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## 5187784220 :MAJOR NANOSCIENCE AND TECHNOLOGY

KEYWORDS:POLYCAPROLACTONE / FIBER SIZE EFFECT / DUAL-POLARITY CO-

ELECTROSPINNING PROCESS / 3D-FIBROUS STRUCTURE / FLUFFY YARN
NARISSARA KULPREECHANAN : DEVELOPMENT OF 3D-FIBROUS STRUCTURE AND FLUFFY
YARN VIA DUAL-POLARITY CO-ELECTROSPINNING PROCESS.ADVISOR : RATTHAPOL
RUNGKUPAN, CO-ADVISOR, Ph.D. : ASST. PROF. TANOM BUNAPRASERT, M.D., 133 pp.

In this research we had developed a novel electrospinning process, a dual polarity co-
electrospinning, that could be used to produce 3 dimensional structure.The research was separated into 3
main parts i.e. a) an investigation of processing parameters effect on formation and morphology of poly
(caprolactone) (PCL) electrospun fibers, b) a development of dual polarity co-electrospinning process
and c) a study on the effect of fiber size and fiber mat structureon cell matrix interaction. In the first
part, the effect of PCL solution concentration, applied voltage, collecting distance and solution flow rate
on PCL fiber morphology were assessed. In the second part, the dual polarity co-electrospinning
process were developed. This technique utilized a positive and negative charge simultaneously. Under
certain spinning condition, a 3 dimension structures from PCL electrospun fiber in the 3D-fibrous and
fluffy yarn structure were formed. The effect of the applied opposite charge, flow rate, fiber size, ratio
of fiber and spinning rate of the collectoron fiber formation were studied. The morphologies and
porosity (distribution of porosity and pore size) of a 3D-fibrous and fluffy yarn structure of PCL were
determined using scanning electron microscope (SEM) and porosimeter. The 3D-fibrous and fluffy yarn
had more porosity compared to fiber mat from the ordinary electrospinning process.In the last part, PCL
fiber mats with three different fiber sizes, PCL fiber in the form of 3D-fibrous structure and fluffy yarns
were prepared and used to evaluate effects of fiber size and fiber structure on cell adhesion and
proliferation using 1.929 as a model cell. The results showed that both size and structure played a role in
prohibiting or accommodating cellular distribution or penetration into the under layer of electrospun

fiber mat.
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CHAPTER 1

INTRODUCTION

1.1 Introduction of work

Development of science and technology is importance for human life in particular
due to the desire of life convenience, the conservation of sustainable energy and
environment and the treatment of health crisis which affected both directly and indirectly to
the economy and the competitiveness of the country. Nanotechnology is engineering at a
very small scale [1]), it requires the production and application of materials and processes in
billionths of a meter (10-9 m) to improve the properties of the material. Nanotechnology is
functional in many research area for example textile, cosmetic, semiconductor, plastic and
especially medical field. Nanotechnology has been applied in tissue engineering. Tissue
engineering is the advanced technology for the treatment of illnesses, rebuilding organs,
drug and gene delivery system that restore, maintain, and improve the function of damaged

tissue and organs through the body [2].

Tissue engineering usually requires 3 main components working which concern
with appropriate sequences. These components are cells, signaling molecules and extra-
cellular matrix (ECM). ECM functions as a cellular scaffold providing a necessary
mechanical stability and cell anchor site [3]. It supports the formation of tissue and mimics
relevantly, also promotes cellular migration, attachment, formation of new one. Moreover it

performs about growth of tissue that concern to the transport of nutrients and metabolic
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wastes. In case cell without ECM, cells would not grow and function properly, it may
results the tissue malfunction. Therefore, preparation of suitable artificial tissue scaffold

with required properties is much importance in tissue engineering applications.

There are many method could produce tissue engineering. The electrospinning is
the widespread method that now a day many researchers pay attention , the system is low

cost, and convenient use and then advantage of electrospinning over other method.

Electrospinning, a process that can be used to prepare the nano-fibers of polymeric
material and inorganic oxide supported material for various applications such as medical,
pharmaceutical, engineering, military, and more. Fiber diameter can be fabricated from 10
nm to more than 1 micrometer by the high electrical voltage. The basic system consists of
three major parts: a high-voltage source (high voltage power supply), tube containing a
solution with the metal needle (syringe with needle) and a metal substrate (metal collector).
The system was amended to add a device for controlling the flow of solution (syringe
pump) and the efficiency of the fiber of the invention is to control the size and the amount
of fiber has more continuity. In addition, fiber produced from the electrospinning process
also features prominently are (1) fibers are very small size in range of a several ten
nanometers up to about 1-2 microns, it is often called nanofiber or electrospun nanofiber
and (2) a porous nanofiber can be prepared with a minuscule amount of the well-
transferring liquid and gas. Nanofibers have a smaller pore size, resulting in unique
properties such as mechanical, electrical and biological properties. Therefore, it is a much
better response to the highly requirement materials. The advantage of very small size
depending on the substance used and inventive, normally, the application was appeared in

the various nanofibers. Such widespread application of polymer nanofibers that are
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biodegradable, non-toxic and bio-compatible for the filtration system, drug delivery, wound

dressing, tissue engineering [4].

1.2 Problem statement

The tissue engineering scaffold and cell interaction that found conventional
cell culture provides condition with only two dimensions (2D) for growing cells, although
suitable for certain tissue such as skin. However, there is limited for 2D application, thus
leading to the development of physiological compromised cells of other tissues that required
three dimensional (3D) scaffold. For those tissues, i.e. bone, cartilage and most internal
organs, the cell culture based models should incorporate both the 3D organization and
multicellular of organ while allowing the experimental interventions in the body. This

involves the development of ECM mimicking 3D scaffold [5].

Due to the universal application of nanofiber often use fiber with structure in two
dimensions is still limited in its applications, such as applications in the field of tissue
engineering, the adhesion between cells in the structure of the fiber is not good enough and
the implementation is not fully effective. The fabric structure which is suitable for using in
the medical field should be highly porous, channels connect the pores facilitate the transfer
of various subject matters, control the degradation process, the suitable chemical properties

for the cells growthing, good mechanical properties, and the uniform pores size and shape.

Therefore, the objective of this study is to bring about the nano-fibers with a three-
dimensional structure of the electrospun nanofiber to enhance applications in tissue

engineering. However, that preparation of fibers from a polymer solution in a three-
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dimensional structure of the process that much more difficult to electrospinning. There are
several ways to develop a 3D tissue engineering scaffold, for example, by particulate
leaching, gas foaming , emulsification/freeze drying, thermally induced phase separation,

and melt molding process. Each technique has its own advantages and disadvantages.

Beside fabrication method, material types are the one of importance to the needs of
tissue engineering. There are many natural and synthetic polymers also ceramics which
have high potential as biocompatible and biodegradable materials for scaffolding. Focused
on a variety of synthetic biodegradable polymers can be utilized to fabricate tissue
engineering matrices such as, poly(caprolactone) (PCL), poly(ethyl alcohol) (PEO),
polylactic acid (PLA), polyglycolic acid (PGA), and natural polymer i.e. collagen,

hyaluronic acid.

1.3 Research objectives

The main objectives of this research are:
1. Develop fabrication techniques for construction of 3D-structure from
electrospun fiber.
2. Investigate the effect of processing parameters on porosity and morphology of
the structure.
3. Evaluate cell-matrix interaction of developed scaffolds on cellular activities i.e.

cell adhesion, proliferation and migration.
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1.4 Scope of this work

The main goals of this research are to develop a fabrication technique that would
allow us to construct two types of 3D electrospun fiber, 3D structure and fluffy yarn, with a
regular distribution of pore size and porosity by dual-polarity co-electrospinning process
and to evaluate a potential use of the obtained structure in tissue engineering application.
The effect of their respective processing parameters such as fiber size and ratio of each
fiber, on the morphology and porosity of the meat would be studied. Selected fiber mats
with different pore size and porosity will be studied further, with at least 1 cell line, in cell-

matrix interaction assessment to evaluate their potential role as an artificial tissue scaffold.

1.5 Research outcomes

The development of sponge-liked structure from electrospun fiber using co-
fabrication techniques and multisizes approach with regularly distribute of pore size and
porosity which could have cell attachment enhancement (from nanofiber component) and
porosity in the thickness direction to enhance cell penetration (in cell seeding step) and cell
migration during tissue regeneration. Likewise, our study would apply a knowledge and

know-how to tailor the pore size/porosity of our desire.
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CHAPTER 11

LITERATURE REVIEW

2.1 Tissue engineering [6]

Tissue engineering, is ‘“an interdisciplinary field that applies principles of
engineering, and the life sciences toward the development of biological substitutes that
restore, maintain, and improve the function of damaged tissue and organs”. The scaffolds
mush posses many key characteristic for tissue engineering, including high porosity
and surface area, structural strength, and three-dimensional shapes, to be used as
materials for tissue engineering. These characteristics are determined by scaffold
fabrication technique and biocompatible of the materials of construction. The
techniques for scaffold fabrication have been to tailor to create scaffolds with particular

characteristic and critical requirement for tissue engineering of a specific organ.

The technique used to manufacture scaffold for tissue engineering is depend on the
properties of the polymer and its designated application. Scaffold manufacturing techniques
were therefore developing using commercially starting materials, small solid polymer
chunks or in any case long fibers. The technique was developed to involve heating the
polymer or dissolving them in the suitable organic solvent. The viscous behavior of the
polymer above their transition or melting temperature and their solubility in various organic
solvents were two of the most important characteristics to consider during process
development. There are several techniques for scaffold fabrication. Each technique has its
advantages, but none can be considered as an ideal method of scaffold fabrication. In the

body, the choice of the fabrication technique or the exploitation of the new one are
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organized into three-dimensional structures as functional organs and organ systems, is

depending on the critical requirements for the tissue of interest.

In this research focused on techniques of scaffold tissue fabrication via
electrospinning process. In addition, three parts of the basic knowledge of tissue
engineering scaffold are discussed including

1. Scaffolds for tissue engineering
2. Materials for scaffold

2. Technique for scaffold fabrication

2.1.1 Scaffold for tissue engineering [5, 7]

For impairment and regeneration, porous scaffold is needed in tissue engineering.
One objective is that it is the way of developing scaffolds used for forming functional
tissue. There are many techniques for creating scaffolds in tissue engineering and

techniques of scaffold processing that are a major part of this writing.

Scaffolds are added in tissue engineering playing a role to help creating relevant-
tissue model including to support the migration and attachment of cells, new extracellular
matrix’s formation and tissue ingrowths and to maintain the transport of nutrients and

metabolic waste. Scaffolds used for tissue engineering should be as follows:

First, the scaffolds should be in three- dimensional structure with dense pores and
interconnected pore network for growing cell/tissue and smoothening transport of nutrients

and metabolic waste and to support cellular attachment, migration, inter-cell interaction, cell
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multiplication and differentiation. Both essential factors for organ regeneration, porosity
and pore size, should be controlled in the processing because the high-density porous
scaffold will help generating cells or their migration via the materials. Pore size influences
tissue ingrowths and internal surface for cell attachment. In large area, there should be a lot

of cells that are enough to replace or restore organ’s function.

Second, the biocompatibility of scaffolds to the host’s immune system, in which
tissues are implanted, is one of important characteristics because it plays a role for choosing
suitable materials structure for building scaffolds, though the technique of processing may
affect scaffolds’ suitability. Moreover, many biocompatible materials, natural and man-
made ones, can be used for building scaffolds such as collagen, poly (Ol-hydroxyester), and
poly (anhydride) and so forth. Researchers use poly (Ol-hydroxyester) as starter to build
scaffolds with many techniques. Materials are extensively applied as materials for scaffold
creation. They are biocompatible, degradable and certified by Food and Drug

Administration (FDA) as for specific clinical application.

Third, It is essential that controllable biodegradation matches tissue growth’s rate
and simplifies the connection of contrived tissues with host tissues and, in the first stage of

post-implantation” support structure for cells and tissues assembled in scaffolds.

Last, mechanical qualities play a role generating hard tissues such as cartilage and
bone and helping the match of tissues during implantation. Yet, there are various processing
alternatives by creating scaffolds in terms of structure and morphology (shapes and sizes)
that are particularly relevant to the tissues. Polymer building can influence the process

though its solidity and scaffolds’ porosity affect mechanical qualities. The crystallization of
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polymer chain may cause extensible strength’s enhancement but polymer’s molecular
weight may decrease during the process of production. That leads to corrosive impact on
mechanical characters. It is vital for hard tissue’s shape to affect its function. For this, the
processing technique plays a role in preparation of twisted- three-dimensional scaffold

creation.

The fundamental knowledge of tissue engineering scaffold and cell interaction in
terms of cell culture causes only two-dimensional space for seeding cells resulting in
physiological development of the cell. Anyhow, three-dimensional tissues are needed and
that can be done by multiplying cells onto porous matrices or scaffolds where cells attach
and colonize. Major models of cell culture should unite both three-dimensional organization
and multi-cellular organs during internal-body interference. For Extracellular Matrix
(ECM) — modeling three-dimensional scaffolds-, which can be united with relevant ECM,
this means it can support interactive versatility in medical or non-medical use. Therefore, to
culture and maintain cells is the way of conventional flat surface that needs ECM modeling

three-dimensional environment.
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Figure 2.1 A cell migration across to 2D substrate and 3D fibrillar ECM [7].



30

2.2 Technique for scaffold fabrication [7, 8]

2.2.1 Particulate Leaching [65]

When talking about particulate, it is an extensively-used way of building scaffolds
for tissue engineering applications. It is preparing normal-porous structures in limited
thickness. Firstly, the polymer will melt into a suitable - state organic solvent. For instance,
Polylactic Acid dissolves into Dichrolomethane. Later, the solution is poured into a cast full
of paraffin particles as they can be transformed to inorganic salt like Sodium Chloride,
Crystal of Succarose, Gelatin or Paraffin. Monosodium Glutamate, Alginate Hydrogel are
included. Paragon particle size is directly related to the amount of final structure’s porosity.
After that, polymer solution and solvent can completely evaporate. Then, the mixture in the
mold will be immersed in liquid that suits melting porogen, water in case of Sodium
Chloride, Saccarose and Gelatin or Aliphatic solvent like Hexane for Paraffin. When the
porogen completely dissolves, porous structure will be available with kind of thickness.
Particulate Leaching also causes residues in using organic solvents that must be fully

removed as they might probably result in damages to cells on scaffolds.

This technique is advantageous in terms of simplicity and user-friendliness. It also
suits with biomaterials and requires no extra equipments. When comparing Salt-leaching
Method used to build porous gelatin scaffolds to freeze-drying scaffolds, salt-leaching
gelatin scaffolds are easier formed into desirable shapes with equally distributed and
interconnected pore structure. The mechanical strength and biodegradation rate are relevant
to porosity conformable and are simply modulated by the addition of salt [9]. On the other

hand, its disadvantages are different density result in unequal distribution of pore size. It is
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hard to complete the interconnectivity and pore interconnection that leads to skinning

effects on external surface of scaffolds.
{ -
'
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Figure 2.2 Soft Microporous scaffold by salt leaching process

Mcintosh reported about effective elastic properties of hydroxyapatite
scaffold/bone composites using representative volume elements (RVE) prepared by
particulate leaching techniques [10]. In 2004, the researchers reported to investigate the
effect of three-dimensional silk fibroin scaffold preparation porous 3D protein scaffolds
with similar sized pores of 900+50 um on osteogenic responses of human bone marrow

stem cells [11].

(b)

Figure 2.3 (a). SEM of microstructure of pore surfaces in water-based silk scaffolds
(b). Poly(lactic-coglycolic acid) porous scaffold for bone tissue engineering produced by

melt casting and particulate leaching [11].
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Moreover, the preparation of hydroxyapatite nanoparticles (nHA)/poly(ester
urethane) composite scaffolds using a salt-leaching-phase inverse process was reported by
C.I.R. Boissard et al. In this present, they found that increasing the amount of nHA particles
in the composite scaffold decreased the porosity, increased the wall thickness and
consequently decreased the pore size. The Young’s modulus of the poly(ester urethane)
scaffold was improved by 50% by addition of 10 wt.% nHA (from 0.95 + 0.5 to 1.26 + 0.4
MPa), while conserving poly(ester urethane) viscoelastic properties and without significant
changes in the scaffold macrostructure. Moreover, the process permitted the inclusion of
nHA particles not only in the poly(ester urethane) matrix, but also at the surface of the
scaffold pores, as shown by scanning electron microscopy. nHA/poly(ester urethane)
composite scaffolds have great potential as osteoconductive constructs for bone tissue

engineering [12].

The adventages of this technique are simple and user friendly method, suitable with
a range of biomaterials and no special equipment is needed. Porous gelatin scaffolds were
prepared using a salt-leaching method and these were compared to scaffolds fabricated
using a freeze-drying method. The salt-leached gelatin scaffolds were easily formed into
desired shapes with a uniformly distributed and interconnected pore structure. The
mechanical strength and the biodegradation rate of the scaffolds increased with the porosity,
and were easily modulated by the addition of salt[13]. However, disadvantages; density
differences result in non uniform pore size distribution. Difficult to achieve full
interconnectivity and large pore interconenctions. Skinning effect on outside surfaces of

scaffolds.
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2.2.2 Gas foaming

Gas Foaming is used to avoid residues caused by organic solvent applied in salt-
leaching method that can lead to poisonous hazard in human body and environment.
Biodegradable polymers such as poly (lactic-co-glycolic acid) (PLGA) are saturated in
Carbon Dioxide (CO2) at high pressure. When bringing back CO2 at atmospheric level, gas
solubility in polymer quickly decreases that causes gas bubble or cells’ nucleation and
growth having 100-500 [Lm size in polymer solution. Technique that uses gas as porogen is
developed to have a better way than using organic solvents and solid porogen. At first,
Compression molding that use heat is the way to prepare polymer. Then, the disc is placed
in a chamber that exposed to high-pressure CO2 for days. The pressure will become at
atmospheric level and during this restoration, pores are formed by Carbondioxide molecules
from polymer causing sponge-like structure. Using excessive heat during compression
molding is main disadvantage of this technique because it will make pores not to form an
interconnected structure. Silica is added in polymer while micro-particulate during the
processing. That leads to particulate growing on interconnectivity of pore size and pore

dispersal.

A biodegradable polymer, such as poly(lactic-co-glycolic acid) (PLGA) is saturated
with carbon dioxide (CO2) at high pressures. The solubility of the gas in the polymer is then
decreased rapidly by bringing CO2 pressure back to atmospheric level. This results in
nucleation and growth of gas bubbles, or cells, with sizes ranging between 100-500lm in
the polymer. To overcome the necessity to use organic solvents and solid porogens a

technique using gas as a porogen has been developed.
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Figure 2.4 Schematic of gas-foamimg and salt-leaching process to fabricate macroporous

scaffolds [43].

Figure 2.5 250 pm multichannel bridges are fabricated using a gas foaming process

microspheres (PLGA) [43].

First polymer are prepared by means of compression molding using a heated mold.
The disc are then placed in a chamber where are exposed to high pressure CO, for several
days. The pressure inside the chamber is gradually restored to asmospheric levels. During
this procedure the pore are formed by the carbondioxide molecules that abandon the
polymer, resulting in a sponge like structure. The main problems related to such a technique
are caused by the excessive heat used during compression molding and by the fact that the
pores do not form an interconnected structure. While microparticulate silica was added to

the polymer during processing and the effects of this particulate seeding on the
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interconnectivity of the pore structure and pore size distribution were investigated by Niki J.
Collins et al. Scaffolds comprising polylactide and a range of silica contents (0—50 wt.%)
were produced by foaming with supercritical CO,. In this study, the resulting that
incorporation of increasing quantities of silica particles increased the interconnectivity of
the scaffold pore structure. The pore size distribution was also reduced through the addition
of silica, while total porosity was found to be largely independent of silica content. In
addition, the architecture of foamed polymeric scaffolds can be advantageously manipulated
through the incorporation of silica microparticles. The findings of this study further
establish supercritical fluid foaming as an important tool in scaffold production and show

how a previous limitation can be overcome [14].

2.2.3 Emulsification/Freeze-drying

For this technique, using solid porogen like particulate leaching is not needed. The
synthetic polymer melts into suitable-state solvent (e.g. Polylactic acid in Dichloromethane)
and water is then added in polymer solution, then the mixture becomes emulsion. Before
both liquids seclude, the emulsion is put into a mold and using liquid Nitrogen can rapidly
freeze it. the frozen emulsion is accordingly freeze-dried and water and the solvent are

eliminated. It remains solidified, porous polymeric structure.

Artificial polymers like PLGA can dissolve in frozen acetic acid or benzene. So, the
solution is icy and freeze-dried to give porous matrices. Likewise, collagen scaffolds are
created by freezing collagen solution and then freeze-drying. They lead to formation of

frozen crystals that carry collagen molecules into inserting spaces. After that, they will be
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taken away by freeze-drying. Pore sizes can be adjusted according to freezing rate and pH.

The faster the freezing rate, the smaller the pores.

Figure 2.6 Scaffold by freeze-drying technique [44].

Moreover, Chaire et al. studied about effect of collagen concentration and crosslink
density on the biological, structural and mechanical properties of collagen-GAG for bone
tissue engineering with freez-drying process [15]. While emulsification and freez-drying
allows a faster preparation if compared to particulate leaching since it does not require a
time consuming leaching step, it still requires the use of solvents, moreover, pore size is
relatively small and porosity is often irregular. In addition, Amir et al. discussed the
development of a calcium phosphase coating for collagen scaffold, which using by these
technique, in order to improve their mechanical properties for bone tissue engineering [16].
Freez-drying by itself is a commonly employed technique for the fabrication of scaffolds. In
particular it is used to prepare collagen sponges, collagen is dissolved into acidic solutions
of acetic acid or hydrochloric acid that are cast into a mold frozen with liquid nitrogen then

lyophilized.
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2.2.4 Thermally Induced Phase Separation (TIPS)

Biodegradable synthetic polymer melts in dissolved Phenol or Naphthalene and
molecules that are biologically active can be inserted in solutions. After that, the
temperature will become lower to create liquid-liquid phrase separation and fast cool to
structure second-phrase solid. The sublimation of solvent give porous scaffolds with

bioactive molecule congregated in structure.
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Figure 2.7 Cross sectional SEM images of PLGA scaffolds fabricated by TIPS methods,

quenching in liquid nitrogen [44].

Bioomimatic nanofibrous gelatin/apatite composite scaffolds for bone tissue
engineering were studied by Xiaohua Lui et al. They prepared the composite scaffolds by
TIPS method comparing with a commercial gelatin foam. In comparison, with similar pore
size and porosity, the prepared much higher surface area and mechanical strength. In
addition, the biomimatic nanofibrous gelatin/apatite scaffolds are excellent for bone tissue

engineering [17].
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Figure 2.8 Comparision of SEM micrographs of NF-gelatin scaffold and Gelfoam (a) NF-
gelatin scaffold (porogen diameter: 150-250 mm), overview; (b) pore-wall structure of NF-
gelatin scaffold (higher magnification image of (a)); (c) higher magnification image of (b);

(d) Gelfoam, overview; (e) pore-wall structure of Gelfoam [17].

2.2.5 Melt molding

Melt molding is the way of building three-dimension scaffolds that has several
disadvantages over membrane layers. PLGA powder and Gelatin Microspheres are added in
Teflon mold and then it is given the heat above the glass-transition temperature of PLGA
under the pressure of mixture [14]. This process happens to originate PLGA particles’ bond.
When removing the mold, scaffolds will be dried after putting gelatin in water that it is
filtered. The shapes of mold can be predicted by such scaffolds. The procedure of melt

molding is adapted to be used to assemble of short fibers like Hydroxyapatite (Hap). To
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accomplish the process of Hap fibers’ distribution thoroughly in PLGA scaffolds, solvent
casting technique should be applied to prepare compound components of Hap fibers, PLGA

Matrix and gelatin or salt porogen used in melt molding process.

2.2.6 Electrospinning

Nanofibers in tissue engineering are similar to ECM. Yet, usual polymer processing
techniques are hard to build fibers that have a diameter smaller than 10 [lmin, that is, they
have larger magnitude orders than ECM (50-500 nm). That is why there have been lots of
attempts to develop ways of building nanofibers that have closest similarity to ECM
geometry. Electrospinning is proven successful to daily produce nanofibrous tissue

engineering structures.

It is the way of preparing the non-woven mesh of diverse polymer matrices,
electrospinning process. Electrospun nanfibers and fibers correlate for tissue engineering
use. They are always related to decisions including choices of materials, fiber orientation,
porosity, surface modification and tissue application. For materials’ choice, it includes
natural and artificial materials. The porosity and pore size of electrospun scaffolds is
controllable for individual use. For electrospinning process, it is proven good performance
to engineer number of tissue such as vasculature, bone, neuron and ligament. It has been

interesting in field of tissue engineering to structure scaffolds.
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Figure 2.10 Electrospun gelatin scaffolds (C&D), and electrospun collagen scaffolds (E&F)

[45].
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2.3 Basic of electrospinning

The electrospinning process structures synthetic fibers by using electrostatic forces.
It applies high-voltage source to charge polarity into polymer solution that can accelerate an
opposite polarity’s collector. Fiber Jet is lastly thrown out from Taylor Cone due to
excessive electric field strength than liquid’s surface tension. It moves through the
atmosphere where solvent is able to evaporate, causing deposition of solid polymer fibers
on the collector. Fibers products manufactured by using this process regularly have
diameter in rang of 2-3 micrometers to 10 nanometers. The capacity to simply build
materials at this biological scale occurs in electrospinning for tissue engineering
applications. Besides, it has been suggested that this mixture instability is from repulsive

interaction between same-polar charge in polymer jet.

Electrospinning is the procedure to produce nanofibers by using materials like
protein or polymer, natural and synthetic ones. There are diverse parameters for
applications, tissue engineering, controlling physical and chemical properties of nanofibers.
Nanofiber production in present by electrospinning for tissue engineering use has been paid
attention by both domestic and international researchers. Their studied design and
production of nanofiber structure look like two-dimensional fabric. It is the way to improve
material’s efficacy for tissue engineering such as Vascular grafts, artificial skin, nervous

system, muscles, bone structures including internal organs. [18].

Doshi and Reneker had hypothesized that charge density increases as the fiber jet
thins, dramatically increasing radial charge repulsion which causes the fiber jet to split into

a number of smaller fibers when a critical charge density is met [19]. However, in more
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recent studies high speed photography has been used to image the unstable zone of the fiber
jet, revealing that a whipping instability causes the single fiber to bend and turn rapidly

giving the impression that the fiber is spitting.

The fabrication report of electrospun poly(lactic acid-co-glycolic acid) scaffold was
prepared by Sangamesh et al. This study reported the fabrication of poly(lactic acid-co-
glycolic acid), PLAGA, matrixes with fiber diameters of 150-225, 200-300, 250-467, 500-
900, 600-1200, 2500-3000, and 3250-6000 nm via electrospinning. Furthermore, the porous
fiber matrixes have porosity between 38-60% and everage pore diameters between 10-14
mm [20]. In the part of non-woven polyglycolic structures have been tested for tissue

engineering applications.

Laleh et al. studied chemical and mechanical properties of PCL/gelatin nanofibrous
scaffold by electrospinning process. They found to exhibit the most balance properties and
prove to be a promising biomaterials and technique suitable for nerve regeneration [46].
Similarly, Deepika et al reported about prepration of nanofibrous (PCL/gelatin) for neural
tissue engineering by electrospinning. The everage fiber diameter of polymer blend ranged
from 232 + 194 to 160 + 86 nm with high porosity (90%). The resulting in increased
hydrophilicity of nanofibrous scaffolds and better mechanical properties. Moreover, they
found the results PCL/gelatin nanofibrous scaffolds are suitable for neural tissue

engineering [47].

The property of the nanofibrous scaffold can be further improved with innovative
development in electrospinning processes, such as two-component electrospinning and in-

situ mixing electrospinning. Post modifications of electrospun membranes also provide
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effective means to render the electrospun scaffolds with controlled anisotropy and porosity.
In this article, Dehai Liang et al. review the materials, techniques and post modification
methods to functionalize electrospun nanofibrous scaffolds suitable for biomedical

applications [48].

The advantage in this method is inexpensive to produce nanofibers from a wide
range of polymers. In addition, excellent cell and tissue compatability for mesenchymal
cells. By using ice crystals as a collector, scaffolds with large pores and significant volume
may be fabricated. On the other hand, disadvantage of these technique, organic solvents
often required, scaffolds with volume, and large pore size or thickness are difficult to
manufacture except by using ice crystal technique which has the disadvantage that
sublimation required that increases complexity of manufacture. Mechanical properties of

electrospun fibers is generally poor.

Electrospinning is the general process of producing nanofibers. The material used to
produce substances such as protein or polymer, natural polymer to synthesis polymer. The
physical and chemical properties of nanofibers are controlled by various parameters for
applications such as tissue engineering applications. The current nanofiber production by
electrospinning for use in tissue engineering has been a lot of attention from researchers
both local and international. The researcher studied design and production of nanofiber
structure would look like a piece of fabric with a two-dimensional structure, which is a
process for improving the efficiency of the material for tissue engineering. For example,
Vascular grafts, artificial skin, nervous system, muscles, bone structure, as well as organ in

the body.
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24 Effect of parameter on electrospinning process

2.4.1 Solution parameters [53-63]

Solution parameters are important to the structure, morphology and characteristic of
the product, which includes concentration, viscosity, solvent, solution temperature, surface

tension, conductivity and molecular weight [21].

2.4.1.1 Concentration

The concentration is related to viscosity and surface tension of the solution
that it must have enough concentration to generate the connection of polymer chain
becoming elongated to be fiber. If the solution has too little viscosity to create the
connection, the products will be beads that have circle or ellipse shape on the fiber and the
example of bead on the fiber is shown in picture 2.3. However, if the concentration
increases, the polymer chain will block the elongation of charge jet that causes the
increasing viscosity and the fiber will have wider diameter that is the result of less
elongation of charged jet and too high viscosity of the solution, it’s hard to control the
flowing ratio of the solution. Therefore, it’s better to use the polymer solution that has the
concentration suiting electrostatic spinning when other parameters are stably controlled

[22].

From the report of Sukigara, S. et al [23], the concentration is essential
parameter that greatly affects electrostatic spinning. The concentration has direct

involvement with viscosity [24] that the range of concentration can signify the quality of



45

products by using the concentration’s mean to diversify the quality of products that is called
critical concentration or C* of solution. The critical concentration can fundamentally
identify the quality of products, that is, during the concentration is less than critical
concentration, the products will have quality of sphere-shape microparticle or less. When
increasing the concentration, the sphere particle will be more tapering and shuttle and fiber
are formed alternately. When adding continuous concentration, the forming of bead on the
fiber will decrease. Polymer is connected and elongated to be polymer chain and the
product is pure fiber which occurs when the concentration is more than critical

concentration [25].

Figure 2.11 The quality of bead on polyethylene oxide from solution that has concentration

3.0% by weight and viscosity 74 cP by using electric potential difference 0.7 kV/cm [26].

2.4.1.2 Viscosity

The solution viscosity is important parameter influencing on the

morphology and fiber formation. The difference of solution viscosity can be eletrospun is

different such as morphology (bead on the fiber and fiber without bead) and fiber size
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(small to large). The bead formation on the fiber decreased with increasing solution

viscosity. The fibers size increased with increasing solution viscosity.

2.4.1.3 Solvent system

Solvent system is one of parameters affecting the quality of products from
Electrostatic spinning. It includes electrical conductivity, surface tension, conductivity
property and evaporation of solvent. If the solvent has thick electrode, there will be
electrical force supporting the elongation of charged jet and the fiber size will be small.
Therefore, in case to miniaturize the fiber, adding electrode-containing solvent is done to
make the solution have more electrode density [26]. The evaporation of solvent is one of
parameters that identify the quality, fiber figure. If the evaporation of solvent is too fast, the
occlusion at needle’s tip of syringe occurs [27]. On the other hand, if the evaporation of
solvent is too slow, the fiber will become flat, net-type connecting. Therefore, the hard-
evaporating solvent should be avoided to prevent net-type quality [28] shown in picture 2.4.

Furthermore, using different solvents causes different fiber’s surfaces [27].

Figure 2.12 Quality of net-type fiber of Fibroin Mai Tai fiber and gelatin with 20% w/v
concentration at ratio of mixture by weight of Fibroin Mai Tai and gelatin that is 80/20 by

using 20 kV electric potential difference
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2.4.1.4 Surface tention

Surface tension is opposite force of charge repulsion force or coulomb
repulsion force. The polymer jet will occur, when the charge repulsion force overcome

surface tension.

2.4.2 Environment parameters [21]

Environment parameters are external from the production process that considerable
results for electrostatic spinning including temperature, humidity, and relative humidity of
experimented system. For example, high humidity leads to slow evaporation of solvent.
Therefore, to extend the gap distance between the open hole of syringe and collector is

required to increase the time of evaporation of solvent out of fiber.

2.4.3 Processing parameters [29]

Processing parameters in molding that are significant and influencing the products
from electrostatic spinning includes applied voltage, polymer flow rate, gap distance and
spinneret size. For instance, if increasing the electric potential difference, the fiber will be
small due to the fact that there is the electrical force elongating the charged jet but
increasing spinneret size or polymer rate flow can enlarge the fibers that have beads because
the increasing rate flow can elongate the fibers sparsely; so, the beads occur and gap

distance parameter slightly affects fiber size.
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2.4.3.1 Applied voltage

The applied voltage (V), (kV) induces the charge on the surface polymer
jet, The polymer solution will eject from the tip to the collector when charge repulsion
overcomes the surface tension. The applied voltage is importance parameter on morphology

and fiber formation. The applied voltage increased tends to increase the charge repulsion.
2.4.3.2 Solution flow rate
The polymer solution flow rate is pumped into the spinneret to continuous of
Taylor’s cone. The feed rate is importance parameter on morphology and fiber formation.
Ideally, the feed rate must balance between input and output from the spinneret, there can

produce uniform fiber. At lower and higher feed rate influence Taylor’s cone and polymer

jet that effect on fiber formation.

2.4.3.3 Gab distance

The gap distance (L) is the distance between the tip of spinneret and the

surface of the collector. It defines the time for evaporation of the solvent on the polymer jet

and influence on the strength of electric field.

2.5 Materials for scaffold fabrication [30, 64]

The major reason is long-term biocompatible issues helping the body to regenerate
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and repair damaged tissues. Biomaterials will correlate with biological system to evaluate,
treat or replace tissues, organs or body’s function. In addition, tissue response to implants
relies on particular factors from physical and chemical qualities of materials. Some of

biodegradable biomaterials’ vital properties can be summed up as follows

1. Materials should not cause lasting inflammatory or toxic response upon implants
in the body.

2. Materials should have agreeable shelf life

3. Materials’s degradation time should conform to healing or regeneration process.

4. Mechanical properties of materials should be appropriate to application and
variation and degradation should be compatible with healing and regeneration process.

5. Non-toxic degradation products that 1is not harmful to body.

6. Materials should have appropriate permeability and process ability for particular

use.

There are several natural, man-made polymers and ceramics that have high
performance and they are biocompatible and biodegradable materials for building scaffolds.
Natural ones such as proteins and polysaccharides are included for tissue engineering use.
The current research helps verifying the correlation of bioactive materials. Various synthetic
biodegradable polymers can be used to fabricate tissue engineering matrices. Mainly, they
are structural elements of building scaffolds such as Poly (glycolic acid) (PGA) and poly
(lactic acid) (PLA). These three materials are the most commonly used synthetic polymers
in tissue engineering. Besides, hydrogels that either composes of synthetic polymer or

polysaccharides have been used to immobilize transplanted cells.
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Moreover, studies of materials’ structure are designed to maximize performance of
usage. Materials applied to build nanofibers by using electrospinning process in tissue
engineering are very vital. Most-used materials includes substances like polymer synthesis
such as poly lactic acid (PLA), poly ethyleneglycol (PEG), polyvinyl an alcohol (PVA),

poly urethane (PU), poly lactic glycolic acid (PLGA) and polycarprolactrone (PCL) etc.

2.5.1 Natural materials

Natural polymers like proteins and polysaccharides are included as materials for

tissue engineering use.

2.5.1.1 Collagen

Collagen is fibrous protein and main natural extracellular matrix
component. It is used for diverse tissue regeneration uses. But, difficulties are available as
using collagen require high expense and it is hard to store with poor-mechanical qualities as

well as high-rate degradation

2.5.1.2 Polysaccharides

Polysaccharides like Alginate, Chitosan and Hyaluronate are different class

of natural polymers used as porous solid-state tissue engineering scaffolds.
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2.5.2 Synthetic Materials

2.5.2.1 Hydrolytically degradable polymers

Synthetic polymers are considered by researchers as biomaterials due to the
fact that they can induce particular interaction with host cells. Besides, they are degradable
for replacement by host tissues. They are cheaper than natural materials. Most extensively
used ones for building scaffolds are PLA, PGA or combination of 2 polymers (PLGA).
PLA, PGA or PLGA are aliphatic ester with good compatibility and usable as tissue

engineering.

CH;
CH, c—o (CH)— C—0 CH—C—0O
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Poly(caprolactone)

Poly(glycolide) Poly(lactide)

Figure 2.13 Chemical structure of poly(glycolide), poly(lactide) ,and poly(caprolactone)

[31].

2.5.2.2 Other polyester

Polyester qualities are assorted by changing polymer backbones’ structures.

Polycarpolactone (PCL) is studied as substrate for biodegradation and as matrix for drug-

releasing system. Its degradation in vivo is much slower than PGA. So, It is appropriate for

release devices that is controlled with long in vivo lifetime.

Polyorthoformate, polycarbonate, poly (oxyethylene glycolate), poly (1,4 —



52

butylenes diglycolate) and polyurethane are biodegradable polymers that may be used in
tissue engineering. To sum up, several polyesters are biodegradable and their mechanical
properties is controllable by chemical structure of component blocks and they can be varied
from tough to elastic forms. The biocompatibility of them is caused by non-toxic
degradation products. Many attempts are made to follow bioactive elements to such

materials so as to model extracellular matrix molecules.

2.5.2.3 Hydrogels

Hydrogel polymers are being studied for tissues engineering uses. It is
called hydrogel due to the fact that materials can absorb 90% of initial dry weight in water.
They are much interested as they can be controlled and reproduce [31]. And large amount of
water absorption can help superior biocompatibility because of low protein uptake.
Moreover, mechanical qualities and hydrophilicity are similar to old tissues’ properties.
Number of hydrogel monomers consists of half vinyl and that is why methods of free
fundamental initial polymerization like fabrication propeller are likely. Photoinitiation, one
of such method, let polymers to be structured by using specific light’s wavelength.
Applying this method, researchers are successful to form complex 3D structure with
assorted mechanical qualities. Polyacrylamides is beneficial to hydrogels that have induced
regeneration of soft tissues in facial derfects [32] and 2-hydroxyethyl metacrylate is used as

fibrillar support for nervous generation [33].

Hydrogel material that is most studied is crosslink PFG approved by FDA
for applications in tissue engineering. For instance, researchers parameter that can

decelerate growth on to surfaces of biomaterials [34-36]. They accomplishedly use this
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technique toward the structure of new biomimetic building. Yet, hydrogels are limitedly

used due to highly crosslink hinders degradation that means tissue induction.

2.5.2.4 Other inorganic ceramic materials

Consideration of synthetic and natural inorganic ceramic materials (e.g.
hydroxyapatite and tricalcium phosphase) to be materials for scaffold building aimed
mostly at bone tissue engineering [37-39]. It is as ceramics are similar to inorganic natural
component of bones and have osteoconductive properties. On the other hand, they are
fragile and unmatched to mechanical qualities of bones or it should be said that bone is a
composite consisting of polymer matrices strengthened by ceramic particles [40-42].
Polymer combines of protein collagen and Hydroxyapatite (HA). Besides, ceramic scaffolds
cannot be expected as appropriate for soft tissue’s growth 9e.g. cardiac muscle tissue)
because these tissues receive different cellular receptors and mechanical properties need.

Synthetic and natural polymer is appealing choices for uses to grow largest amount of cells.
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CHAPTER III

MATERIALS AND METHODOLOGY

3.1 MATERIALS

3.1.1 Polycaprolactone (PCL)

In this research, poly(caprolactone) (PCL), (Mw 80,000) purchased from Sigma-
Aldrich (St. Louis, MO, USA), was selected as our main materials. The Poly(caprolactone)

(PCL) chemical structure was show as figure 3.1.

Figure 3.1 Chemical structute of polycaprolactone

3.1.2 Solvent

3.1.2.1 Dichloromethane (DCM) was used as a solvent for solution

mixing. It was purchased from Carlo Erba (England).

3.1.2.2 Dimethylformamide (DMF) was used as a solvent for solution

mixing with DCM, was supplied from Carlo Erba (England).
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3.1.3 Ingredients used for Cell culture and MTT assays
3.1.3.1 Dulbecco’s modified eagle medium (DMEM)
DMEM supplemented with 10% Fetal bovine serum (FBS), 1% L-glutamine,
1% antibiotic (penicillin-streptomycin)without Ca’ and Mg2+ (PBS(-) powder was supplied

by Nissui Pharmaceutical Co. Ltd).

Table 3.1 Dulbecco’s modified eagle’s liquid medium (DMEM) formulation

Ingredients

10% Fetal bovine serum
1% L-glutamine

1% Antibiotic (penicillin-streptomycin)

3.1.3.2 3-(4,5-Dimethylthiazolyl-2)-2,5-diphenyl tetrazolium bromide
3-(4,5-Dimethylthiazolyl-2)-2,5-diphenyl tetrazolium bromide was obtained

from MTT, USB Corporation.

T
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3-(4,5-Dimethylthiazol-2-yl)-2,5- Purple formazan in living cells

diphenyltetrazolium bromide

Figure 3.2 3-(4,5-Dimethylthiazolyl-2)-2,5-diphenyl tetrazolium bromide
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3.1.3.3 Dimethyl sulfoxide

Dimethyl sulfoxide using for cell freezing was purchased from DMSO,

Sigma, Thailand.

3.1.3.4 Glutaraldehyde

Glutaraldehyde solution (50% GTA) used for crosslinking between proteins

in tissue using aldehyde fixatives

Thailand.

3.1.3.5 Hexamethyldisilazane (HMDS)

Hexamethyldisilazane (HMDS) were supplied by Fluka, Thailand.

3.1.3.6 Ethanol (C,H,OH)

The absolute ethanol (Analytical grade) was purchased from Normapur,

3.2 EQUIPMENT

3.2.1
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Negative high-voltage power supply, Model : ES30-5W, USA
Positive high-voltage power supply, Model : ES30-5W, USA
Brookfield viscometer (Model DV-1I+),USA

Conductivity meter (Eutech Con510), USA
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3.2.6

3.2.7

3.2.8
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3.2.10

3.2.11

3.2.12

3.2.13

3.2.14

3.2.15

3.2.16

3.2.17

3.2.18

3.2.19

3.2.20

3.2.21

3.2.22

3.2.23

3.2.24
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Syringe 5, 10, and 20 ml.

Needle 23G

Collecter

Scanning Electron Microscopy ( Philip, XL 30 CP, USA)
Desicator cabinet (Binder,VD23, Japan)

Digital balance ( Mettler TOLEDO, AL204, USA)
Digital balance

Autopipettes 10-100 pl, 100-1000 upl and 1000-5000 pl with tips
(Eppendorf, Germany)

Fluorescence microplate reader (Perkin elmer, 1420 multilabel counter,
USA)

Fine coat(JEOL Ltd.,JFC-1100E, Japan)

6 cm polystyrene tissue culture discs (Corning)

10 cm polystyrene tissue culture discs (Corning)

24- well polystyrene tissue culture plates (Corning)

96- well polystyrene tissue culture plates(Corning)
Sterilized pipette 2, 10, and 25 ml. (Costar)

Sterilized centrifugal tubes 15, and 50 ml (Corning)

1.5 ml sterilized vials (RCM, 3307-130380)
Hemacytometer (Counting chamber, Boeco, Germany)
Sterilized filter system (0.22 pm)

Paraffin film
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3.3 METHODOLOGY

In this research studied both preparation of PCL electrospining; mat (2D) and
sponge-liked structure (3D). Optimization of processing parameter conditions were
investigated, characterization of cell viability was studied, the different method of sponge-
liked structure preparation was prepared, Comparison the properties of different

electrospinging structure were also studied.

3.3.1 Preparation of PCL electrospinging fiber (mat; two-dimentional (2D))

N\, T A A R T Y
-y

Figure 3.3 Simple electrospinning set up

In this part, the effect of different processing parameters on morphologies, fiber
diameter, pore size and porosity of PCL electrospun were studied. The different of
concentration of PCL solution, applied voltages, gap distance between spinneret and

collector, flow rate were prepared.
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PCL solutions at various concentrations (5, 10, 15, 20, 25 and 30 wt%) were
prepared by dissolving appropriate amount of PCL in a mixed-solvent of
dichloromethane(DCM): dimethylformamide(DMF) (1:1). PCL solutions were electrospun
into fibers under applied voltage 10, 15, 20 and 25 kV, a solution flow rate was varied at
0.1, 0.5, 1.0 and 2.0 ml/h, the effect of distance between the syringe tip and rotating fiber
collector was also studied at 10 and 20 cm. The obtained fiber mats (2D) were kept in a
desiccator for at least 24 h at room temperature to dissipate remaining solvent before
undergone morphological evaluation with SEM. All samples list with different
concentration, applied voltage, flow rate and collecting distance between the syringe tip and

rotating fiber are shown in table 3.2.
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Table 3.2 PCL electrospun samples with different processing parameters at various PCL

solution concentration

Collecting distance
Applied voltages (kV) Flow rate (ml/h)
(em.)
5,10, 15, 20, 25, and 30 % PCL solution

10 0.1 10
20

0.5 10

20

1.0 10

20

2.0 10

20

15 0.1 10
20

0.5 10

20

1.0 10

20

2.0 10

20

20 0.1 10
20

0.5 10

20

1.0 10

20

2.0 10

20

25 0.1 10
20

0.5 10

20

1.0 10

20

2.0 10

20
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3.3.2  Preparation of 3D structure fabrication by Dual-Polarity Co-

Electrospinning Process

We have invented and developed a new process that involves positive and negative
charge in electrospinning system with collected the sponge-liked polycaprolactone (PCL)
electrospun (3D) on vertical collector. The variation of process parameters; the applied
opposite charge, flow rate, fiber size, and distance between collector were applied. The
morphologies and porosity (distribution of pore and pores size) of a 3D PCL were observed

using scanning electron microscope (SEM) and porosimeter.

In experiments, the PCL solution of 15%, 20% and 30% were selected to prepared
in sponge-liked the structure. Due to the effect of fiber size, and application method on

morphology, pore size, porosity and mechanical property of the obtained fiber mat.

3.3.2.1 Dual-polarity co-electrospinning process set up

The opposite charge electrospinning had been invented in this experiment,
there are composed of negative high voltage, positive high voltage, vertical collector to
collect the sponge-liked electrospun and spinneret. The both of PCL solutions were
connected to a negative and positive applies voltage. The distance between both of spinneret
was fixed at 40 cm and vertical collector was at a center. A voltage of 10 to 25 kV on the
both of high voltage power supply were applied to the spinneret, and the flow rate of the
solution was varied 1.0, and 2.0 ml/h. The polymer solution was ejected onto vertical
collector, the distance between the fiber and the vertical collector was taken vary to study

the structure of the 3D morphology. The 3D polycaprolactone (PCL) electrospun were dried
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in a desicator for 24 h at room temperature to remove the remaining solvent. The setup is

the following the figure 3.11.

20 cm.
Cmmmmmmmmmmmm oo >
-
S= |
1 Positive high voltage Vertical collector Negative high voltage L

Figure 3.4 Dual-polarity co-electrospinning process set up

The futher works, L929 mouse fibroblast cells were used to study the cell activity
(cell penetration, cell infiltration and cell proliferation rate) on a 3D scaffold via SEM

micrographs and MTT assays.
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Table 3.3-1PCL electrospun samples with different processing parameters at 15%,

20%,30% and mixed 15%, and 30% PCL solution

Concentration Positive Negative
(Wt%) V (kV) F(ml/h) V (kV) F(ml/h)
10 0.1
10 0.5
10 1
10 2
15 0.1
15 0.5
15 1
15 2
0.1
20 0.1
20 0.5
20 1
20 2
25 0.1
25 0.5
25 1
25 2
15,20 and 30
10 0.1
10
10 0.5
10 1
10 2
15 0.1
15 0.5
15 1
15 2
0.5
20 0.1
20 0.5
20 1
20 2
25 0.1
25 0.5
25 1
25 2
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Table 3.3-2 PCL electrospun samples with different processing parameters at 15%,

20%,30% and mixed 15%, and 30% PCL solution

Concentration Positive Negative
(Wt%) V (kV) F(ml/h) V (kV) F(ml/h)
0.1
10

10 0.5

10 1

10 2
15 0.1
15 0.5

15 1

1 15 2
20 0.5

20 1

20 2
25 0.1
25 0.5

25 1

15,20 and 30

10 25 2
10 0.1
10 0.5

10 1

10 2
15 0.1
15 0.5

15 1

15 2

2

20 0.1
20 0.5

20 1

20 2
25 0.1
25 0.5

25 1

25 2
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Table 3.3-3 PCL electrospun samples with different processing parameters at 15%,

20%,30% and mixed 15%, and 30% PCL solution

Concentration Positive Negative
(Wt%) V (kV) F(ml/h) V (kV) F(ml/h)
10 0.1
10 0.5
10 1
10 2
15 0.1
15 0.5
15 1
15 2
0.1

20 0.5
20 1
20 2
25 0.1
25 0.5
25 1

15,20 and 30 25 2

15
10 0.1
10 0.5
10 1
10 2
15 0.1
15 0.5
15 1
15 2
0.5

20 0.1
20 0.5
20 1
20 2
25 0.1
25 0.5
25 1
25 2
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Table 3.3-4 PCL electrospun samples with different processing parameters at 15%,

20%,30% and mixed 15%, and 30% PCL solution

Concentration Positive Negative
(Wt%) V (kV) F(ml/h) V (kV) F(ml/h)
10 0.1
10 0.5
10 1
10 2
15 0.1
15 0.5
15 1
15 2
1.0
20 0.1
20 0.5
20 1
20 2
25 0.1
25 0.5
25 1
2y 2
15,20 and 30
10 0.1
15
10 0.5
10 1
10 2
15 0.1
15 0.5
15 1
15 2
2.0
20 0.1
20 0.5
20 1
20 2
25 0.1
25 0.5
25 1
25 2
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Table 3.3-5 PCL electrospun samples with different processing parameters at 15%,

20%,30% and mixed 15%, and 30% PCL solution

Concentration Positive Negative
(Wt%) V (kV) F(ml/h) V (kV) F(ml/h)
10 0.1
10 0.5
10 1
10 2
15 0.1
15 0.5
15 1
15 2
0.1

20 0.5
20 1
20 2
25 0.1
25 0.5
25 1

15,20 and 30 25 2

20
10 0.1
10 0.5
10 1
10 2
15 0.1
15 0.5
15 1
15 2
0.5

20 0.1
20 0.5
20 1
20 2
25 0.1
25 0.5
25 1
25 2
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Table 3.3-6 PCL electrospun samples with different processing parameters at 15%,

20%,30% and mixed 15%, and 30% PCL solution

Concentration Positive Negative
(Wt%) V (kV) F(ml/h) V (kV) F(ml/h)
10 0.1
10 0.5
10 1
10 2
15 0.1
15 0.5
15 1
15 2
1.0
20 0.1
20 0.5
20 1
20 2
25 0.1
25 0.5
25 1
2y 2
15,20 and 30
10 0.1
20
10 0.5
10 1
10 2
15 0.1
15 0.5
15 1
15 2
2.0
20 0.1
20 0.5
20 1
20 2
25 0.1
25 0.5
25 1
25 2
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Table 3.3-7 PCL electrospun samples with different processing parameters at 15%,

20%,30% and mixed 15%, and 30% PCL solution

Concentration Positive Negative
(Wt%) V (kV) F(ml/h) V (kV) F(ml/h)
0.1
10

10 0.5

10 1

10 2

15 0.1
15 0.5

15 1

0.1 15 2
20 0.5

20 1

20 2
25 0.1
25 0.5

25 1

15,20 and 30

25 25 2
10 0.1
10 0.5

10 1

10 2
15 0.1
15 0.5

15 1

15 2

0.5

20 0.1
20 0.5

20 1

20 2
25 0.1
25 0.5

25 1

25 2
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Table 3.3-8 PCL electrospun samples with different processing parameters at 15%,

20%,30% and mixed 15%, and 30% PCL solution

Concentration Positive Negative
(Wt%) V (kV) F(ml/h) V (kV) F(ml/h)
10 0.1
10 0.5
10 1
10 2
15 0.1
15 0.5
15 1
15 2
1.0
20 0.1
20 0.5
20 1
20 2
25 0.1
25 0.5
25 1
2y 2
15,20 and 30
10 0.1
25
10 0.5
10 1
10 2
15 0.1
15 0.5
15 1
15 2
2.0
20 0.1
20 0.5
20 1
20 2
25 0.1
25 0.5
25 1
25 2
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Based on the experiment, we selected the morphology of 3D structure from various

parameters for studied on the next experiment.

In this part, our studies the effect of the position of the fiber collection on sponge-
liked structure that shows in figure 3.5. The position C is the first gathering point of fiber
from the both sides around 5 cm. From the center of pararel line (orange line). For position

D is the point from C to collector about 5 cm.

Figure 3.5 The position of fiber collection

3.4 Characterization of properties of electrospun nanofiber

3.4.1 Characterization of solution
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3.4.1.1 Viscosity

Rotation by motor

==

Spindle
'y
Solution sample
&

Figure 3.6 Rotational viscometer

3.4.1.2 Conductivity

Figure 3.7 Conductivity meters instrument.

The viscosity and conductivity of as prepared PCL solutions were determine and
measured using rotational viscometer and conductivity meters (Eutech Con510) instrument

that show in figure 3.6 and 3.7, respectively.
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3.4.2 Porosimetry

Porosimetry is an analytical technique used to determine the various quantifiable
aspects of a materials porous nature, such as pore diameter, total pore volume, surface area,
and bulk and absolute densities. Porosity measurement was used to investigate the total
porosity of the electrospun nanofiber. In this work, the porosimetry was referring to
S.Soliman et al (2009). A liquid intrusion procedure, scaffolds were weighed prior to
immersion in ethanol (intruding liquid of density qEtOH = 0.789 g ml 1), left overnight on
a shaker table to allow diffusion of ethanol into the void volume, blotted with a Kimwipe
and reweighed. The porosity was calculated as

E=V_ . /(V

v @3.1)

EtOH EtOH iy PCL)

By dividing the volume V__ of the intruded ethanol (i.e. the ratio of the observed

EtOH
mass change after intrusion and PEtOH) by the total volume after intrusion (equaling the

sum of V_ .. and the volume of the PCL fibers V., computed as the ratio between the

EtOH

initial scaffold mass before intrusion and pPCL)

3.4.3 Morphology of PCL electrospun nanofiber

3.4.3.1 SEM, Optical and Confocal microscope

Firstly, the sheets of electrospun fibers were cut approximately 8x8 mm’.

Then the thin gold layer was sputtered plated using Pularon SC500 sputter coater for 2 min.


http://en.wikipedia.org/wiki/Measurement
http://en.wikipedia.org/wiki/Porosity
http://en.wikipedia.org/wiki/Surface_area
http://en.wikipedia.org/wiki/Bulk_density
http://en.wikipedia.org/wiki/Density
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The samples were prepared to study the morphology using scanning electron microscopy
(SemAfore 5.21, SEM) with magnification of 2000x and 5000x. SEM images the sample by
scanning with a high-energy beam of electrons. The electrons interact with the atoms that
make up the sample producing signals that contain information about the sample's surface
topography, after measuring the diameter of the fibers were selected randomly from 50
points of SEM images at magnification 2000x. The morphology and pore size of cell,

electrospun nanofiber and cell activity were investigated.

Figure 3.8 Scanning Electron Microscopy (SEM)

3.4.4 Characterisation of Cell culture

3.4.4.1 Mesurement by Methylthiazol Tetrazolium Assay (MTT)

The MTT assay is colorimetric assays for measuring the activity of enzymes

that reduce MTT to formazan dyes, giving a purple color. A main application allows

assessment the viability (cell counting) and the proliferation of cells (cell culture assays). It


http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Topography
http://en.wikipedia.org/wiki/Colorimetry_%28chemical_method%29
http://en.wikipedia.org/wiki/Formazan
http://en.wikipedia.org/wiki/Cell_%28biology%29
http://en.wikipedia.org/wiki/Cell_culture_assays
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can also be used to determine cytotoxicity of potential medicinal agents and toxic materials,

since those agents would stimulate or inhibit cell viability and growth.

For cell culture and cell viability test, selected electrospun fiber mats of
approximately equal thickness were cut into a circular shape scaffold with diameter about
14.3 mm and sterilized with 70% ethanol. These scaffolds were placed in a 24 well treated
tissue culture plate (TCP), before soaked with 0.5 ml of DMEM overnight prior to L929
seeding. Then L929 cells were seeded in each well with a density of 2 x10" cells/scaffold.
The plates were incubated for specific time at 37 °C and 5% CO, atmosphere, with culture
media being replaced every 48 hr to ensure optimum cell growth. Cellular adhesion and
proliferation were determined from number of cell at 6, 24, 72 and 168 hr using MTT
assays. At first the 0.5 mg/ml of MTT in PBS was prepared in dark area. The existing
DMEM in scaffold was removed by washing using PBS. After that, 1 ml of MTT solution
was added in each well and incubated at temperature of 37 oC, 5% CO, for 2 hr. The MTT
solution in each well was removed leaving the purple ice crystals of MTT on the fiber
which reveals the existence of cell. One ml of DMSO was added into the well to dissolve
the crystals. Cell number was then determined from the absorbance of the solution using
microplate reader (Perkin elmer, 1420 multilabel counter, USA) at 570 nm. Cell
morphology was assessed by SEM micrograph. For this tissue culture experiment, two set

of triplicate samples were carried out.

3.5 Workplace research

1. Electrospinning Labrolatory, 10" floor,


http://en.wikipedia.org/wiki/Cytotoxicity
http://en.wikipedia.org/wiki/Medicinal
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2. Tissue culture Labrolatory, 9" and 10" floor Faculty of Medical, Chulalongkorn
University, Bangkok, Thailand

3. Biotechnology Labrolatory
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Overall research flow chart

3.5

Overall PCL solution preparation flow chart is presented in figure 3.9
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Figure 3.9 Overall PCL electrospun fiber preparation flow chart
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3.5.2 Overall PCL 3D structure preparation flow chart is presented in figure 3.10
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Figure 3.10 Overall PCL 3D structure preparation flow chart



CHAPTER IV

RESULT AND DISCUSSION

The results of this research were separated into 3 main parts. The first part related
to the study of the effect of processing parameters on fiber size and fiber formation for
electrospinning of PCL. Second part of the content was related to the development of 3D-
structure of PCL electrospun fiber using a novel dual-polarity co-electrospinning process,
which had been developed here. In the last section, we assessed effect of PCL electrospun
fiber size on cell adhesion and proliferation. We also demonstrated the potential use of a

newly developed 3D-structure as an artificial tissue engineering scaffold.

4.1 Effect of processing parameter on PCL electrospinning process

In this section, we investigated the effect of PCL polymer solution concentration,
applied voltage, solution flow rate and collecting distance on size, morphology and
formation of PCL fibers. Polymer concentration was varied from 5, 10, 15, 20, 25, to 30
wt%, the applied voltages used for electrospinning process were varied from 10,15,20, to
25 kV., the polymer solution flow rate was varied from 0.1, 0.5, 1.0 to 2.0 ml/h, and the gap

distance between spinneret and collector was varied between 10 and 20 cm.

In the following discussion section, only selected data were presented to give an
overview on how the processing parameter affects obtained PCL fiber. Full data of the

experiment was included in the Appendix A.
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4.1.1 Propeties of polymer solution

Properties of polymer solutions

From table 4.1 and figure 4.1 (a), the viscosity of polymer solution was increased
with the increasing of the concentration of the PCL solution from 5 to 30 wt%. As PCL was
a polymer containing long molecular chains which involves high entanglement in solution
[21]. Processing parameters considered have included solution concentration and viscosity
effects. Solution viscosity has been found to influence fiber diameter [5,16], Increasing

solution viscosity has been associated with the production of larger diameter fibers [5].

Table 4.1. Characteristic of PCL solution viscosity and conductivity at various

concentrations.
Polymer concentration Viscosity (cP) at 30°c Conductivity (us)
PCL 5wt% 15.1 10.32
PCL 10 wt% 117.1 6.26
PCL 15 wt% 153.2 6.05
PCL 20 wt% 544 4 5.23
PCL 25 wt% 1443.2 3.42

PCL 30 wt% 3704.0 1.19
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Figure 4.1 Properties of polymer solutions (a) Viscosity of PCL, and (b) Conductivity

solution, respectively.

From table 4.1 and figure 4.1 (a), the viscosity of PCL solution increased gradually
with the increasing of the concentration of the PCL solution from 5 to 15 wt%, and
increased drastically when the concentration rosed 30 wt%. This findings was constistant

with numberous report [ a, b,c] and is infact a universal fact for polymer solution. Since the
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viscosity of the polymer is a result of molecular entanglement, increasing concentration
increased number of polymer molecule, which increase intermolecular entanglement and
hence solution viscosity.Hence, the higher concentration of PCL solution gave higher
viscosity. Similar to the Yu and colleagues’s reported, they was found that the
concentration of polyacrylonitrile (PAN) solution enhanced the the viscosity proportionally

which is an important factor for producing the spinning fibers [22].

On the contrary study of the effect of concentration on the conductivity reveals that
the concentration of the solution resulted in increased conductivity. The conductivity is an
indication of number of mobile charges or ions in the solution and the mobility of the charges
within the solution. Thus it is an indication of charge diffusion ability to the surface of the the
ability to lead the charge to the surface of the solution process while the solution is higher
conductivity result in higher a charge to the surface, which are factors that contribute to forming
fibers by the electrospinning process. The results showed that the conductivity decreased with
increasing amount of PCL concentration (Figure 4.1 (b)). The initial concentration, the

conductivity increased but at the critical of concentration the conductivity will decrease.

As for the electrical conductivity of the solution, we observed a sharp drop of the
conductivity when the concentration rose from 5 to 10 wt%, after that the conductitvity
declined steadily. In general, the conductivity depends on number of mobile charges or ions
in the solution, and the mobility of the ions. Increasing solution concentration raised the
solution viscosity, as the result from the previous section shown, which in turn, hinder the

mobility of the ions in the solution, and led to conductivity reduction.
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4.1.2 Effect of solution concentration on fiber formation and morphology

PCL polymer solutions with concentration of 5, 10, 15, 20, 25, and 30 wt% were
prepared and electrospun into fibers using applied voltage, solution flow rate and collecting

distance of 15kV, 0.1 ml/h, and 10 cm, respectively.

Figure 4.2 SEM micrographs of PCL electrospun fiber mats at varied concentration 5, 10,

15 and 20 wt%. At fixed voltage 15 kV, collecting distance 10 cm. and flow rate 0.1 ml/h.



64

250

2.00 -

1.50

1.00

Fiber diameter (um)

0.50 -

0.00

0 S 10 15 20 25

PCL Concentration (wt%)

Figure 4.3 Influence of PCL concentration on fiber diameter of PCL electrospun fiber mats.

At fixed voltage 15 kV, collecting distance 10 cm and flow rate 0.1 ml/h.

Figure 4.2 showed SEM micrograph of PCL electrospun fiber mats at varied
concentration 5, 10, 15 and 20 wt%. At fixed voltage 15 kV, collecting distance 10 cm and
flow rate 0.1 ml/h. and figure 4.3 clearly showed that the result of PCL electrospun fiber
size increased as the concentration increased. Also, significant morphological changes of
the fibers were noticed when the concentration of the polymer solution was altered. At low
concentration, 5 wt%, the fiber appeared to have many beads on the straight segment of
the fiber, or so called, bead on strings morphology, which indicated an insufficient polymer
chain entanglement to suppress a capillary instability. Smooth and uniform fibers started to
be formed as the concentration increased to 10 to 30 wt%. The results confirmed that the
concentration of polymer solution is one of the most dominant processing parameters that

can be used to control both fiber size and morphology.
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4.1.3 Effect of applied voltage on fiber formation and morphology

From figure 4.4 showed the SEM micrograph of PCL electrospun fiber mats with
varied applied voltage 5, 10, 15 and 20 kV. At fixed voltage 15 wt%, collecting distance 10
cm and flow rate 0.1 ml/h. In figure 4.5, the fiber diameter gradually increased with

increased the applied voltage.

(a) (b)

(©) (d)

Figure 4.4 SEM micrograph of PCL electrospun fiber mats with varied applied voltage 5,
10, 15 and 20 kV. At fixed voltage 15 wt%, collecting distance 10 cm. and flow rate 0.1

ml/h.
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Figure 4.5 Influence of applied voltage on fiber diameter of PCL electrospun fiber mats. At

fixed voltage 15 wt%, collecting distance 10 cm and flow rate 0.1 ml/h.

The electrical potential different between the spinneret and the collector played play
important role in the process, since it is the only diving force that induce free charges or
ions from within the solution body to migrate to the surface of the solution at the opening in
the spinneret. The Columbia repulsion force between these surface charges then
destabilizes the surface and cause the charged jet, which later solidify into solid fiber, to
emit from the spinneret. Increasing applied voltage has both positive and negative effects
on fiber formation from fiber size standpoint. = Higher potential difference, or higher
applied voltage, can induce more charges to the surface, resulting in a higher magnitude of
the repulsive force. In the ideal case, the higher repulsive force led to a larger elongation of
the charged jet when it is still a liquid state, which solidifies into smaller fibers as compare
to the case of using lower repulsive force. However, the higher repulsive force from higher

applied voltage also draw more charged jet to emit from the spinneret making the diameter
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of the initial charged jet to be bigger than that when using lower applied voltage. The large
volume of the initial charged jet affects the fiber size in 2 ways. First, There is more
solution volume to solidify, and second, there is more visco-elastic resistant associated with
having larger volume. These effects compensate and play each other out, and depend on the
polymer system and processing parameters range under investigation, can lead to either
fiber reduction or enlargement as the applied voltage being increased. For our system here,

increasing applied voltage led to the fiber size enlargement.

4.1.4 Effect of polymer flow rate on fiber formation and morphology

Figure 4.6 SEM micrograph of PCL electrospun fiber mats with varied flow rate 0.1, 0.5, 1

and 2 ml/h. At fixed voltage 15 wt%, applied voltage 15 kV and collecting distance 10 cm.
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Figure 4.7 Influence of flow rate on fiber diameter of PCL electrospun fiber mats. At fixed

voltage 15 wt%, applied voltage 15 kV and collecting distance 10 cm.

From figure 4.6 showed SEM micrograph of PCL electrospun fiber mats with
variable flow rate 0.1, 0.5, 1 and 2 ml/h. At fixed voltage 15 wt%, applied voltage 15 kV
and collecting distance 10 cm. The flow rate was also effected on fiber diameter.
Interestingly, the feed rate was sufficient for fibers forming. Higher feed rate could be
provided more polymer solution than needed, since it was observed that the amount of the
excess polymer solution formed at the needle tip increased with increasing feed rate. The
rate must be tuned so that a stable Taylor cone is formed. High flow rates could potentially
cause a buildup of solution at the needle tip. As the flow rate increases, the surface charge
density decreases therefore the rate of charge withdrawal into the solution is dependent
upon the residence time of ions in contact with the needle. The polymer solution used for
less time to contact with the tip. It can be concluded that the surface charge density is the
driving force behind electrospinning, which is directly affected by flow rate. It was

observed that the amount of excess polymer solution formed at the needle tip increased with
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increasing feed rate (figure 4.7). That was described as a higher amount of polymer solution
was repulsed. It showed the smaller size when flow rate increased at similar voltage at high

concentration of polymer solution.

4.1.5 Effect of collecting distance on fiber formation and morphology

The last parameter effect for investigated is collecting distance . Figure 4.8 showed
the effect of collecting distance on the fiber size. It observed the difference in distance is

affected on fiber sizes as shown in figure 4.8.

(a) (b)

Figure 4.8 Morphology of PCL electrospun fiber mats with varied collecting distance from

10 to 20 cm. At fixed voltage 15 wt%, collecting distance 10 cm and flow rate 0.1 ml/h.

The last parameter effect for investigated is collecting distance. Figure 4.8 showed
the effect of collecting distance on the fiber size. It observed the difference in distance is
affected on fiber sizes. The enlargement of distance in a constant of flow rate and electric
field. It was observed that, the fact that the volume charge density decreases as the distance
increases. That results in a decrease the electric field strength and increased in solvent
evaporation rate. It was found the fiber diameters decreased as the gap between the needle

and collector was increasing. The distance between the needle and collector results was
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longer pass time for the charged fluid jet ejected from the needle. Therefore the distance
increases induced the fibers tend to become more elongated and slightly smaller in diameter

from 0.57+0.22 um to 0.58+0.18 pum (figure 4.8).

From the experiment, we found that the solution concentration was the most
dominant parameter on PCL electrospun fiber size. It can be seen obviously that the fiber
size increase when the concentration increased. In the next part of the experiment, we
studied the effect of fiber size on the cellular behavior by the preparation of fibers with

different sizes at different concentrations.

4.2 3D-structure fabrication by dual-polarity co-electrospinning process

In this part, an achievement was made to fabricate a 3D-structure of
polycaprolactone (PCL) electrospun through the electrospinning process which is usually
produced the fiber mat (2D) using this simple electrospining process and also study the

ingrowth of cell that growing through the gap between the 3D nano-fibers structure or mats.

Positive Applied voltage Negative Applied voltage

Vertical collector

Figure 4.9 Dual-polarity co-electrospinning process set up.
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The goal of this part was to fabricate the 3D nano-fibers scaffold in dual-polarity
co-electrospinning process. The eletrospining process was applied and set up using the
negative high voltage, positive high voltage, vertical collector to collect the sponge-liked
electrospun and spinneret addition to installing in traditional electrospinning process. The
effected of processing parameters on morphology and porosity of the obtained fiber mat

were investigated.

In the experiment, PCL 3D-structure was produced from dissolved in DCM:DMF
(1:1) mixed solvent at concentration 15, 20, and 30 wt%. Table 4.2 listed all experimental
conditions carried out in this part of the research. Since for most conditions, the as spun
fiber mats were in the form of regular non woven fiber mat typically obtained from a
normal electrospinning process, the discussion part here would emphasis only on the

experimental condition that produced 3D structure.

It was found that the forming a three-dimensional structure of PCL electrospun fiber
at concentration 15, 20 and 30 wt%. It was done at the specific conditions of the positive
voltage at10 kV with the flow rate of 1.0 ml/h and negative voltage at 10 kV with the flow

rate 1.0 or 2.0 ml/h.
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Table 4.2 Data of initial trial experimental of preparation of 3D structure via dual-polarity

co-electrospinning process

Positive Negative Concentration (Wt%)
V (kV) F(ml/h) V (kV) | F(ml/h) 15 20 30
0.1 2D Structure 2D Structure No fiber formation
0.1 0.5 2D Structure 2D Structure No fiber formation
1.0 2D Structure 2D Structure No fiber formation
2.0 2D Structure 2D Structure No fiber formation
0.1 2D Structure 2D Structure No fiber formation
0.5 0.5 2D Structure 2D Structure No fiber formation
1.0 2D Structure 2D Structure No fiber formation
10 2.0 2D Structure 2D Structure No fiber formation
10 0.5 2D Structure 2D Structure No fiber formation
1.0 1.0 2D Structure 2D Structure No fiber formation
2.0 3D Structure 3D Structure 3D Structure
2.0 3D Structure 3D Structure 3D Structure
0.1 2D Structure 2D Structure No fiber formation
0.5 2D Structure 2D Structure No fiber formation
20 1.0 2D Structure 2D Structure 2D Structure
2.0 2D Structure 2D Structure 2D Structure
0.1 2D Structure 2D Structure No fiber formation
0.1 0.5 2D Structure 2D Structure No fiber formation
1.0 2D Structure 2D Structure No fiber formation
2.0 2D Structure 2D Structure No fiber formation
0.1 2D Structure 2D Structure No fiber formation
0.5 0.5 2D Structure 2D Structure No fiber formation
1.0 2D Structure 2D Structure No fiber formation
P 2.0 2D Structure 2D Structure No fiber formation
. 0.5 2D Structure 2D Structure No fiber formation
1.0 1.0 2D Structure 2D Structure No fiber formation
2.0 2D Structure 2D Structure No fiber formation
2.0 2D Structure 2D Structure No fiber formation
0.1 2D Structure 2D Structure No fiber formation
0.5 2D Structure 2D Structure No fiber formation
20 1.0 2D Structure 2D Structure 2D Structure
2.0 2D Structure 2D Structure 2D Structure




Table 4.2 (cons) Data of initial trial experimental of preparation of 3D structure via dual-

polarity co-electrospinning process

Positive Negative Concentration (wt%)
V (kV) F(ml/h) V (kV) F(ml/h) 15 20 30
0.1 2D Structure 2D Structure No fiber formation
0.1 0.5 2D Structure 2D Structure No fiber formation
1.0 2D Structure 2D Structure No fiber formation
2.0 2D Structure 2D Structure No fiber formation
0.1 2D Structure 2D Structure No fiber formation
0.5 0 2D Structure 2D Structure No fiber formation
1.0 2D Structure 2D Structure No fiber formation
20 2.0 2D Structure 2D Structure No fiber formation
20 0.5 2D Structure 2D Structure No fiber formation
1.0 1.0 2D Structure 2D Structure No fiber formation
2.0 2D Structure 2D Structure 2D Structure
2.0 2D Structure 2D Structure 2D Structure
0.1 2D Structure 2D Structure No fiber formation
0.5 2D Structure 2D Structure No fiber formation
20 1.0 2D Structure 2D Structure 2D Structure
2.0 2D Structure 2D Structure 2D Structure
0.1 2D Structure 2D Structure No fiber formation
0.1 0.5 2D Structure 2D Structure No fiber formation
1.0 2D Structure 2D Structure No fiber formation
2.0 2D Structure 2D Structure No fiber formation
0.1 2D Structure 2D Structure No fiber formation
0.5 0.5 2D Structure 2D Structure No fiber formation
1.0 2D Structure 2D Structure No fiber formation
2 2.0 2D Structure 2D Structure No fiber formation
2 0.5 2D Structure 2D Structure No fiber formation
1.0 1.0 2D Structure 2D Structure No fiber formation
2.0 2D Structure 2D Structure No fiber formation
2.0 2D Structure 2D Structure No fiber formation
0.1 2D Structure 2D Structure No fiber formation
0.5 2D Structure 2D Structure No fiber formation
20 1.0 2D Structure 2D Structure 2D Structure
2.0 2D Structure 2D Structure 2D Structure
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4.2.1 Observations

In this experiment, the fiber formation in this process was followed using digital
video camera recording at 30 frames per second. Due to experiment set up limitation, the
recording has been done with off angle (camera setup) at low speed recording, which would
affected our analysis in the part. Nonetheless, the obsearvation and estimation of fiber

collecting speed made hear would still be relavent and useful for future work.

From this system, we obsearved the bending instability on a polymer jet of 20 %
PCL in DCM:DMF (32 frame/second) via dual-polarity co-electrospinning process, figure
4.10 showed 30 successive images of a region that includes most of the straight segment,
the onset of the bending instability and the region small closed loops were observed. The
onset of the bending instability is shown in the first 10 frames. The exposure time for each
frame was 0.3125 s. Various parts of the jet moved downward at slightly different velocities

near 0.230 m/s. calculated by linear velocity (v) formulation as follow ;

As
At

The straight segment, by frame 1, the path reached the dimensions and the level of
complexity that was typical of this region. The several fiber loops in the middle of the both
sides meet in the center caused the fibers gradually settled down as the fiber overlap. The
centers of many of the loops were displaced radially from the center point onto the vertical
collector. As the collector spun around radially, the aggromolation loops falled downward

and collected mostly in the center region of the collector. If segments of these agglomerate



75

loop were not fully elongate, then the loops would remained interact and acted as scaffold

which pretuded from the floor upward and raised up next fiber layer. After numerous fiber

collecting cycle, the fiber formed into 3D-structure.

N

Frame 10
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Figure 4.10. Frame to frame images that show the bending instability on a jet of 20 %

PCL in DCM:DMF (32 frame/second) via dual-polarity co-electrospinning process.
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(2) (b)

Negative high voltage
Positive high voltage

.

Figure 4.11 (a), (b) Conventional positive and negative electrospinning process

Positive high voltage Negative high voltage

L

Figure 4.12 3D-structure via dual-polarity co-electrospinning process
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4.2.2 Formation of merged contacts

The merged contacts were established when the segment of the fiber agglomolation
contact to contact with another segment.By comparison, in conventional electrospinning
process (from figure 4.11 (a)), when applied the positive high voltage the positive polymer
nanofibers are formed by the creation and elongation of a positive electrified fluid jet. The
path of the jet is from a fluid surface that is often, but not necessarily constrained by an
orifice, through a straight segment of a tapering cone, then through a series of successively
smaller electrically driven bending coils, with each bending coil having turns of increasing
radius, and finally solidifying into a continuous positive thin fiber. Likewise, in the case of
applied the negative high voltage, it would be a continuous negative fiber. In the present
study, this technique allowed the formation of nanofibers into the 3D-structure via
combinding of positive electrospun fiber and negative electrospun fiber and floated in the
air before the fibers were collected on the vertical collector. Using the charge neutralization
strategy, and hence, employing positive applied voltage and negative applied voltage
simultaneously. As can be seen in figure 4.10 , showed snap shot of 3D formation between
processing. Each electric field line between the positive charged and the negative charged is

continuous (figure 4.12).

This contacting and merging together of the fiber agglomolation segments created a
three-dimensional structure. In 2006, D.K Reneker et. al reported the formation of 3D
garland fibers. However, they did not report that these garland fibers could form a 3D

structure in a macro scale as we observed here.
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Figure 4.13 Digital photographs of (a) electrospun mats from electrospinning at 20 wt%
2D-structure , (b) 20 wt% 3D-structure from novel technique, and SEM micrographs (c) 20

wt% 2D-structure, and (d) 20wt% 3D-structure .

Table 4.3. Characteristics of electrospun mats from electrospinning (2D) at 20wt% PCL

concentration, 20% 3D-structure .

Samples Fiber diameter (nm) %Porosity
20wt% (2D) 961 +263 77.1+1.2
20 wt% (3D) 1637+ 77 934 +0.8

The digital photographs from the visual obsearvation the thickness of as spun 2D

and 3D mats were shown in figure 4.13 (a, b). 2D mats was less than 100 um, while that of
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3D-structure were much higher in the range of centimeters that were shown in figure 4.14
(a) and (b), respectively. Qualitatively, it was clearly observed that nanofibers which were
fabricated by electrospinning showed a much more dense structure with lesser porosity
compared to those fabricated by dual-polarity co-electrospinning process. Hence, from table
4.2, it could be explained that the 3D scaffold could be prepared using this new technique
with giving low density light scaffold and a higher porosity about 93.4 + 0.8% when

compare with conventional structure giving a porosity about 77.1 + 1.2%.

13kW XZoa 18@pkm BIAEDT

Figure 4.14. SEM micrographs (cross section) of (a) 20 wt% 2D-structure, and (b) 20wt%

3D-structure using difference technique condition.

From figure 4.14 (a,b) showed SEM micrographs (cross section) of (a) 20 wt% 2D-
structure, and (b) 20wt% 3D-structure using difference technique condition. However, fiber

in the image appeared to be deformed and compressed from sample preparation.

4.2.3 Effect of concentration on morphology

The structure of scaffolds and fibers prepared from PCL solution with
concentration of 10, 20 and 30 wt% were most stable using these two conditions; -10

(negative 10 kV), 2.0 ml/h and +10 (positive 10 kV), 2.0 ml/h. The samples of 3D-structure
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were shown in figure 4.13 (a) with figure 4.13 (b), (¢) and (d) showed the 3D scaffold of
solution concentrate 15, 20 and 30wt%, respectively, with flow rate of 2.0 ml/h both

negative and positive charge of 10 kV by novel dual-polarity co-electrospinning process.
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Figure 4.15 Digital photographs and SEM micrographs of (a)15% 3D-structure, (b) 20%

3D-structure, and (c) 30% 3D-structure using difference technique condition
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Figure 4.16 SEM micrographs (cross section) of (a)15% 3D-structure, (b) 20% 3D-

structure, and (c) 30% 3D-structure using difference technique condition

Table 4.3 Characteristics of electrospun mats from electrospinning (2D) at 20wt% PCL

concentration, 15%, 20%, and 30% 3D-structure .

Samples Fiber diameter (nm) %Porosity
20wt% Mats(2D) 961 +263 77.1+1.2
15% (3D) 758 +187 96.8 +0.3
20% (3D) 1637+ 77 93.4+0.8
30% (3D) 6225 £136 95.5+0.2

From figure 4.15, 4.16 and table 4.3, it was found that as solution concentration
increased, the size of 3D-structure segment in fiber mats decreased, while the fiber size in
the structure increased dramatically. This was because the higher concentration of PCL

solution had higher viscosity.

4.2.4 Effect of flow rate on morphology

In this section, The structure of scaffolds and fibers at concentration 20 wt% not be
seen the 3D structure when these various conditions (flow rate); -10kv (negative), and +10

kv (positive), 0.1, 0.5, 1.0 ml/h. The samples were shown in Figure 4.17.



Figure 4.17 Digital photographs of 20wt% PCL concentration at = 10 kV and flow rate (a)

0.1, (b) 0.5, and (c) 1.0 ml/h using dual-polarity co-electrospinning process.

As a figure 4.17, the mats could not be produced using this study due to when the
flow rate increased then the polymer trend to form at high flow rate. Thus it was found low

flow rate gave 2D mats scaffold form.

4.2.5 Effect of applied voltage on morphology

In this section, the structure of scaffolds and fibers at concentration 20 wt% could
not be seen the 3D structure when these various applied voltage: 15, 20 and 25 kV (negative

kV), and (positive kV), respectively. The samples were shown in Figure 4.18 (a)-(c).

Figure 4.18 Digital photographs of 20wt% PCL concentration at flow rate 2.0 ml/h and
applied voltage (a) +£15 kV, (b) 20 kV, and (c) +£25 kV using dual-polarity co-

electrospinning process.
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From figure 4.18 showed digital photographs of 20wt% PCL concentration at flow
rate 2.0 ml/h and applied voltage (a) £15 kV, (b) £20 kV, and (c) £25 kV using dual-
polarity co-electrospinning process. It could not be seen the 3D-structure of these systems.

No 3D-structure was formed from these system.

4.2.6 Effect of the sample collecting position on 3D-structure morphology

For our studied, those three conditions as shown in figure 4.13 from previous part
were produced a 3D-structure by were also studied the morphology which was collected
from a different position as shown in figure 4.19 showed the position C is the first
gathering point of fiber from both side (usually collect). Position D was about 5 cm. below

position C. The photographs of both positions were shown in figure 4.19.

Figure 4.19 Illustration of the collection position (a) position C. and (b) position D. of

electrospunfiber
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As figure 4.20 showed the digital photographs of 3D-structure at two different
morphology i.e. 3D-structure (i), and fluffy yarn structure (ii)). The basic assumsion of the
3D structure from previous experiment, we studied the effect of collecting position on 3D-
structure morphology. In addition to producing a 3D structure, when we increase the

distance that can produce fibers with different structures.
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Figure 4.20 Photograph of PCL 3D structure at difference distance (i) distance C, (ii) D,
(a-i,ii) 15%-3D, and fluffy, (b-i,ii) ) 20%- 3D, and fluffy, and (c-i,ii) ) 30%-3D, and

fluffy.
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(a-)

(b-i) (b-ii)

Figure 4.21 SEM micrograph of (a-i,ii) 15%-3D-structure, and fluffy structure, (b-i,ii) )
20%-3D-structure, and fluffy structure, and (c-i,ii) ) 30%-3D-structure, and fluffy

structure.



Table 4.4 Characteristics of 3D-structure.
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Samples Fiber diameter (nm) %Porosity
15%-3D-structure 758 +187 96.8+0.3
15%-flufty structure 964 + 205 98.1+0.4
20%-3D-structure 1637 £ 77 93.4+0.8
20%-fluffy structure 1434 + 72 97.7+0.7
30%-3D-structure 6225 + 136 95.5+0.2
30%-fluffy structure 5128 £93 97.5+0.4

(2)

Colector at position C

(b)

‘Colector at position D

Figure 4.22 Model of 3D structure from dual-polarity co-electrospinning process

Figure 4.22 showed the model of 3D structure from dual-polarity co-electrospinning

process. The SEM image as shown in figure 4.21. It could be seen that the morphology was
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obviously difference hence the scaffold may selected depends on the application which
need in 3D-structure and fluffy structure. Currently, exact mechanism of how these
structure were formed was still unknown. However, our best explanation on how they were
formed as followed. From figure 4.20 (a-i), (b-i) and (c-i) , at position C when this loop
segment collected on the vertical collector. It formed the proturbed growth up in the space
above the flat layer of previously collected fibers. The protuberance would stack up, leave
on opening void beneath itself, and hence, act as the building scaffold for the next step as
can be seen model from figure 4.22 (a). In the case of fiber collecting at the D position
(figure 4.20 (a-ii, b-ii, and c-ii), the mechanism of fiber formation would be similar to fiber
collected at C position, except that increasing distance of fiber collection gave more space
and time for the fiber remained in the bending instability state to stretch and fully pulled
into the spinal loop before collecting on the vertical collector, as depicted in figure 4.2 (b).
After several cycles of these occurance. At the end, fiber gain more volume and form into

flufty yarn.

The results also showed that while 3D-structure and fluffy yarn were different in
global structure, their porosity were in the same range about 96.8% and 98.1% at 15%wt

PCL, 93.4% and 97.7% at 20%wt, and 95.5% and 97.5% at 30%wt, respectively.

4.3 The morphology of polycaprolactone electrospun fiber size on L1929 cellular

behavior

In this section composed of two part, the first, we studied the effect of diferent PCL
electrospun fiber size on L929 cell behavior. And the second, we studied the effect of

morphology on L929 cell behavior also.
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From the experiment above, PCL solutions at various concentrations 15, 20, and
30wt% were prepared by dissolving appropriate amount of PCL in a mixed-solvent of
dichloromethane: dimethylformamide (1:1). PCL solutions were electrospun into fibers
under applied voltage 15 kV, a constant solution flow rate of 1.0 ml/h and a 20 cm distance

between the syringe tip and rotating fiber collector.

4.3.1 Morphology and appearance of electrospun fiber mat

The porosities of PCL-A, PCL-B, and PCL-C electrospun nanofibrous mats were
determined by density measurement. Porosity of 73.2%, 77.1%, and 65.5% for PCL-A,
PCL-B, and PCL-C electrospun nanofibrous mats were summarized in table 4.3. It showed
that the scaffolds were highly porous structure due to the formation of very fine fibers

imparting large surface area.

From figure 4.23 (i-iii) showed SEM micrographs of electrospun fibers morphology
of the fibers diameter in range of 146+42 nm to 4.6+0.5 pm were prepared by PCL 15wt%,
20wt% and 30wt% concentration. We called them PCL-A, PCL-B and PCL-C, respectively.
Using image analysis software for measuring 50 randomly selected fibers, average value of
fiber diameter as well as fiber diameters distributions was determined and presented in table
4.3 and figure 4.24, showing a normal distribution with average and values of 440 + 78.65

nm, 961 = 263.27nm, and 4.6 £ 0.5 um, respectively.

Interior morphology, as seen in 4.22 (i-iii) contains a network of interconnected

pores with a pattern. The porosity developed into the structure during electrospinning could
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be the best described about degradation period of mats [66]. Figure 4.24 (i-iii) showed the

thickness of electrospun mats 1.27, 1.85, and 1.42 mm., respectively.

U] (i) ] (iiii

Figure 4.23 SEM micrographs of electrospun fibers morphology using different PCL fiber
sizes (i) 440+78.65 nm (PCL-A), (i1)9614263.27 nm (PCL-B) (iii) and 4.6+0.5 pm (PCL-

C), respectively at V=15 kV and flow rate =1.0.

| —

Figure 4.24 Photographs of (i) PCL-A, (ii) PCL-B, and (iii) PCL-C thickness, respectively.

Table 4.5 Characteristics of PCL-A, PCL-B, and PCL-C electrospun nanofibrous mats.

Samples Fiber diameter (nm)  Thickness (mm) %Porosity
PCL-A 440 + 78.65 1.27+0.18 73.2+34
PCL-B 961 £263.27 1.85+0.24 77.1+1.2

PCL-C 4.6 +0.5 pm 1.42 £0.13 655+53
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Figure 4.25 (a)-(c) Diameter distribution of fibers electrospun from 15 wt%, 20 wt.%, and

30 wt% in DCM/DMF solvent

4.3.3 Cell viability by MTT assays on polycaprolactoneelectrospun fiber size

As above experiments, we studied the effect of varying fiber size for investigated
the effect of fiber size on cell attachment and proliferation, fibers with three different size of
PCL-A (440 + 78.65 nm), PCL-B (961 + 263.27nm) and PCL-C(4.6 + 0.5 pm) were used as
culture scaffold for L929 mouse fibroblast cell. The treated tissue culture plate was used as

a control in the experiment. Cell adhesion and proliferation were assessed by MTT assays.
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*Significant difference relative to TCP (tissue culture plate) control at p < 0.05

Figure 4.26 In vitro attachment and proliferation of L.929 on various PCL fiber mats
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Figure 4.26 shows the number of cells after 6 hr, 1, 3, and 5 days culture period.
The cell number after 6 hr incubation time indicated that PCL fiber size appeared to have no
effect on initial cell adhesion. The cell number after 24 hr incubation also supported that
result as the cell number for each sample, including the control, showed no significant
difference. However, after 5 days, the results indicated that cell proliferation in PCL-B and
PCL-C fibers, were higher that of PCL-A considerably. For all incubation period, no
significant difference in term of cell number was observed between PCL-B and PCL-C,
despite the fact that fiber size of PCL-C was much bigger than that of PCL-B. In spite of
that similarity between PCL-B and PCL-C, SEM micrographs of PCL fibers after each
incubation period revealed drastic different of cell matrix-interaction for PCL-B and PCL-

C, as shown in figure 4.27.

Figure. 4.27. SEM micrographs of attachment and proliferation of L929 mouse fibroblasts

on PCL fiber mats at 5 days ; (a) PCL-A, (b) PCL-B, and (c) PCL-C
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For PCL-A and, to a lesser extent, PCL-B, the cells appeared to spread out over the
entire surface of the fiber mat after 5 days, with no evidence of cell spreading or migrating
inside fibrous structure for PCL-A. This could be because the pore size of PCL-A mats was
smaller than the cell size, thus, preventing them from penetration or migration into the
under layer of the scaffolds. PCL-B, with larger fiber size and widerfiber size distribution
than PCL-A, could have limited number of pore with size large enough to allow cell
penetration into under layer, as evidence by high cell number from figure 4.27. For PCL-C
fiber mat, on the other hand, in addition to spreading over the top fiber layers, many cells
appeared to wrap themselves around individual fibers and spreading along fiber axis. We
observed some cells located deep inside fibrous structure, which could be due to the fact
that pore size of these PCL-C mats was much larger than the size of the cell, and therefore
could allowed the cell to penetrate or slip into under layer by mean of gravitational force
during cell seeding or by other mechanism such as cellular migration during cell culture
period. Similar observations were also reported by Soliman and Shalumon [11, 12]. Our
result suggested that while a very fine electrospun fiber mat could offer a great cellular
adhesion effect, it could restrict or entirely prohibit cellular migration into the scaffold.
Bigger electrospun fiber mat, however, while possesses lower surface area, its bigger pore
size could allow a better cellular migration or cellular distribution inside the scaffold
compare to the very fine fibers. Therefore, the scaffold composed of electrospun fibers of
various size could be a good candidate for tissue engineering scaffold application that

requires a three dimensional structure.

4.3.3 Cell viability by MTT assays on 2D and 3D PCL electrospun
From previous experiments, macroscopic photographs from fabricated PCL 3D-

structure compare with PCL electrospun mats structure (2D). The thickness of the mats
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from novel electrospinning was about one millimeter. Qualitatively, figure 4.28 (b, ¢, and d)
were clearly obvious that nanofibers fabricated by dual-polarity co-electrospinning showed

a much less dense structure compared to conventional fabricated.

Hence, this study reported and discussed a results of cellular behavior on the 20%wt
PCL mats structure, 20 wt% PCL 3D-structure and fluffy formation, and 30 wt% PCL 3D-

structure and flufty formation.

Samples Fiber diameter (nm) % Porosity
PCL20%Mats 1460 + 78.65 92.1£1.1
PCL20%-3D 1311 & 345 97.9+0.3
PCL20%-Fluffy 1596 + 1223 98.0+1.2

PCL30%-3D 1456 + 720 98.4+0.4




96

Figure 4.28 (a)-(d) morphology of sample, and (e)-(h) SEM of electrospun mats and 3D-

structure, respectively.
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PCL20%Mats PCL20%-3D PCL20%-Fluffy PCL30%-3D

Figure 4.29 SEM photographs of cell behavior on sample (a) 20% mats - (d) 30% 3D-

structure at culture period 1 day, 3 days, 5 days and 7 days .(1000x)
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Figure 4.30 Fiber diameter of PCL electrospun fiber mat and 3D-structure

In this studied, we would evaluated and compared cell seeding capacity and cellular
behavior (i.e. adhesion, proliferation and migration) of selected 3D-structures against a

conventional electrospun fiber mat.
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Figure 4.31 In vitro attachment and proliferation of L929 on sample (a) 20% mats - (d)

30% 3D-structure at culture period 1 day, 3 days, 5 days and 7 days .
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MTT assay was performed to evaluate the viability of L929 mouse fibroblast cells
in the 2D and 3D structure of PCL[[PCL (20 wt.% and 30 wt% in DCM:DMF] for in-vitro
studies. Figure 4.30 showed the amount of cell in different scaffolds platform at incubation
ranging from 1 day to 7 days. 2D and 3D structure of 20wt% PCL showed that the amount
of cell increases when the culture period increased that could be seen the increasing due to
those cells were growing up comfortably. However, when those cells cover all the limited
areas, it has no significant increasing even though the period was continuously increased
that can be seen from Dayl to Day5 due to those cells grow up tightly in limited areas
whereas Day7 the 3D structure of 30 wt% PCL nanofibrous scaffold showed dramatically
induced cell viability under similar experimental conditions. These results indicate that 3D-
30wt% PCL had a fiber size more than smaller size. As seen SEM micrographs of PCL
20% mat, PCL 20% (a) and PCL 20% (b) at D7 showed those PCL were fully covered by
cells except PCL 30% (a). It is due to the fiber size of PCL30% are bigger than others, then
the pore size also bigger. It leads amount of cells could infiltrate into PCL 30% scaffold
more than other scaffolds that can be seen in table 4.6. Cells in PCL20%, PCL20%(a) and

PCL20%(b) trend slowly increase whereas PCL30%(a) obviously from D5 to D7.



CHAPTER V

CONCLUSION

Based on this research work devoted to develop the PCL 3D-structure structure
from electrospun mats. The processing characteristic, and morphological properties were

investigated.

From the study, it can be concluded that new processing has a potential to produce

the 3D scaffold PCL. The conclusion can be divided as following:

In this study, we found that the concentration of polymer solution is the main
parameter that affects to the fiber size, anyway other parameters also affect but not much.
The fiber size affected to the cellular morphology on the top layer of the scaffold. The finer
fiber size expressed the smaller pore size. It results the spreading of cell (L929 mouse
fibroblast cells) are over the entire surface of these mate rather than penetrate into under

layer whereas the bigger fiber size allowed those cells penetrated deep under layer.

In addition, an achievement of fabrication a 3D-structure polycaprolactone (PCL)
electrospun (3D) through the electrospinning process was done. The novel technique was
developed that involves positive and negative charge in electrospining system with
collected the 3D-structure polycaprolactone (PCL) electrospun (3D) on vortical collector.
The 3D-structure PCL scaffolds show structure with better regular pore size and well-
distribute porosity compare to the previous technique. The excellence improvement of cell

activity using L929 mouse fibroblast cells on 3D scaffold by new technique was observed
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compare to previous one and mat scaffold . It could be concluded that this new technique is
a new potential design for fabrication of the unique 3D-structure fiber with the better cell

activity results.

Future work

This work has succeeded to fabricate the unique 3D-structure and fluffy yarn fiber
by the new difference-charge technique. However, more characterization and work are

needed for further understanding and to be used in the potential real application.
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Appendix A: SEM micrographs of PCL electrospun fiber mats (2D) at various

processing parameters

(2) (b) (©) (d)

(e) () (2) (h)
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(m) (n) (0) (p)

Figure a. SEM micrograph of PCL electrospun fiber mats at various flow rate (1-
d), (e-h), (i-1),(m-p) 0.1 at applied voltage 10 kV., 0.5 at applied voltage 15 kV, 1.0 at
applied voltage 20 kV and 2.0 ml/h at applied voltage 25, respectively. At fixed

concentration 5wt%, and distance 10 cm.
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Figure b. SEM micrograph of PCL electrospun fiber mats at various flow rate (1-d), (e-h),

(i-1),(m-p) 0.1 at applied voltage 10 kV., 0.5 at applied voltage 15 kV, 1.0 at applied voltage

20 kV and 2.0 ml/h at applied voltage 25, respectively. At fixed concentration Swt%, and

distance 20 cm.
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Figure c. SEM micrograph of PCL electrospun fiber mats at various flow rate (1-d), (e-h),
(i-1),(m-p) 0.1 at applied voltage 10 kV., 0.5 at applied voltage 15 kV, 1.0 at applied voltage

20 kV and 2.0 ml/h at applied voltage 25, respectively. At fixed concentration 10 wt%, and,

distancel0 cm.
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Figure d. SEM micrograph of PCL electrospun fiber mats at at various flow rate (1-d), (e-

h), (i-1),(m-p) 0.1 at applied voltage 10 kV., 0.5 at applied voltage 15 kV, 1.0 at applied

voltage 20 kV and 2.0 ml/h at applied voltage 25, respectively. At fixed concentration 10

wt%, and distance20 cm.
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Figure e. SEM micrograph of PCL electrospun fiber mats at at various flow rate (1-d), (e-

h), (i-1),(m-p) 0.1 at applied voltage 10 kV., 0.5 at applied voltage 15 kV, 1.0 at applied

voltage 20 kV and 2.0 ml/h at applied voltage 25, respectively. At fixed concentration 15

wt%, and distance 10 cm.
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Figure f. SEM micrograph of PCL electrospun fiber mats at various applied voltage

concentration 15wt%, distance20 cm.
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Figure g. SEM micrograph of PCL electrospun fiber mats at various flow rate (1-d), (e-h),

(i-1),(m-p) 0.1 at applied voltage 10 kV., 0.5 at applied voltage 15 kV, 1.0 at applied voltage

20 kV and 2.0 ml/h at applied voltage 25, respectively. At fixed concentration 20 wt%, and

distance 10 cm.

(a)

(b)

(©)

(d)

(e)

Q)

Figure h. SEM micrograph of PCL electrospun fiber mats at various flow rate (a-c), (d-f),

0.5 at applied voltage 10 kV, 1.0 at applied voltage 15 kV, respectively. At fixed

concentration 25 wt%, and distance 10 cm.
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Figure i. SEM micrograph of PCL electrospun fiber mats at various flow rate (a-c), (d-),

0.5 at applied voltage 10 kV, 1.0 at applied voltage 15 kV, respectively. At fixed

concentration 25 wt%, and distance 20 cm.

(c)

K

Figure j. SEM micrograph of PCL electrospun fiber mats at various flow rate (a-c), (d-f),

0.5 at applied voltage 10 kV, 1.0 at applied voltage 15 kV, respectively. At fixed

concentration 30 wt%, and distance 10 cm.
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(d) (e) (H)

Figure k. SEM micrograph of PCL electrospun fiber mats at various flow rate (a-c), (d-f),
0.5 at applied voltage 10 kV, 1.0 at applied voltage 15 kV, respectively. At fixed

concentration 30 wt%, and distance 20 cm.

Appendix B: Fiber diameter size at various processing parameters
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Figure a. fiber diameter size of PCL electrospun fiber mats (2D) at various processing

parameters

Appendix C: Protocol of cell culture

Preparation of cell culture

Mouse fibroblastic cells (L929) were used to investigate the cellular activity on

nano fiber both of mat and sponge structures. The subculture ratio is between 1:8 to 1:12,

the confluence time is 3-4 days.

(1). Preparation liquid medium

DMEM liquid medium
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Firstly, 1% Penicillin-Streptomycin antibiotic and 1% of L-glutamine (10
ml in 1000 ml medium) were filter using the sterilized filter system (0.22 Llm). After that
the FBS was dissolved in the mixed liquid (10%; 100 ml in 1000 ml medium). The system

was stored in cool place at 4°c.

(2).Trypsinization

For cell preparation ,when the subconfluence of cells is about 80% of plate
area, we must be trypsinized to move the divided cells into another plates. The procedures

of cell trypsinization are as following,

The laminar flow hood must be sterilized before using, the medium and
trypsin were warm up due to freezing in water bath at 37°C. The old medium was moved
from plate then the remained medium with PBS was washed. After that the trypsin/EDTA
solution was added to cover cell monolayer (I ml for 10 cm tissue culture plate) and
incubate at 37OC for 5 min (until cells detach). Then the cells were investigated using a
microscope, the detached celled would show in round shape. Then the fresh medium was
added to inhibit the trypsin activity. The detach cells from bottom of the plate using
autopipette and homogenize the cell suspension. The cell suspension was transferred into 50
centrifugal tube and then centrifuged at temperature of 4OC, with rotor speed of 1200 rpm
for 5 min. After that the supernatant was carefully removed out (to careful the cell might be
also taken out), and then the fresh medium and homogenize the cell suspension were added
to replace. The cell suspension was divided to proper subculture ratio (1:8), and transfer to
the new plates which contains the fresh medium (10 ml for 10 c¢m tissue culture plate). It
was orbitally shaked and incubated at temperature of 37 °C in 5% CO, atmosphere. (the

medium and trypsinize must be changed every 3 days during subconfluent).
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(3).Cell count & calculation (Hemocytometer)

A hemocytometer was cleaned with 70% ethanol and wiped with lint-free
tissue paper. Those cells from plate (which described above) was trypsinized and
homogenized to be cell suspension using autopipette. After that the cell suspension 5X was
diluted by the mix of 40 pl of cell suspension and 160 pl of fresh. The dead cells were
stained by the mixed 40 pl of cell suspension and 160 pl of fresh medium on a strip of
paraffin film. Then 1-2 pl stained cells on hemocytomer were put and coved with glass
slide, cell suspension will be sucked into hemocytometer with capillary force

Put 10-20 pl of stained cells on hemocytometer covered with glass slide, cell
suspension will be sucked into hemocytometer with capillary force. The count 3 big squares

as shown in figure and find an average of the counts to calculate cell density

102

97

108

For example ;

Cell density = (average cell count) x (dilution factor of cell suspension) x 10°
:(102+97+108]x(§jx(5)x104
3 4
= 640x10*cells / ml
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Appendix D : Measurement of the fiber diameter size

For example, to measure the fiber diameter size of fibers using SEM Afore 5.21.

.’ X N / -
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Figure b. Fiber obtained from the solution of PCL 25% wt . at applied voltage 15 kV, flow
rate 1.0 ml/hr, and collecting distance 20 cm.
Appendix E: Measurement of the pore size of fibers

For example, to measure the pore size of fibers using SEM Afore 5.21.

Figure a.The solution of PCL 20% wt . at applied voltage 15 kV, flow rate 1.0 ml/hr, and

collecting distance 20 cm.

Det WD Bxp
SE 74 0 PCLS

Figure b.The solution of PCL 30% wt . at applied voltage 15 kV, flow rate 1.0 ml/hr, and

collecting distance 20 cm.
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Table a. Absobance at 570 nm. From MTT assays for standard curve of electrospun mats

Cell number (cells/well) 5000 10000 20000 40000 80000
0.05 0.07 0.144 0.282 0.514
0.044 0.081 0.131 0.276 0.51
0.052 0.07 0.159 0.283 0.526
0.047 0.074 0.166 0.302 0.559
Mean 0.048 0.073 0.150 0.285 0.527
Standard curve of L929 cells
0.6 S ] A\ Y= JE-OGx
R?2=0.9954
0.5 /- TR /
v 0.4 /
=1
w
2 03
=]
i /
a 0.2 /
0.1
0 / T T T T 1
0 20000 40000 60000 80000 100000
Number of cells

Figure a. Standard curve of L929 fibroblast

Table b. Absobance at 570 nm. from MTT assays for standard curve of 3D structure.

Cell number
(cells/well) 20000 40000 80000 160000 320000 640000
0 0.13 0.217 0.368 0.554 0.75 0.984
0 0.134 0.22 0.36 0.504 0.603 0.976
0 0.135 0.221 0.361 0.533 0.677 0.954
0 0.14 0.224 0.373 0.564 0.739 1.064
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0.13475 0.2205 0.3655 0.53875 0.69225 0.9945
Mean 20000 40000 80000 160000 320000 640000
SD 0.134 0.220 0.365 0.538 0.692 0.994
1.2
1
y=0.1577x-0.2101
0.8 RZ=0.9693
L 2
0.6
0.4 7S
0.2 *
0 / : : : .
(‘) 2 3 4 7 8
-0.2
Figure b. Standard curve of L929 fibroblast for 3D structure
Table c. Raw data of absorbance at 570 nm in vitro culture test
6h Control (TCP) PCL1 PCL2 PCL3 PCL4
Blank (DMSO) 0.042
#1 0.102 0.103 0.107 0.088 0.139
#2 0.114 0.121 0.125 0.075 0.115
#3 0.106 0.116 0.128 0.088 0.116
#4 0.106 0.12 0.121 0.106 0.134
#5 (no cell) 0.059 0.058 0.072 0.07
1o cell-DMSO 0.017 0.016 0.03 0.028
Dayl Control (TCP) PCL1 PCL2 PCL3 PCL4
Blank (DMSO) 0.042
#1 0.109 0.142 0.121 0.093 0.134
#2 0.111 0.124 0.138 0.105 0.117
#3 0.113 0.109 0.13 0.102 0.131
#4 0.108 0.148 0.14 0.099 0.137
#5 (no cell) 0.092 0.087 0.079 0.095




129

0.05 0.045 0.037 0.053

Day3 Control (TCP) PCL1 PCL2 PCL3 PCL4
Blank (DMSO) 0.042

#1 0.331 0.189 0.216 0.181 0.214

#2 0.296 0.21 0.245 0.151 0.283

#3 0.312 0.206 0.265 0.208 0.229

#4 0.352 0.218 0.255 0.239 0.221

#5 (no cell) 0.072 0.08 0.066 0.069

Day5 Control (TCP) PCL1 PCL2 PCL3 PCL4
Blank (DMSO) 0.042

#1 0.515 0.404 0.416 0.143 0.638

#2 0.461 0.44 0.691 0.231 0.41

#3 0.462 0.43 0.546 0.445 0.523

#4 0.469 0.415 0.558 0.157 0.589

#5 (no cell) 0.09 0.08 0.075 0.091

Appendix G : Calculation of porosity

The porosimetry was referring to S.Soliman et al (2009). The porosity (€) was

calculated as

%E IV gion T Vo) X 100

VEtOH EtOH

By dividing ;

v Mass change after intrusion/PDEtOH

EtOH =

V., = Mass of initial scaffold before intrusion / pPCL)

For example, Calculated porosity of PCL electrospun mats from 20% PCL solution.

When ; V.., =026 g/ml

EtOH

Voo, =1.24 g/ml

%E IV ot Viey) X 100

VEtOH PCL
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