nanofibers scaffolds with different blend compositions after 3, 7 and 14 days
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Fig. 65. Dermal fibroblast cells surface coverage on the electrospun PVA/PHB nanofibers scaffolds
with different blend compositions after 3, 7 and 14 days

To conclude, biocompatible PVA/PHB blend nanofibers with different compositions were
prepared by electrospinning techniques for future applications in skin tissue engineering.
Morphological characterization, crystallization behavior, degradation rate and cell culture
investigations were studied for the blend nanofibers. The average fibres diameter of the as
spun PHB and PVA/PHB (50/50) blend nanofibers were at ~ 680 and 620 nm,
respectively. The nanostructure of the prepared nanofibers scaffolds was found to be
mimicking the structure of the native ECM. It was found that PVA and PHB connected in
the macromolecular region through hydrogen bonds. The hydrogen bonding interaction
between hydroxyl group of PVA and carbonyl group of PHB leads to the miscibility of
both polymers in the amorphous phase. Furthermore, PVA suppressed the crystallinity of
PHB and the degree of crystallinity of PHB decreased by increasing PVA fraction. In
addition, PHB nanofibers and their blends with PVA were found to be degradable in a
simulated body fluid and the degradation increased by increasing PVA content. Water
solubility of PVA fraction was found to affect the degradation of whole blend nanofibers.
The cell culture results demonstrated that the moderately hydrophobic surface of pure PHB

nanofibers promoted highest cell adhesion and proliferation for both HaCaT and
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fibroblasts cells. Increasing PVA fraction had a negative impact on fibroblasts cell
adhesion and growth which is in agreement with the literature. Adhesion and growth of
HaCaT cells was hindered by addition of 5 wt% PVA. However, the adhesion and growth
of HaCaT were increased again by further increasing PVA fraction in the blend nanofibers.
The obtained PVA/PHB nanofibers blend could be a good candidate for fabrication and
designing of bi-layer nanofibers scaffold. The top layer could be composed from
PVA/PHB blend fibers with more hydrophilic polymers to enhance the adhesion,
proliferation and growth of HaCaT cells. The dermal equivalent could be fabricated from
pure PHB to promote fibroblast adhesion and growth. Such kind of this bi-layer scaffold
not only mimics the morphological structure of native ECM of the skin, but also mimics its
composition (epidermal and dermal cells). It might be helpful to fabricate 3-D scaffolds for

skin tissue engineering application.
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5. Summary and conclusions
Nanofibers have unique properties compared to other conventional fibrous structures
because of their extremely high surface area to mass ratio. This makes nanofibers ideal
materials for use in widespread applications particularly as scaffolds for biomedical uses.
In the present work, varieties of novel polymeric micro and nanofibers have been
fabricated using electrospinning method to provide new materials for biomedical
applications (see Table.11). Detailed studies of the changes in physico-chemical properties
that take place during the fabrication of the polymeric materials have been investigated.
FTIR, DSC and TGA measurements were performed to analyze the structural changes that
might be occurred upon blending, as well as the macromolecular interactions in the blend
fibers which consequently affect on the crystallinity and mechanical properties of the
nanofiber scaffolds. In addition, morphology of the obtained fibers and their phase
behaviour at the nanoscale range has been investigated by SEM, ESEM and TEM
inspections. Furthermore, the obtained fibers have been investigated in details to check
their potential for biomedical applications (such as tissue engineering and dentistry).

The macromolecular orientation and molecular mobility of the brittle polystyrene (PS)
has been enhanced by electrospinning. Electrospun PS nanofibers transformed from brittle
to ductile material and its micromechanical deformation found to be mainly dependent on
the fiber diameter: decreasing diameter of the electrospun fibers enhances their mechanical
properties. Thus, the increased ductility of very thin PS fibers could be used to produce
ductile PS networks for different applications.

Electrospun PMMA/EVA blend nanofibers have been prepared to generate
macromolecular interaction between soft liner (EVA) and heat-cured (PMMA) denture
base for dentistry applications. The blend nanofibers were used as an interface between
denture base and liner during processing. Morphology using SEM, TEM, and mechanical
properties of the adhered dentures has been measured. The results demonstrated that the
large surface area to volume ratio of the electrospun PMMA/EV A nanofibers significantly
improves the bond strength between denture base and liner materials. The nanofibers are
not themselves sticky, but the millions of nano contacts from the same polymers (e.g.,
hydrogen bonds and van der Waals forces) work together to adhere the two polymers. This
method might open a new door to enhance the contact between polymers with low
adhesion that can be used for a wide range of applications especially in dentistry

applications (denture and mouth guards).
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Table. 11. Summary of all prepared and investigated electrospun fibers

Diameter of the Potential
Polymer Solvent Morphology
obtained fibers applications
PLLA CHCl, ~500 nm — 3 pum Porous structure Drug delivery
Ribbon-like
PEI CHCL, ~5 pum Artificial organs
structure
PEI NMP ~ 500 nm -2 pum Bead structure Artificial organs
PET/y-Fe,04 CHClL; ~1-5pm Twisted structure Smart textiles
PEO/y-Fe,04 CHCl, ~300 nm— 1.5 pm Helical structure Smart textiles
PEI/EVA NMP ~200nm - 1.2 pm Rough surface Wound healing
CTS TFA/DCM ~ 150 nm — 800 nm Smooth surface Skin substitutes
PHB HFIP ~ 200 nm — 800 nm Smooth surface Bone regeneration
PHB/CTS HFIP/TFA ~ 150 — 600 nm Smooth surface Tissue engineering
PS THF/CHCI, ~ 200 — 800 nm Smooth surface Filter media
PVA Distilled water ~ 150 — 500 nm Smooth surface Tissue engineering
Distilled . . .
PVA/Col ~200 - 600 nm Smooth surface Tissue engineering
water/Acetic acid
PVA/n-HAP Distilled water ~200 — 600 nm Smooth surface Bone regeneration
PVA/Col/n- Distilled
~200 — 800 nm Smooth surface Bone regeneration
HAp water/Acetic acid
PMMA/EVA CHCI3/DMF ~ 150 — 600 nm Smooth surface Dentistry application
PVA/PHB HFIP ~200—-1.2 pm Smooth surface Skin substitute

A new nanofibrous scaffold composed of PVA/Col/n-HAp has been prepared for bone
tissue engineering applications. The most striking physiochemical feature of the
electrospun PVA/Col/n-HAp composite nanofibers was that the n-HAp nanorods were
preferentially oriented parallel to the longitudinal direction of the electrospun PVA/Col
matrix as confirmed by TEM. In addition, the electrospun PVA/Col as matrix and n-HAp
nanorods as inorganic phase strongly interact through hydrogen bonds within the
electrospun PVA/Col/n-HAp nanocomposite fibers. The strong bonding in the
nanocomposite nanofibers due to the presence of a great extent of OH groups in the PVA,
Col and the HAp nanorods leads to a significant decrement in the degree of crystallinity,
and thereby increasing their degradation rate. This feature bears strong resemblance to the

nanostructure of mineralized hard tissues serving as building block of bone. The hybrid
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electrospun PVA/Col/n-HAp nanocomposite nanofibers shown in the present work
provides great potential for the fabrication of bio-mimicking mineralized hard tissues
suitable for bone regeneration.

Electrospun hydrophilic/hydrophobic (PVA/PHB) nanofibers scaffolds have been
prepared to mimic the ECM of the human skin tissue in order to facilitate the treatment of
burns, chronic and diabetes related ulcers. Generally, skin substitutes were engineered by
culturing keratinocytes and dermal fibroblasts cells in vitro. Since keratinocytes might
prefer more hydrophilic substrate and fibroblasts don’t, blend containing hydrophilic and
hydrophobic components could be useful to fabricate nanofibrous scaffolds for future
application in skin tissue engineering. Miscibility and morphological properties of the
polymer blends in the nanofibers were studied using FTIR, SEM, TEM and DSC. It was
found that PVA and PHB are miscible with a good compatibility in the blend nanofibers at
the macromolecular region. In addition, DSC revealed that the crystallinity of PHB in the
blend nanofibers is suppressed when the proportion of PVA is increased. Furthermore, the
degradation was found to be dependent on the PVA fraction. The PVA-rich blend
nanofibers degrade to greater extents than pure PHB fibers. On the other hand, cell culture
experiments were conducted with a human keratinocyte cell line (HaCaT) and dermal
fibroblast on the electrospun PHB and PVA/PHB nanofibrous scaffolds. Both cell types
showed maximum adhesion and proliferation when cultured on pure PHB fibers. Addition
of 5 wt % PVA to pure PHB inhibits the growth of HaCaT cells. However, the cell
viability increased again by increasing the PVA fraction. PVA/PHB (50/50) showed a
relatively good adhesion and proliferation of HaCaT cells after two weeks incubation
promising further incubation. Selectivity could be achieved by fabricating a bilayer
scaffold with a PVA/PHB (50/50) blend composition on top as support for keratinocytes,
while the layer beneath would be composed of pure PHB or PVA/PHB (10/90) that favors
growth of fibroblasts. The results indicated that the as spun PVA/PHB blend nanofibrous
scaffolds might be a good candidate for fabricating bi-layered scaffolds for culturing
epidermal and dermal cells for skin tissue engineering.

In all, the physico-chemical properties of the polymeric fibers and nanocomposite
fibers can be controlled by changing electrospinning parameters, as well as by blending

them with other polymers to match the desired application.
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Table. 12. Overview on the kind of the work novelty, e.g, the type of the polymer used to produce
nanofibers, obtained morphology, applications, new effect and combination of non-compatible

polymers.

Electrospun fibers

Novelty type

Applications

Remarks

PLLA/PEO

Using new polymers

Drug delivery and tissue
engineering

Asran et al. Macromol.
Symp (2010): 294-1,
153-161.

PET/’Y—F6203

Using new polymers

Tissue engineering

Asran et al. (in Press)

Drug delivery and tissue

PEI/EVA Using new polymers . . Asran et al. (in Press)
engineering
Using new polymers and
PHB/CTS combining these polymers at Skin tissue engineering | Asran et al. (in Press)
the macromolecular region
Asran et al. Polymer
(2010): 51, 868876
PVA/Col Using new polymers and Bone tissue engineering &
mimicking the ECM of bone Bioinsp. Biomim.
(2008): 3, 046003
(12pp)
Using new polymers polymers Deutsches Patent
PVA/n-HAP and mimicking the ECM of Bone tissue engineering
bone

PVA/Col/n-HAp

Using new polymers and
mimicking the ECM of bone

Bone tissue engineering

Asran et al.
Biomacromolecules
(2010) 11, 3413-3421

Combining the non-compatible

Dentistry (denture and

Asran et al. J Appl

PMMA/EVA polymers at the Polymer Sci (accepted
. mouth guards) .
macromolecular region manuscript)

Using new polymers and o . . )

PVA/PHB mimicking the ECM of skin Skin tissue engineering | Asran et al. (in Press)
Transition of PS from brittle to | Materal science and filter .

PS . . Asran et al. (in press)

ductile applications
Obtaining a ribbon-like and
PEI nanofibers bead structure from this Tissue engineering Asran et al. (in Press)

polymer

PEO/’Y-FCzOg,

Obtaining a twisted structure
from this polymer

Tissue engineering

Asran et al.
Biomacromolecules
(2010): 11, 3413-3421

CTS

Using a new solvent

Tissue engineering

Asran et al. Macromol.
Symp (2010): 294-1,
153-161
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