ABSTRACT

OJHA, SATYAJEET SOORYAKANT. Fabrication and Characterization of Novel
Single and Bicomponent Electrospun Nanofibrous Mats. (Under the direction of Dr.
Russell E. Gorga).

Nanofibers were produced using relatively new electrospinning technique. Single layer
nanofibers were fabricated using nylon-6. Several parameters such as polymer molecular
weight, concentration, surface tension, applied electric voltage, distance between tip to
grounded electrode and feed rate were investigated to optimize fiber consistency and
diameter. Scanning electron microscopy was employed to study fiber morphology and
diameter. Understanding the effects of various parameters mentioned above,
electrospinning strategy was further utilized to produce nanofibers with novel core-sheath
structure using chitosan, a biopolymer and polyethylene oxide (PEO). Chitosan is very
difficult to electrospin, to alleviate this problem PEO was used as sheath to support
chitosan core. For this purpose, rheology of polymer solutions was evaluated for
successful fabrication of core-sheath nanofibers. Only 3 wt % chitosan was found to
produce coaxial structure with 4 wt % PEO, due to their proximity in rheological
behavior. Coaxial morphology of nanofibers was verified by transmission electron
microscopy having 250 nm and 100 nm as sheath and core diameters respectively.
Fourier transform infrared spectroscopy was employed to investigate the effect of de-
ionized water treatment of core-sheath mats where in PEO layer was removed off in order
to get pure chitosan nanofibers. Coaxial nanofibers with one component were also

fabricated using pure PEO as core and PEO doped with Multi-walled carbon nanotubes



as sheath material. Results showed that as carbon nanotubes were subjected to relatively
smaller volumes, predominantly on the surface culminated in appreciable increase in
conductivity as well as mechanical properties. Coaxial nanofibers produced from
electrospinning are of particular interest in tissue engineering and wound healing

scaffolds.
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Chapter 1

Background

Electrospinning is a simple and powerful technique to produce fibers at sub-micron level
from a number of materials. This simplicity combined with a broad range of materials
can be utilized to produce fibers for a variety of applications. Potential applications
include nanofibers reinforced composites'?, membranes for filteration®, support for
enzymes and catalysts' and biomedical applications such as scaffolds for tissue

engineering, wound dressings and drug delivery.”®

A large part of American population is approaching old age, as a result of which there is a
surge in demand for replacement of organs. Such an increase in demand has encouraged
researchers from all realms of science to get together and resolve this issue. So far there
is been no or limited success in development of organs generated in-vitro. This issue has
initiated an intense research in the field of replacement and development of organs. Table

1 gives information about different procedures performed per patient in USA per year.'

Table 1: Outline of the number of procedures per number of patients occurring per year

for the United States.

Procedure Indication or patients/yr
Skin
Burns(’) 2,150,000




Table 1 Contd.

Pressure sores
1,500,000
Venous stasis ulcers
500,000
Diabetic ulcers
600,000
Neuromuscular disorder
200,000
Spinal cord and nerves
40,000
Bone
Joint replacement
558,200
Bone graft
275,000
Internal fixation
480,000
Facial recontruction
30,000
Cartilage
Patella resurfacing
216,000
Chondromalacia patellae
103,400
Meniscal repair
250,000
Arthritis (knee)
149,900
Arthritis (hi
(hie) 219,300
Fingers and small joints
179,000
Osteochondritis dissecans
14,500
Tendon repair
33,000
Ligament repair
9 P 90,000




Table 1 Contd.

Blood vessels
Heart
754,000
Large and small vessels
606,000
Liver
Metabolic disorders
5,000
Liver cirrhosis
175,000
Liver cancer
25,000
Pancreas (diabetes)
728,000
Intestine
100,000
Kidney
600,000
Bladder
57,200
Ureter
30,000
Urethra
51,900
Hernia
290,000
Breast
261,000
Bloods transfusion
18,000,000
Dental
10,000,000

Tissue engineering, as Langer describes is “an interdisciplinary field that applies the
principles of engineering and life sciences toward the development of biological

substitutes that restore, maintain, or improve tissue function.”’ In tissue engineering one



of the most studied areas is tissue engineering scaffolds. It involves replacing diseased or
malfunctioning tissues or organs by scaffolds engineered outside the human body and
then transplanted into the body at the diseased location. Accomplishment of such a
daunting goal necessitates mutual coordination scientists from varied background.
Polymers have been looked upon as the materials of new era. The use of biodegradable
and biocompatible polymers for tissue engineering is very highly attractive. Many
synthetic polymers have been utilized for fabricating scaffolds such as polyethylene
oxide, polyethylene glycol, polyvinyl alcohol to name a few. These scaffolds can have an
enormous effect on growth of cells. Fabrication of scaffolds is the first step towards
realization of tissue engineering which is followed by cell seeding. Different steps
involved in the process are as follows™:

I: Fabrication of the bioresorbable scaffold

II: Seeding of cell populations into the polymeric scaffold in a static culture dish

IIT: Growth of premature tissue in a dynamic environment

IV: Growth of mature tissue in a physiologic environment

V: Surgical transplantation

VI: Tissue-engineered transplant assimilation/remodeling

Given the complex chemistry of human body, the selection of polymer material is very
crucial for the success of designed scaffolds. The rate of degradation should be controlled
and the products generated by degradation of these scaffolds should also be
biocompatible. To issue biocompatibility, many naturally occurring polymers have also

been used such as chitosan, hyaluronic acid and alginates as the end products of these



polymers after degradation are absolutely harmless. Following factors are very important

while structuring a scaffold':

Biocompatibility: acceptance within the body without causing biofouling where
the body attacks the implant, or the cells do not grow on the material
Biodegradability: ability to degrade in the body into compatible by-products
without causing inflammatory responses

Mechanical integrity: ability to maintain the original structure and mechanical
properties upon exposure to the body’s environment, i.e. 37°C, pH 7.4, saline
solution

High porosity: ability to allow the transfer of nutrients/oxygen and removal of
wastes via diffusion

Bioactivity: ability to transform or conform depending upon the influence from

the internal milieu that surrounds the scaffold seeded with cells

Our overall goal through this work is to fabricate scaffolds through electrospinning which

potentially could be wused in tissue engineering. Nanofibers, produced from

electrospinning have favorable surface geometry which facilitates cell adhesion and

growth. Through this work we would highlight the utilization of chitosan and multi-

walled carbon nanotubes as a novel scaffolding material.
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Chapter 2

Literature Review

This chapter provides a comprehensive literature review spanning over many aspects of
nanofiber fabrication which forms the backbone of our research. Section 1 gives an
overview of “Electrospinning” technique used to fabricate nanocomposite fibers using
carbon nanotubes. Section 2 discusses carbon nanotubes, their properties and applications
as fillers in nanocomposites. In section 3, an overview of chitosan, a biopolymer having
potential applications in tissue engineering when used as scaffolds produced through
electrospinning, is discussed. Section 4 focuses on nylon-6 with various spinning
parameters and section 5 deals with polyethylene oxide (PEO) and its application in

nanofiber fabrication.

2.1. Electrospinning

Electrospinning is a process used to spin fibers having diameter at the sub micron level
using an electric field. This is a facile technique to produce nanofibers having potential
application in a variety of applications such as drug delivery', tissue engineering’, wound
dressings’ and filtration membranes.* As a result much research has been done in the
last decade on electrospinning which is reflected in number of publications as shown in

Figure 1.°
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Figure 1. Number of publications in the last decade on electrospinning’

The electrospinning process has three primary components, a high voltage supply to
charge polymer solution, a grounded electrode where nanofibers are deposited and a
syringe with pumps from which the polymer solution is fed through a capillary connected
to a syringe filled with the polymer solution. Figure 2 shows a typical electrospinning set-
up. In practice, when the polymer solution droplet at the end of capillary is charged to
high potential, at a critical value of voltage the droplet overcomes its surface tension and
forms a Taylor cone and ejects a tiny jet toward the grounded plate. The axisymmetric
instability which causes fibers to break and form undesired beads is known as Rayleigh
instability, hence to have continuous nanofibers it needs to be suppressed. Another
instability which occurs during electrospinning process is whipping or bending instability,
nonaxisymmetric in nature which aids in formation of nanofibers. Rutledge and
coworkers has reported a theoretical model explaining these various instabilities.”
Production of nanofibers proceeds through formation of Taylor’s cone which is conical in

shape.!' Due to electrostatic attraction nanofibers get collected on grounded electrode.

Hence, electrical forces instead of mechanical forces are utilized in spinning of fibers.



Different assemblies of collector electrodes can give oriented or random nanofibers as
shown in Figure 3.*'"* Nanofibers thus obtained in the form of mats have diameter of the
order of tens to hundreds of nanometers. Nanofiber mats so formed have a very high
porosity (> 60 %) together with very small pore size. Many parameters govern the final
morphology of nanofibers such as viscosity and surface tension of the polymer solution,

tip to collector distance, voltage and feed rate.'”

Soringe Polymer Tet Grounded Plate

i

Taylor's Cone

Charged Polymer Solution

WV
I_I High Voltage I

FPower Supply JRS—

Figure 2. Typical electrospinning set-up

- ierm [ = Y
'] HTHL AR 1 Ye .

a. Oriented nanofibers b. Random nanofibers

Figure 3. Nanofibers obtained from different collectors (a) parallel bars (b) circular
41
plate



Figure 4. Photograph of aligned nanofibers**

In our work, we aim to produce novel nanofibers with high Mw and investigate effects its
on mechanical properties of mats. Our interest also lies in fabricating core-sheath
nanofibers with different polymer systems. Such a coaxial system would be of immense
help in electrospinning nanofibers from polymers which could not be electrospin easily
on their own. One of our goals is to attain higher conductivity in core-sheath nanofibers
having CNTs in sheath only. Electrospinning apparatus used to produce such nanofibers

has been shown in Figure 5 and two perpendicular syringes are used as seen in Figure 6.

10



Figure 5. Electrospinning set-up for core-sheath nanofibers

Figure 6. Perpendicular syringe system for core-sheath nanofibers

2.2. Carbon Nanotubes

Envisioned as one of the most important discovery of the century by Iijima13, carbon

nanotubes (single- and multi- walled) have generated a great interest in scientific

11



community. The reason carbon nanotubes have attracted high attention is due to their
unprecedented mechanical, electrical and thermal properties. These combined properties
make carbon nanotubes an ideal candidate for a variety of applications such as energy
storage, energy conversion and semiconductor devices, composites with high strength

17 With so many potential applications of these

and conductivity and artificial muscles.
moieties, there has been a surge in publications and patents issued in the last decade, as

shown in Figure 7.2

5000

»

4000 1 _o— CNT (articles)

= CNT (patents)
3000 A —o— CNT/polymer (articles)
—o— CNT/polymer (patents)

2000 -

| o
)| .

1990 1992 1994 1996 1998 2000 2002 2004 2006
Year

2
=

Number of Publications/Patents

Figure 7. Publications pertaining to CNTSs in recent past™

2.2.1 Structure and properties of CNT's

Carbon nanotubes are essentially seamlessly rolled graphene sheets having covalently
carbon in sp’ hybridized state. Structurally they can be classified into two categories:
Single Walled (SWNT) and Multi-walled (MWNT). SWNTs are single cylindrical

structures whereas MWNTSs can be assumed as number of SWNTs placed coaxially to

12



21 . .
van der Waals interaction between

each other with an interlayer separation of 0.34 nm.
layers of MWNTs causes a reduction in mechanical strength subject to uiaxial tensile

load.?

Another classification of carbon nanotubes is made based on surface morphology of these
nanotubes. Properties of carbon nanotubes are largely governed by morphological
features. The morphology is described by tube chirality or helicity by a circumferential
vector Cy (m,n), where m and n are steps along the zig-zag carbon bonds and the chiral
angle 0. The chiral angle 6 determines the extent of twist in nanotubes. The resulting
structure is arm chair if m=n; zig-zag if m=0 or n=0; and chiral for all other combinations
of m and n. Fig. 8 shows different morphologies possible in a carbon nanotube.” All arm
chair and one third of zig-zag nanotubes are metallic in nature having a continuous
conduction band, rest two-third zig-zag nanotubes are semiconductor having energy gap

. . 24
in conduction band.

A A
A A
\ \

h A
A \
\ Armchair i
A A
\ \

\ Zig-Zag \
N

armchair zigzag chiral

Figure 8. Different morphologies of carbon nanotubes
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Carbon nanotubes possess exceptional high ﬂexibility,25 low mass density,26 and a very
high aspect ratio (>1000). Young’s modulus of these nanotubes lies in the range of 1
TPa”’ comparable to diamond whose Young’s modulus is 1.2 TPa with a high tensile
strength in the range of 150-180 GPa.*® Treacy et al. used Transmission electron
microscopy technique to measure the amplitude to intrinsic thermal vibrations to

calculate the moduli (0.41-4.15 TPa) of various MWNTs.?’

Molecular Dynamics (MD) is an efficient tool to estimate thermal and electrical
properties of these nanotubes. Berber et al.* found theoretically the thermal conductivity
of CNTs (> 6600 W/mK) at room temperature using molecular dynamics whereas Hone
and coworkers have experimentally shown a slightly lower thermal conductivity varying
between 1750-5800W/mK.*" Electrical conductivity of these nanotubes lies in the range
of 10° S/m.* All the above properties combined together make carbon nanotubes as
exceptional candidate for producing composites with high strength and conductivity

properties.

MWNT or SWNT could be produced by three different techniques: Arc discharge, Laser
ablation and Chemical Vapor deposition (CVD). Each of these methods has their own
advantages and disadvantages. In CVD, nanotubes are grown on a substrate by catalytic
decomposition of carbon source and due to a continuous process CVD offers better
control over the size and shape of nanotubes as compared to arc discharge or laser
ablation. Based on these merits CVD could potentially be employed as a bulk

. . 21 .
manufacturing technique of nanotubes.” In our research experiments, we have used
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MWNTs produced from CVD technique having diameter and length 15 = 5 nm and 5-20

um respectively with 95 % purity.

To translate above mentioned superior properties of carbon nanotubes into reality, a lot of
difficulties need to be overcome. Dispersion of CNTs is an issue of fundamental
importance. Since these nanotubes have very high surface to volume ratio, they tend to
decrease their surface potential by “bundling together” or agglomeration due to van der
Waals attractive forces.’>Salvetat et al. has found that poor dispersion of CNTs in
composites gives rise to poor mechanical properties.34 Researchers have made several
approaches to enhance dispersion such as in-situ polymerization3 37 covalent
functionalization of nanotubes™ and surfactant aided dispersion using sodium dedecyl
benzenesulfonate (NaDDBS), sodium dodecyl sulfate (SDS) to name a few.>?*" We have
utilized surfactant assisted dispersion using ultra sonication with a naturally occurring
polysaccharide, Gum Arabic. Stable suspension of MWNTSs upto 30 days was achieved

when gum arabic was used. When gum arabic was not used MWNTs fell out of

. . . . 41
suspension right after sonication.

A good dispersion together with alignment of nanotubes is a precursor towards stronger
nanocomposites with desired properties. Alignment of nanotubes could be achieved
either before or during fabrication of nanocomposites. Techniques such as Template,%'46
Plasma enhanced CVD,47 Filtraltion,48 have been used to align nanotubes before
manufacturing . However, external magnetic field or electric field have been used to align

nanotubes during fabricating nanotubes.*"!
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Nanocomposites with appropriate dispersion and alignment of nanotubes would result in
efficient transfer of stress from matrix to nanotubes. At low strains, shear stress in the
polymer at the interface experiences the same stress as in nanotubes. If the stress
increases continuously then at a critical stress the interface will fail. The stress present in
the polymer at interface at this point is called as interfacial shear stress.™ Ajayan et al.
first reported nanotubes as fillers in mid 90’s.>* Hwang and coworkers have estimated
interfacial shear stress to be 500 MPa for poly (methyl methacrylate) (PMMA)-MWNT
system.53 Toughness increase has been reported by Gorga et al. by inclusion of oriented

MWNTs in PMMA>?

2.3. Chitin and Chitosan

Chitin is a naturally occurring polysaccharide which is produced in highest quantities
after cellulose. Chitin is predominantly obtained from animals such as crabs, lobsters and
squids to name a few where as, cellulose finds its origin mainly in plants. Chemical
structure of chitin ((1—4)-linked 2-acetamido-2-deoxy-f-D-glucopyranose) and cellulose
(1—4)-linked- B-D-glucopyranose is very similar as shown in Figure 9. The only
difference is presence of —OH group in cellulose on C-2 which is occupied by an

acitamido (NHAc) group in chitosan.”®’

Based on crystalline structure chitin occurs in
three forms a, B and y forms having molecular chains in anti-parallel, parallel and a

mixture of parallel and anti-parallel respectively.58
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Figure 9. Chemical structure of Cellulose, Chitin and Chitosan>®

Chitosan (Fig. 9) is a deacetylated form of chitin which is obtained by treatment of chitin
with an aqueous alkali (sodium or potassium hydroxide) for few hours at temperatures
ranging from 100-160 °C having 70-90 % deacetylation.”” Presence of reactive amino (-
NH;) group in chitosan is very advantageous as its properties can be tuned by carrying
out further chemical modification. Strong inter-chain hydrogen bonding limits solubility
of chitin in many solvents and thus rendering chitin difficult to process, however chitosan
(deacetylated form of chitin) is soluble in dilute acids such as acetic acid, hydrochloric
acid and formic acid.® Chitosan has attracted a lot of research in recent past due to its
biocompatibility, non-toxicity, anti-microbial nature and accelerated wound healing
properties.61 Chitosan ability to enhance migration of cells such as macrophages, which
are crucial in ceasing growth of microorganisms and further immunization, makes it an
ideal candidate for wound healing scaffolds.”® Also chitosan helps attract
glycosaminoglycans (GAGS), a growth factor for cell attachment and proliferation, thus

acting as an extra cellular matrix (ECM).®
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Electrospinning has been greatly envisioned as a tool to transform these properties of
chitosan into reality. Our main goal is to produce coaxial nanofibers having chitosan, (a
biopolymer obtained from crustaceans) as core material in core sheath nanofibers having

a prospective application in tissue engineering and wound care.

2.4. Nylon-6

Nylon was first discovered by Wallace Hume Carothers at EI du Pont de Numors. Nylon-

6 polymer is produced when a di-acid such as adipic acid is reacts with aminocaproic

acid at ~ 260 C as shown in Figure 10.

COOH(CH;)sNH, — H[-NH(CH;)sCO-],OH

Aminocaproic acid Nylon-6

Figure 10. Polymerization reaction of Nylon-6

Nylon is marked by presence of hydrogen bonding between the polymer chains. As a
result the chains are packed together giving rise to high melting point, chemical
resistance and good mechanical properties. The polymer chains are long straight with no
pendant groups or side chains which results in higher degree of order and therefore
crystallinity. Nylon, spun with traditional spinning techniques such as melt, dry and wet
spinning has molecular weight in the range of 12,000-20,000 gm/mol. In melt spinning,

polymer in the form of chips is heated above its melting point and then the melt is forced
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through small apertures called as “dies”. Fine fibers are obtained by subsequent cooling.
At higher molecular weights (> 20,000), processing of polymer into fibers is challenging
due to difficulty in melting the polymer compounded by high viscosity arising from

entanglement of polymer chains.®*®°

In dry spinning polymer is dissolved in a certain solvent or a mixture of solvent and
during spinning due to low boiling point, solvent evaporates leaving behind polymer in
the form of fibers. This process is costlier than melt spinning process as extra equipments
are required for making polymer-solvent mixture and solvent recovery. Higher molecular
weight polymer can be spun with this method.®® Tensile strength of 1 GPa with a draw
ratio of 10 for nylon-6 has been reported in literature.®® Wet spinning also works on same
principle but instead of evaporation of solvent as in dry spinning, here solvent is leached
in a coagulation bath. With respect to dry spinning, wet spinning is more complicated as
proper choice of coagulant is needed which can precipitate the solvent in coagulating

bath.

New technique such as gel spinning has also been reported in literature. In gel spinning
the polymer in the form of gel is spun having low entanglement density which is further
cooled down to solidify. Fibers can be drawn to high draw ratios using gel spinning in
order to achieve higher strength. Cho and coworkers have utilized gel spinning to

produce high strength nylon-6 fibers having modulus of 6.2 GPa.®’
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In our work, we have spun nylon nanofibers using electrospinning with different
molecular weights (30,000, 50,000 & 63,000 gm/mol). Chapter 2 elaborates our work in

more detail.

2.5. Polyethylene oxide (PEO)

Electrospinning of Polyethylene oxide (PEO) has been investigated in great detail by
many researchers. It is soluble in a variety of solvents such as water, dimethyl formamide
(DMF), ethanol and chloroform.®® Biocompatibility and non-toxicity are two key
properties which render PEO as a suitable biomaterial for application in areas such as
tissue engineering and wound scaffolds. PEO has served as an ideal candidate to gain a
fundamental understanding of effect of various parameters during electrospinning such as
applied voltage, solution flow rate, distance between tip and grounded electrode and
solution properties such as viscosity, conductivity and surface tension. Dieztel et al. have
shown that solution properties play an important role on structure and morphology of
resulting nanofibers.”” Versatility of PEO in electrospinning has been crucial in
processing of polymers which cannot be electrospun on its own such as chitosan, proteins,

71-76

alginate and hyaluronan. McDiarmid et al have electrospun PEO with polyaniline

doped with camphorsulphonic acid to produce conducting nanofibers.”’

Using PEO as a template, through our work we have been able to produce core-sheath

nanofibers having chitosan as core and PEO as sheath. Here PEO has acted as a template

to get chitosan nanofibers. Detailed investigation has been elaborated in chapter 3.
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Chapter 3

Research Objectives

3.1 Research Objectives

Electrospinning has evolved as a facile technique to produce materials finding
applications in a number of fields. A better understanding of the procedure in terms of
solution and process parameters is vital for further development of this technique which
would help to transform it from laboratory to commercial scale. How do we get fine and
uniform nanofibers from polymer solutions? Could this technique be used to produce
nanofibers with coaxial morphology? Once nanofibrous mats are produced, how their
properties can be utilized rendering them useful for applications such as tissue
engineering? What role is played by carbon nanotubes in altering the conducting
properties of nanofibrous mats? These would be few questions we would attempt to

answer through our work.

The number of Americans on the waiting list has doubled from 1995 to 2005 due to the
scarcity of available resources as reported by U.S Scientific Registry of Transplant
Recipients. Such inadequacy has resulted into a substantial research thrust in areas like
tissue engineering. It has now become important to continuously look for functional
materials as scaffold in tissue engineering. For this research we will attempt to gain an
insight into the fundamentals of electrospinning and thereby develop an understanding of
the process in order to produce novel scaffolds with desired properties. For this purpose,
chitosan, a naturally occurring polysaccharide has been investigated. Specifically, the

research objectives are as follows:

27



1. Fabricate nanofibers via electrospinning as a measure to understand effects of

various parameters involved in the process. This will be accomplished by:

Analyzing of effect of molecular weight, concentration, viscosity and
surface tension.

Determining the consequences of variation in applied electric field,
voltage and feed rate of polymer solution.

Analyzing the electrospun nanocomposites via scanning electron
microscopy to confirm proper fiber formation.

Determining any improvements in mechanical properties via tensile

testing.

2. Fabricate novel nanofibers with core-sheath geometry for potential application

in tissue engineering. This will be accomplished by:

a.

b.

Engineering a model to produce core-sheath nanofibers.

Using Chitosan, a biopolymer with Poly ethylene oxide (PEO).

Analyzing the rheological properties of two polymer solution (Chitosan
and PEO) using rheometer.

Analyzing the electrospun nanocomposites via scanning and transmission
electron microscopy to confirm proper fiber formation.

Determining change in conductance as a result of wetting the coaxial
nanofibers.

Ascertaining any change in mechanical properties as a result of insertion of

chitosan as core in nanofibers.

3. Fabircating core-sheath nanofibers using a single polymer system with core as
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pure polymer and sheath as polymer doped with multi-walled carbon

nanotubes for enhanced electrical conductivity. This will be accomplished by:

a. Determining the rheological properties of the polymer solutions and the
effect of multi-walled carbon nanotube addition

b. Analyzing the electrospun nanocomposites via scanning and transmission
electron microscopy to confirm proper fiber formation and multi-walled
carbon nanotube integration into the as-spun fiber.

c. Determining any improvements in mechanical properties and electrical
conductivity via tensile testing and sensitive conductivity measurements,

respectively.
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Chapter 4
Morphology and mechanical properties of electrospun nylon-6 nanofibers as

a function of molecular weight and processing parameters

Satyajeet S. Ojha, Mehdi Afshari, Richard Kotek, & Russell E. Gorga’

Fiber and Polymer Science, College of Textiles, North Carolina State University, Raleigh, NC 27695-8301-USA

4.1. Abstract

In the present study, the morphology and mechanical properties of nylon-6 nanofibers
were investigated as a function of molecular weight (30,000, 50,000 and 63000 gm/mol)
and the electrospinning process conditions such as the effect of solution concentration,
applied electric field strength and distance between tip of needle and collector were also
studied. Non-woven mats were successfully electrospun from 15 wt % solutions of each
molecular weight polymer. Scanning electron micrographs (SEM) of nylon-6 nanofibers
showed the diameter of the electrospun fiber increased with increasing molecular weight
and solution concentration. An increase in molecular weight increases the density of
chain entanglements at the same concentration hence, the minimum concentration to
produce nanofibers was lower for the highest molecular weight nylon-6. The morphology
of electrospun fibers also depended on tip-to-collector distance and applied voltage
concentration of polymer solution as observed from the SEM images. Mechanical
properties of electrospun nonwoven mats showed an increase of 50 % in Young’s

modulus with increasing Mw of nylon-6.

! Corresponding Author: Tel:+1-919-515-6553
E-mail: regorga@ncsu.edu
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4.2. Introduction

Conventional fiber spinning techniques such as wet spinning, dry spinning, melt spinning,
and gel spinning can produce polymer fiber with diameters down to the micrometer range.
If the fiber diameter is reduced from micrometers to nanometers, very large surface area
to volume ratios can be obtained. These unique qualities make polymer nanofibers an
optimal candidate for many important applications [1]. Polymer fibers can be generated
from an electrostatically driven jet of polymer solution or polymer melt. This process,
known as electrospinning, has received a great deal of attention in the last decade because
of its ability to consistently generate polymer fibers that range from 50 to 500 nm in
diameter [2-5]. Because of the small pore size and high surface area inherent in
electrospun textiles, these fabrics show promise for exploitation in soldier protective
clothing (to help maximize the survivability, sustainability, and combat effectiveness of
the individual soldier system against extreme weather conditions, ballistics, nuclear,
biological and chemical warfare). Filtrations, membrane, reinforcing fibers in composite
materials, optical and electronic applications (piezoelectric, optical sensor) are other
fields where they could be of potential application. Drug delivery with polymer
nanofibers is based on the principle that dissolution rate of a particulate drug increases
with increasing surface area of both the drug and the corresponding carrier. Many
biomedical devices of practical uses (cosmetics: skin healing and skin cleansing, wound

dressing, drug delivery and pharmaceuticals) can be fabricated with nanofibers. They
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could also be used as supports for enzymes or catalysts and scaffold for tissue
engineering and templates for the formation of hollow fibers with inner diameters in the

nanometer range [6-14].

A high electrical potential, typically 10-20 kilovolts, is applied to a polymer solution in
syringe. Due to high electric field jet whips around, and stops at the grounded collection
region [1]. The base is the region where the jet emerges from the liquid polymer. The
geometry of the jet, near the base, is a tapered Taylor cone in which the axial velocity of
the liquid increases as the polymer is accelerated along the axis of the jet. If the electric
field is strong enough, a jet of liquid can be ejected from a pendant drop that was
essentially circular before the field is applied. The jet is the region beyond the base where
the electrical forces continue to accelerate the polymer liquid and then stretch the jet. In
this region, the diameter of the jet decreases and the length increases in a way that keeps
constant the amount of mass per unit time passing any point on the axis [1]. Analysis of
the flow field in an electrically driven jet showed that the region about the symmetry axis
of the jet is free of rotational components and is thus an area of pure extensional flow
[15]. The collection region is where the jet is stopped. The polymer fibers that remain
after the solvent evaporates may be collected on a metal screen. The initiation and
formation of the jet is a complex and interesting process with many variations [7]. In
electrospinning process the morphology of the fibers depends on the various parameters
such as solution concentration, applied electric field strength and tip-to-collector distance

[16-18]. Although research has provided a fundamental understanding of the process, the
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fiber morphology as a function of solution properties (concentration, polymer molecular

weight) and processing conditions is not well quantified.

Many parameters can influence the transformation of polymer solutions into nanofibers
through electrospinning. These parameters include: a)The solution properties such as
viscosity, elasticity, conductivity, and surface tension, b)governing variables such as
hydrostatic pressure in the capillary tube, electric potential at the capillary tip, and the
gap (distance between the tip and the collecting screen), and c) ambient parameters such

as solution temperature, humidity, and air velocity in the electrospinning chamber [9].

Sometimes electrospun fibers exhibit bead-on-string structures, which have been
generally considered to be undesirable by-product or defects. Theoretical analysis in the
literature predicted three types of instabilities for an electrically driven jet: axisymmetric
Rayleigh instability, electric field-induced axisymmetric instability, and whipping
instability. Bead formation results from axisymmetric instabilities and flow of the
electrospun jet. Specifically, applied voltage, solution surface tension, and conductivity
can influence the formation of beaded fibers [19]. For poly hydroxybutyrate-co-valerate
(PHBV) electrospun fibers Zuo and coworkers [19] showed that higher applied voltage
favor formation of smooth fibers and beads are likely to be formed at high feed rate. High
surface tension promotes the formation of PHBV electrospun fibers with beads, whereas

increased conductivity favors uniform smooth fibers.
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Among the many eletrospun polymers reported in the scientific literature are poly(p-
phenylene terephthalamide) [37], tri-block polymers [39], Nylon [22-29], polyethylene
oxide and DNA from solution [38]; polyethylene and polypropylene from the melt [40].
Nylon has been widely used as an important engineering plastic because of its good
mechanical properties. Nylon fibers have been produced by traditional methods such as
melt, wet and dry spinning. These fibers are available in staple, tow, monofilament and
multifilament form [20]. Fiber diameters produced by these methods range from 10 to

500 micrometer [21].

Ryu and coworkers [22] examined morphology, pore size, surface area and gas transport
properties of nylon 6 nonwoven electrospun mats. The crystallinity of nanocomposites of
nylon-6 and montmorillonite clay was studied by Fong et.al [23]. The ultra large draw
ratio and rapid solvent removal of electrospinning favors the formation of y-phase nylon
crystallites in pure nylon-6 and montmorillonite-nylon-6 fibers [23]. Bregshoef and
Vancso [8] prepared nanocomposites with ultrathin, electrospun nylon-4,6 fibers and

compared mechanical properties of nylon 4,6/epoxy composite films and epoxy films.

Larrondo and coworkers [24] in an effort to understand the mechanism of jet formation
from polymer melts with the aid of an electric field used molten polymers of nylon-12
and polyethylene. The drop formation was measured as a function of field intensity and

frequency.
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Gibson and coworkers [25] used Nylon-66, Polybenzimidazole and
Polytetrafluoroethylene membranes from electrospun fibers as protective layers. They
measured properties of electrospun membranes including structural effects upon moisture

transport, air convection, aerosol filtration, porosity, tensile strength.

Using Raman spectroscopy Stephen and coworkers [26] showed that in the case of nylon-

6 polymer crystalline structure was altered from o to Y form when electrospun. This

however is not a permanent conformational change and can be converted back to o form
by solvent casting a film from the electrospun membrane. The ability of the
electrospinning process to produce the Y form implies that the fibers are under high stress

when they are being formed. For nylon-12 that only has one preferred conformation, the

chain conformation is conserved after processing.

Supaphol and coworkers [27-29] studied the effects of electrode polarity and processing
parameters on morphological appearance and size of the as-spun nylon-6 fibers. An
increase in the temperature of the spinning solutions decreased the size of the as-spun
fibers. Addition and increasing content of NaCl caused the conductivity of the spinning
solutions to increase which in turn, caused the sizes of the as-spun fibers to increase.
Fibers obtained from nylon-6 of higher molecular weights appeared to be larger in
diameter. The maximum molecular weight they used was 32000 g/mol with varying
concentration (10-46 % w/v). An increase in the temperature of the solution during
electrospinning resulted in a decrease in the fiber diameters. Increasing solution viscosity

resulted in a reduced number of beads and increased fiber diameters. Diameters of fibers
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obtained under the negative electrode polarity were larger than those obtained under the

positive electrode polarity.

Dersch [30] showed that intrinsic structure of nylon-6 and polylactic acid (PLA) fibers do
not differ to an appreciable extent from those found for much thicker fibers obtained by
melt extrusion. The annealing of polyamide fibers at elevated temperatures resulted in a
transformation from the disordered Y from to the more highly ordered o form. The
orientation of the crystals along the fiber axis was strongly inhomogenous: it was an
average, very weak. A brief note is made on the research done on nylon-6 with major

focus area is shown in Table 1.
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Table 1. A brief review of studies conducted on different types of nylon.

Author

Polymer

Solvent

Mw
(g/mol)

Focus

Reference

Supaphol

N6

Formic acid, m-
chresol,
sulphuric acid

17000,
20,000, and
32000

Effects of
solvent, polarity
of electrode,
concentration,
and addition of
salt (NaCl)

27-29

Gibson

N66

Formic acid

Not
reported

Properties of
electrospun
membranes
(moisture
transport, air
convection,
aerosol
filtration,
tensile strength)

25

Larrondo

NI12

35000

Modeling of
drop formation
in terms of a
theory Troza

24

Stephen

N6, N12

HFIP

N6: 43,300
N12: 32000

Investigation
about chain
conformation
during
electrospinning
by Raman
spectroscopy

26

Dersch

N6

Formic acid

Not
reported

Comparison
structure of
electrospun and
melt spun fibers
by x-ray

30

Fong

N6

HFIP,
HFIP/dimethyl
formamide

20,000

Effects of
solvent

23

Bregshoef

N46

Formic acid

Not
reported

Transparent
composite
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In the present study we investigated effect of voltage, distance between collector and tip

of syringe and solution concentration of 3 different molecular weight of PA-6 (30,000,
50,000 and 63000 g/mol) in formic acid on diameter of electrospun fibers of PA-6. In the
literature published the highest molecular weight that has been utilized to produce
nanofibers is 32000 g/mol [27]. We have made the first attempt to produce high
molecular weight PA-6 up to 63000 g/mol in order to comprehend the effect of molecular
weight on morphology of nanofibers and mechanical properties of electrospun nonwoven

mats.

4.3. Experimental
4.3.1. Materials
Three molecular weights of nylon-6 were investigated (high (63000 g/mol), medium
(50000 g/mol) and low (30000g/mol) molecular weight (ULTRAMID BS700, BS3301
and B4001) from BASF). The viscosity averaged molecular weight was calculated from
the Mark-Houwink equation (1).

[N =KM," (D)
The constants K and a values used for the nylon-6/formic acid system at 25 °C were 22.6
x 10 7 dL/g and 0.82, respectively [36]. The viscometric measurements were conducted
at 25°C by using an Ubbelohde viscometer. The limiting viscosity number was

determined from the following equation (2):

_2. Y%
[7]= -, =D (@)

Here C is polymer concentration, [#] is intrinsic viscosity and 7, is relative viscosity.
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Two polymer solution concentrations 10 wt % and 15 wt % prepared by dissolving
nylon-6 in Formic acid (Merck). Samples of different molecular weight and
concentrations with varying processing parameters were used. Table 2 shows sample
code and processing parameters of samples. The samples code can be identified as:

1. Molecular weight LMW, MMW, and HMW refers to low, medium and high molecular
weight nylon-6, respectively.

2. Concentration C; and C; refers to 10 and 15 wt%, respectively.

3. Voltage V|, V,, and V3 refers to 10, 15, and 20 kV, respectively.

4. Distance from tip to collector D;, D,, and D3 refers to 10, 15, and 20 cm, respectively.
5. Feed rate Fj, F,, and F; refers to 15, 50, and 100 pl/min, respectively.

For example LMWC,V,F D, refers to nanofibers produced from low molecular weight
nylon-6 having 10 wt% concentration, at 15 kV voltage, 15 pl/min feed rate, and 15 cm

distance.

Table 2: Sample Codes and processing parameters used in the experimental study

Sample Code Mol. Wt. Concentration Voltage Feed Distance

(g/mol) (wt %) KV Rate cm

ul/min
LMWC,V,F D, 30000 10 15 15 15
MMWC,V,FiD, 50000 10 15 15 15
HMWC,V,FiD, 63000 10 15 15 15
LMWC,V,F D, 30000 15 15 15 15
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Table 2 Contd.

MMWC,V,F D, 50000 15 15 15 15
HMWC,V,F D, 63000 15 15 15 15
LMWC,V,F D, 30000 15 10 15 15
LMWC,V3F D, 30000 15 20 15 15
MMWC,V,F D, 50000 15 10 15 15
MMWC,V;3F D, 50000 15 20 15 15
HMWC,V,FD; 63000 15 10 15 15
HMWC,V;F D, 63000 15 20 15 15
LMWC,V,F D, 30000 15 15 15 10
LMWC,V,F D, 30000 15 15 15 15
LMWC,V,FD; 30000 15 15 15 20
HMWC,V,FD; 63000 15 15 15 20
MMWC,V,F;D, 50000 15 15 50 15
MMWC,V,F3D, 50000 15 15 100 15
HMWC,V,F;D, 63000 15 15 50 15
HMWC,V,F3D, 63000 15 15 100 15
HMWC,V,F;D, 63000 10 15 50 15

4.3.2. Electrospinning
For electrospinning of nylon-6, a variable high voltage power supply (Glassman high
voltage model # FC60R2 with positive polarity) was used as a power supply to apply

voltages of +10, +15 and +20 kV to the horizontal oriented syringe tip. The polymer
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solution was place in a 10 ml syringe to which a capillary tip of 0.4 mm inner diameter
was attached. The positive electrode of the high voltage power supply is connected to the
capillary tip. The grounded electrode was connected to a metallic collector wrapped with

aluminum foil as shown in Fig. 1.

Suringe Poigrmer Tt Grounded Plate

Meedle

— i

Taylor's Cone

Charged Polymer Solution

[ v }
I—I High Woltage

FPower Supply

.|||7

Figure 1: Typical electrospinning Set-up

4.3.3. Morphology

The morphology of the electrospun nylon-6 webs was observed by scanning electron
microscopy (SEM) using a JEOL JSM-6400 FE with Energy Dispersive X-ray
Spectroscopy (EDS) operating at 5 kV. The electrospun samples were coated with Au/Pd
using a K-550X sputter coater of 100 A thickness to reduce charging. Diameter and void

space of the electrospun nylon-6 mats were measured with Image J analysis software.
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4.3.4. Interfacial and Viscosity Measurements

An automated contact angle goniometer (Rame-Hart, Inc., Mountain Lakes, NJ) used for
data collection and calculations in combination with the DROPimage computer program.
The capillary drop was formed within an environmental chamber at room temperature, in
which standing water increased the relative humidity to minimize evaporation effects. An
illustration of the instrument is shown in Fig. 2. It consists of a goniometer fitted with a
macro lens and autobellows (Olympus) and a CCD video camera. The video frames are
captures by a DT3155 frame grabber (Data Translation) in a Pentium 200 PC. The drop
control unit is a Microlab M dispenser (Hamilton) and a specially designed oscillation
unit consisting of a syringe with an excenter-mounted piston that is motor driven. The
dispenser is controlled by the PC. The dispenser and oscillation units are mounted in
series with stainless steel pipes that are filled with distilled water. The drops and bubbles
are extended from the tip of a small Teflon tube into a quartz cuvette inside a
thermostated and water-filled environment chamber with glass windows. The Teflon tube

contains an air pocket toward the water in the steel pipe.
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Figure 2: DROP instrument for the measurement of interfacial tension [34]

The results that are calculated are the surface tension, shape factor (b), radius of curvature
(Rp), the drop volume, height and width, the surface area, and the contact angle with the
horizontal plane. The surface tension of the monolayers is measured by means of a

Wilhelmy plate [31].

Viscosity was measured using a rheometer (StressTech HR, Rheologica Instruments AB)
with rheoExploer V5 operating software using concentric cylinder geometry as the

samples were more fluidic. Samples were presheared at 30 Pa for 60 sec and all

experiments were performed at 25 °C.

4.3.5. Mechanical properties measurements

The MTS tensile tester was used for measuring tensile properties of electrospun web.

ASTM D882 method of testing was used for the nonwoven electrospun nylon-6 mats.
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The gauge length of the mats was 3 cm and average thickness was 0.14 mm. Tensile
properties of electrospun web were measured with 10 mm/min strain rate. Void volume
fraction was calculated using Image J analyzer. SEM images were scanned and different
layers of nanofibers were made distinct using a grey scale. The void area (proportional to
volume) was calculated as area of single nanofiber layer subtracted from total area in that

plane.

4.4. Results and Discussion

4.4.1. Effect of molecular weight and concentration on surface tension

It is well known that the morphology of electrospun fibers depends on the processing
parameters and environmental conditions such as temperature and humidity [7-8, 17-18].
The optimal electrospinning conditions for the three nylons (the parameters such as
polymer concentration, applied electric field strength and tip-to-collector distance) were
examined. The viscosity, net charge density and surface tension of solution are key
parameters of the formation of the stabilized jets [19]. For low and medium molecular
weight nylon-6 (at 10 wt % concentration) the solution viscosity (can be controlled by the
solution concentration) was too low to make fibers. Surface tension of the low, medium
and high molecular weight nylon-6 with two concentrations (10 & 15 wt %) was
measured. At 10 wt % concentration, surface tension almost remains constant among
high, medium and low molecular weight nylon-6, however slight difference was noticed
at the concentration of 15 wt %. The results of Table 3 show that with increasing
molecular weight and concentration, change in surface tension is insignificant where as,

viscosity increases appreciably as shown in Table 4. Surface tension therefore, is not as
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sensitive to molecular weight and concentration of polymer in electrospinning as
viscosity. Polymer solutions are essentially non-Newtonian fluids, elongational flow
resists the break up of the viscoelastic jet, leading to the formation of long threads of mini
jets. As a result, morphology of nanofibrous structures has a dependence on these two
factors (Mw and concentration). Hence, polymer concentration and molecular weight

have tremendous effect on the viscoelastic jets of nanofibers [32].

Table 3: Surface tension (mN/m) of nylon-6 solutions in formic acid at different

molecular weight and concentration

Concentration LMW MMW HMW
10 wt % 40.16+0.04 40.17+0.01 40.19+0.05
15 wt % 40.15+0.03 41.35+0.01 41.63+0.01

Table 4: Variation in viscosity as a function of molecular weight and concentration.

Molecular Weight Concentration Viscosity (cP)
(gm/mol)
LMW 10 wt % 29.6
HMW 10 wt % 53.1
LMW 15 wt % 129
HMW 15 wt % 154
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4.4.2. Effect of Concentration and Molecular Weight on morphology of nanofibers
Assessment of scanning electron micrographs of three nylon-6 molecular weights
revealed effect of concentration on the nanofiber morphology as shown in Figure 3. For
low and medium molecular weight nylon-6 no nanofibers are observed at 10 wt. %
concentration. This is attributed to the low viscosity resulting in low viscoelastic force
due to low degree of chain entanglement not able to withstand the applied electric field.
A study on role of chain entanglements during electrospinning has been done by Shenoy
etal. [41]. This is given by the equation:
(Me)sol = Pp My / M (3)

Where (T¢)so1 is the solution entanglement number, @, is volume fraction of polymer in
solution, My, is weight average molecular weight of polymer and M, is entanglement
molecular weight of polymer. (M, for nylon-6 is 5000 gm/mol [42]). Based on above
equation (Me)so1 Was calculated and is shown in Table 5. We observe that as the value of

(Me)so1 approaches 2, fiber formation is seen.

Table 5. Estimation of solution entanglement number for different nylon-6 solutions [40]

Molecular weight Concentration (wt %) (Me)sol
30000 10 0.634
30000 15 0.948
50000 10 1.05
50000 15 1.58
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Table 5 Contd.

63000 10 1.33

63000 15 1.99
Jet stability is an important factor in formation of nanofibers. Under high electric fields in
the case of 10 wt % concentration of low and medium molecular weight nylon samples,
jet stability is not achieved, and as a result it breaks into smaller jets and form beads.
High molecular weight nylon-6 sample at same concentration showed nanofibers
relatively higher in number in contrast to low and medium molecular weight with fewer
beads. At 15 wt % concentration, low and medium molecular weight nylons formed
beaded and broken nanofibers whereas high molecular weight nylon produced bead free
nanofibers. Therefore, as the concentration and molecular weight increases, occurrence of
beads decreases. This is due to the increased degree of chain entanglement with the rise
in molecular weight ultimately causing an increase in viscosity and therefore higher
viscoelastic force causing elongation of fibers. Figure 3 shows that in all the samples, an
increase in concentration resulted in formation of nanofibers. A reduction in average bead
size was also seen. For example, the average bead size reduced from 433.54 nm to 129.2
nm and the number of beads reduced from 0.465/um2 to O.O9/um2 in the case of high

molecular weight nylon-6.

Viscosity increases due to increase in molecular weight as number of chain
entanglements increase. As a result, the viscoelastic forces in the polymer solution rise,
so much so that the viscoelastic forces are able to counter the electrostatic force and

surface tension thus producing continuous nanofibers. Elasticity of polymer solution is
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vital in the study of the elongational flow characteristics. The longest relaxation time (A)

of the molecules in solution can be estimated from the Rouse model [33-34]
A= 61 [N] My/n’RT  (4)

where 1 is the solvent viscosity, [1] is the intrinsic viscosity, R is the gas constant and T
is the temperature. An increase in molecular weight increases the relaxation time of the
polymer. The relaxation time of low, medium and high molecular weight polymer (from
equation 4) is calculated as 1.65 x 107, 3.35 x 10 and 5.48 x 107 sec respectively. Its
evident that with an increase in molecular weight the relaxation of polymer chains
becomes more difficult and as a consequence, the elongational flow is reduced and we
get nanofibers with larger diameters. At 15 wt % concentration, high molecular weight
nylon-6 shows smooth and uniform nanofibers whereas medium and low molecular
weight nylon-6 shows beaded nanofibers Fig. 3 (b, e & f). Hence, as the molecular
weight increases, tendency to form nanofibers also increases. Similar phenomenon is
observed in all the samples with an increase in concentration. Comparison of 15 wt. %
high and medium molecular weight nylon-6 in Fig. 4 shows that average diameter of
nanofibers increases with increasing molecular weight. The diameter distribution of high

molecular weight is narrower than that for medium molecular weight.
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Figure 3: Effect of molecular weight and concentration on morphology of nanospun
fibers. Low Mw nylon-6 10 wt % (a) & 15 wt % (b); Medium Mw nylon-6 10 wt % (c) &
15 wt % (d); high Mw nylon-6 10 wt % (e) & 15 wt % (f) (All samples at 15kV, 15
ul/min, 15 cm)

40
35 o MMW 15 wt % |—
30 = HMW 15 wt % ||

Frequency (%)

Diameter (um)

Figure 4: Effect of molecular weight on diameter distribution
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4.4.3. Effect of Voltage on morphology of nanofibers

Voltage illustrates enormous effect on morphology of nylon-6 nanofibers as shown by the
SEM micrographs in Figure 5. Three voltages were selected 10, 15 and 20 kV at which
nanofibers were produced. For a particular molecular weight, other parameters such as
concentration, distance and feed rate were kept constant at 15 wt %, 15 cm and 15 pl/min

respectively.

As shown in Fig. 5 for the low and medium molecular weight nylon samples, as the
voltage was increased from 10 kV to 20 kV a drop in bead formation was observed. In
the case of low molecular weight nylon-6 sample at lower voltages of 10 and 15 kV
essentially no nanofibers are seen but at 20 kV some fibers started to form. Same trend
was observed for medium molecular weight sample but with higher number of nanofibers.
It is evident from Figure 5 (a-f) that an increase in voltage with other parameters kept

constant leads to improved nanofiber formation with a relative decrease in bead size.

For high molecular weight 15 wt % nylon-6 dissimilar results were obtained. Herein, at
10 kV the tendency of nanofiber formation seemed to be the greatest with long
continuous nanofibers and diminished as the voltage was subsequently increased to 15
and 20 kV. At 20 kV no nanofibrous mat was seen, only single rope like structure was
formed. It is clear that there is an optimum voltage condition characteristic of a polymer
molecular weight and concentration which maximizes the whipping instability to form

thin fibers. Though nanofibers from whole range of molecular weights were obtained
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nevertheless, nanofibers obtained from high molecular weight nylon-6 were without

beads and more uniform as compared to other samples.

We assume that increasing voltage further could furnish uniform nanofibers. Effect of
voltage on the nanofiber diameter distribution demonstrates that in all the samples as the
voltage is increased diameter also increases. Average diameter of nanofiber for medium
molecular weight nylon-6 increased from 78 nm at 15 kV to 83 nm at 20 kV. For high
molecular weight nylon-6 average diameter increased from 77.16 nm at 10 kV to 93.76
nm at 15 kV. Figure 6 (a, b) shows the diameter distribution as a function of voltage. The
rationale behind this observation is that an increase in voltage drives the charged jet to
emerge from tip through Taylor’s cone rapidly due to higher electrostatic forces, so the

solvent is removed more quickly resulting an increase in fiber diameter. These results

agree with work carried out by Zhang and co-workers [35].
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Figure 5: Effect of Voltage
(a, b, ¢) Low Mw nylon-6 at 10, 15, 20 kV; (d, e, f) Medium Mw nylon-6 at 10, 15, 20

kV; (g, h, 1) High Mw nylon-6 at 10, 15, 20 kV (All samples at 15 wt%, 15 pl/min, 15

cm)
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Figure 6 (a, b): Diameter distribution as a function of voltage. Increase in voltage

augmented diameter size in medium Mw (Fig 6a) and high Mw (Fig 6b) nylon-6.

4.4.4. Effect of Distance on morphology of nanofibers

The distance between the tip of the capillary and the grounded plate can have a
significant impact on morphology of electrospun nanofibers. Three different distances
were chosen 10, 15 and 20 cm between the tip of the needle and the grounded plate. For
a particular molecular weight, other parameters such as concentration, voltage and feed

rate were kept constant at 15 wt %, 15 kV and 15 pl/min, respectively.

As the distance between the tip and grounded plate increased, more uniform and beadless
nanofiber were obtained in all nylon-6 samples. For example, Fig 7 shows the trend
observed in the case of low molecular weight nylon-6 (15 wt %). We see that as the

distance increased from 10 to 20 cm, a progressive reduction in bead occurrence is

53



observed, same result was observed in the case of medium and high molecular weight
samples. An increase in distance provides more time for solvent evaporation, resulting in
finer nanofibers and uniform diameter size. High molecular weight 15 wt % nylon-6 was
also electrospun at a distance of 20 cm. Figure 7 (c, d) shows that high molecular weight
15 wt % nylon-6 showed more consistent nanofibers as compared to low molecular
weight 15 wt %. We observed that there is a difference in the morphology of the
nanofibers from two samples at similar conditions, low molecular weight sample are less
uniform with more beads as compared to high molecular weight nylon-6 as predicted by

Shenoy [41] based on entanglement concentration.

Figure 8 quantitatively shows that in case of low molecular weight nylon-6 that as

distance increases the diameter of nanofibers decreases. Average diameter decreased

from 78.52 nm to 64.92 nm
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Figure 7: Effect of distance on nanofiber morphology.
(a, b, ¢) Low Mw 15 wt % nylon-6 at distance 10, 15 and 20 cm. (d) high Mw 15 wt %
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Figure 8: Diameter distribution as a function of distance and molecular weight.
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4.4.5. Effect of Feed Rate on morphology of nanofibers

Three feed rates were chosen to determine the effect of mass throughput (15, 50 and 100
ul/min) on fiber morphology. Other parameters such as concentration, voltage and
distance were kept constant at 15 wt %, 15 kV and 15 cm respectively. The general trend
depicted an increase and then decrease in fiber forming tendency as the feed rate was

progressively increased.

At 15 wt % concentration, medium molecular weight nylon-6 was chosen to ascertain the
effect of varying feed rate. Nanofibers with typical beads on string structure were
observed at 15 ul/min. When the feed rate was increased to 50 ul/min, frequency of
beads declined and more slender nanofibers were noticed. Finally, at a rate of 100 pl/min,
no nanofibers were formed, instead a thick rope like structure was seen (Fig. 9 a,b,c). At
15 wt % concentration similar results were seen for high molecular weight nylon-6. As
the feed rate was increased from 15 to 100 ul/min, morphology shifted from un-beaded
nanofibers to non-uniform nanofibers with beads (Fig. 9 d.e,f). At 10 wt % concentration
high molecular weight nylon-6 gave analogous results which further verify our earlier
results (Fig. 9 g,h). As the feed rate increases, more polymer is available at the needle tip
to be electrospun which exceeds the rate of removal at a fixed electric field and therefore

this mass imbalance gives rise to beaded or thick nanofibers.

A careful look on the diameter distribution in Figure 10 shows that as the feed rate was

increased, the average diameter increased from 67.64 nm to 123.28 nm as the feed rate
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was increased from 15 to100 pl/min in the case of high molecular weight (15 wt %)

nylon-6.
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Figure 9: Effect of Feed Rate
(a, b, ¢) Medium Mw 15 wt % nylon-6 at 15, 50, 100 ul/min; (d, e, f) High Mw 15 wt %
nylon-6 at 15, 50, 100 pl/min; (g, h) High Mw 10 wt % nylon-6 at 15 and 50 pl/min (All

samples at15 wt%, 15 KV, 15 cm)
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Figure 10 (a, b) Effect of Feed rate on diameter distribution on high Mw (Fig 10 a) and
medium Mw (Fig 10 b) shows an increase overall diameter size with an increase in feed

rate.

4.4.6. Mechanical Testing of Nanofibrous mats
As the molecular weight of a polymer increases, mechanical properties also increase due

to increased number of chain entanglements. However, it is unclear what the effect of
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Mw has on the mechanical properties of the fibrous mat would be, since the mechanical
properties are dependent on both fiber properties as well as the bond strength of fiber-
fiber junctions. As Mw increases we expect fiber strength/modulus to increase, however
we are unsure of the effect Mw will have on the strength of the fiber-fiber weld points.
(We would expect the interdiffusion to decrease as Mw increases, but are unsure of how

that will effect the weld strength).

Our mechanical test results proved that as the molecular weight increased, modulus of
nonwoven electrospun nanofiber mats increased. The tests were performed on
nanofibrous electrospun mats having identical processing conditions like feed rate, tip to
grounded plate distance electric field and each of the experiments were timed so as to
keep the thickness of mats uniform. Five samples of each molecular weight were tested
for statistical purposes. These results account for the porosity of the mats and void
volume fraction was measured using Image J software. The void volume fraction for high,
medium and low molecular weight nylon-6 samples was calculated as 84.6, 86.8 and
86 % respectively. Table 6 shows that Young’s modulus increased almost 50 % as a
function of increasing molecular weight. Tenacity also showed an increase as Mw
increased. Therefore Mw did not have an adverse effect on the strength of the fiber-fiber

junctions (within the Mw range studied).

59



Table 6. Tensile properties of electrospun nylon-6 web

Electrospun web Tenacity (kgf) Elongation at Modulus
break (%) (kgf/mm?)

HMW 0.4 £0.07 16.6 +2.5 5.1 £0.59
MMW 0.312 £0.019 18.65 £ 0.75 4.37 £0.59
LMW 0.15 £0.02 93+1.7 3.26 £0.21

4.5. Conclusion

In the present endeavor, the electrospinning technique was used to produce nanoscale
fibers of nylon-6. The core objective of this study was to fabricate nanofibers of high
molecular weight of nylon-6 for understanding entanglement of linear polymer chains
and its effect on morphology and jet stability of electrospun fibers. To substantiate our
study it was necessary to probe low and medium molecular weight nylon-6 and compare
with the high molecular weight nylon-6. Variation in surface tension was insignificant
with an increase in molecular weight and concentration of polymer. Molecular weight
and concentration are prime factors affecting the morphology of the nanofibers. At same
concentration level, low molecular weight nylon-6 formed small droplets, while medium
molecular weight fibers just started to form nanofibers but high molecular weight nylon-6
formed mats of nanofibers. An increase in relaxation time (as molecular weight
increases) suppresses the jet instability due to increased chain entanglements, forming

unbeaded and continuous fibers.

Variation in voltage has strong effect on the morphology on nanofibers. With an increase

in voltage more fibers are formed with less beads and larger diameters. For high
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molecular weight nylon-6 it was possible to manufacture nanofibers even at low voltages
as against low and medium molecular weight nylon-6. With an increase in tip to collector
distance, (thereby increasing the time of flight of nanofibers), a reduction in diameter size
is observed. The diameter of electrospun nanofibers increased with an increase in feed
rate. Favorable feed rate to produce nanofibers was higher in case of low molecular
weight and lower in case of high molecular weight nylon-6. Mechanical properties
showed that tenacity as well as modulus increase as molecular weight is increased with

no negative effects on the fiber-fiber weld points.
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Chapter 5

Fabrication and characterization of chitosan nanofibers produced by bi-
component electrospinning

Satyajeet S. tha], Derrick R. StevensZ, Torissa J. Hoﬁ‘manZ, Rebecca Klossner], Laura I
Clarkée’, Wendy Krause' and Russell E. Gorga'*
! Department of Textile Engineering, Chemistry and Science, NCSU, 2D.epartm.ent of
Physics, NCSU

5.1. Abstract:

Chitosan is a naturally occurring polysaccharide, biocompatible and recognized as an
antibacterial agent. As an abundantly common biopolymer, chitosan has been extensively
discussed as a material for formation of artificial tissue scaffolds. In order to match the
morphology of mammalian extracellular matrices, such scaffolds require high porosity
(>70%) and fiber diameters < 100 nm, morphology that can be obtained from mats of
electrospun fibers.. Past attempts to electrospin chitosan have utilized polymer blends.
Here, Polyethylene oxide (PEO) has been used as a template to fabricate chitosan
nanofibers which is complicated to form nanofibers on its own. 3 wt % chitosan as core
formed coaxial nanofibers with 4 wt % PEO. Transmission electron microscopy
confirmed formation of core-sheath structures. Subsequently, PEO was removed by
washing with de-ionized water to obtain chitosan nanofibers. Scanning electron
micrographs demonstrated development of chitosan nanofibers. Transmission electron
microscopy confirmed formation of core-sheath structures. Mechanical testing of core-
sheath nanofibers showed elongation at break at 14.8 % and a modulus of 2.40 kgf/mm?.
Electrical measurements on mats of core-sheath nanofibers showed no conductivity due

to the presence of the insulating PEO sheath, which prevents fiber-electrode and fiber-
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fiber contact. Upon removal of the sheath, mats of the chitosan nanofibers and drop-cast
films of chitosan did not differ in conductivity with values of 10" - 10" S/em in
vacuum and ~10” S/cm at ambient conditions, consistent with literature precedents (on
films). Upon soaking with water, which should provide the maximum conductivity, films
showed a rise in conductivity to ~ 10 S/cm; however, repeated measurements on films
and mats were hindered by the inability of the mat/film to swell when adhered to the

surface of an electrode.

Keywords: coaxial electrospinning, polysaccharide, scaffolds.

5.2. Introduction:

Electrospinning is a technique which has gained momentum in the recent past to generate
fibers at the sub-micron scale.'™ The electrospinning process yields nanofibers with a 3-D
porous network with ultra high aspect ratio and enormous specific surface area which
makes them useful in fields like drug delivery’, tissue engineering’, conductive

. 7 . 8 . 1 . .
nanowires’, super-capacitors’, nanosensorsg, wound  dressings O and filtration

11-12

membranes. Due to its versatility in applications, an abundance of polymers have

been electrospun into nanofibers.’

In electrospinning, a non-mechanical process, electrical forces are used instead of

mechanical forces to produce fibers.”> In a typical electrospinning set-up, a polymer

solution or melt in a syringe is charged through a high voltage supply and a grounded
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plate is placed at a fixed distance form the needle tip. Due to the large potential
difference, the fluid droplet at tip of the metal needle (used in conjunction with syringe)
overcomes surface tension thereby forming jet of nanofibers by the action of electric
Maxwell stresses.'* Hohman et.al."”> has modeled the role played by surface charge in
suppressing the Rayleigh instability and boosting whipping instability which results in
stretching of the jet. The grounded electrode in the form of circular plate, rotating drum
or parallel bars is placed for deposition of nanofibers.'® Morphology of nanofibers
obtained from electrospinning depends upon both the solution parameters such as
viscosity, surface tension, charge density17 and processing variables like applied voltage,

tip to collector distance, feed rate, humidity and temperature.18'20

The nanofibrous mats produced by electrospinning have highly porous dense network of
nanofibers with extraordinary surface area. Such properties combined with minute length
scale make nanofibers advantageous to be used as a scaffolding material mimicking extra
cellular matrix (ECM).21 Bhattarai was able to show that a mixture of 80/20 Poly (L-
lactic acid) (PLLA) and Poly ethylene glycol (PEG) is favorable for biological activity of
NIH 3T3 fibroblast cells.”? Collagen coated PLLA-co-Poly-(s-caprolactore) nanofiber
mesh have been used to study viability, attachment and phenotypic maintenance of
human coronary artery endothelial cells (HCAECs).” Xin et al. demonstrated that
nanofiber mesh produced by Poly (D,L-lactide-co-glycolide) (PLGA) offers
accommodating milieu for human mesenchymal stem cells (hMSCs) as well as their

osteogenic (hMSC-Ob) and chondrogenic (hMSC-Ch) derivatives.?*
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Recently much effort has been directed towards developing nanofibers having a core-
sheath geometry. With such structure these core-sheath nanofibers could be applied to a
variety of applications such as the preservation of a biological agent from externally
aggressive environments and sustained delivery of drugs.25 Electrospinning has been used
as a template to prepare poly-pyrrole/poly(methyl methacrylate) coaxial nanocables,”®
fabrication of nanocables by laser ablation,”” TUFT (tubes by fiber templates) process to
produce nano-and mesocables® and growth of semiconductor nanowires inside polymer

tubules.”

Coaxial electrospinning could be very helpful in cases where a particular polymer
solution/melt is not capable of forming nanofibers due to its fluid characteristics. The
limitation in electrospinnability of these polymers could be due to poor solubility,
inappropriate molecular weight or spatial arrangement of polymer chains in solution
leading to different magnitude entanglement density.30 In this technique, two concentric
needles are placed in an annular fashion, two different polymer solutions or melt or a
mixture of melt or solution form a compound pendant drop at the capillary end forming a
compound Taylor cone as shown in Fig.1. The two polymers do not mix since the process
is very rapid.”' For fabrication of core-sheath nanofibers, it is essential that both core and
sheath fluid should be subjected to identical Maxwell stresses and bending instability.** A
dual syringe system to produce nanofiber blends having side-by-side arrangement of
syringes has also been reported.33 Loscertales et al. have earlier shown production of

34
core-sheath nanocapsules.
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Coaxial electrospinning technique was first reported by Sun et al. using two capillary
spinneret using PEO-PEO (polyethylene oxide), PEO-Poly(dodecylthiphene) and PEO-
polysulfone.3 ! Zhang et al. demonstrated encapsulation of fluoroscein isothiocyanate-
conjugated bovine serum albumin within poly caprolactone (PCL) nanofibers.” Similarly,
encapsulation of iron-platinum (Fe-Pt) magnetic nanoparticles within PCL nanofiber has
also been studied.* Rutledge et al. has produced polyacrylonitrile/poly (acrylonitrile-co-
styrene), silk/PEO, Polyaniline/PEO core sheath nanofibers.’**’ Li and Xia have
produced core-sheath nanofiber morphology using poly (vinyl pyrrolidone)-titanium
tetraisoporpoxide/mineral oil. In another attempt they presented production of Poly [2-
mehtoxy-5-(2-ethylhexyloxy)-1,4-phenylvinylene] (MEH-PPV) co-electrospun with poly

(vinyl pyrrolidone) as core-sheath nanofibers.” **

Chitosan ((1—4)-linked 2-amino-2-deoxy-B-D-glucan) is a linear polymer, partly
deacetylated form of chitin, obtained from crustaceans. Its biocompatible, biodegradable
and anti-microbial nature, has resulted in a lot of research activity in fields such as drug

delivery, tissue engineering scaffold and wound healing dressings.™*'

Presence of amino (—-NH;) and hydroxyl (-OH) groups enables chitosan to be easily
modified.** The end products of degraded chitosan are natural metabolites which
makes it non-toxic and non—alntig:,rf:nic.44 It has been estimated that 10'°-10'? tons of chitin
are biosynthesized each year.45 Molecular weight and degree of deacetylation of chitosan
varies depending on the origin and method of hydrolysis.*® Rigid D-glucosamine

structures and high crystallinity, together with intermolecular hydrogen-bonds restricts
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the solubility of chitosan in common organic solvents, and its tendency to form poly-ion

with anionic hydrocolloids to form a gel has limited means to process chitosan.*”*

However attempts have been made to electrospin chitosan by blending it with other
polymers such as PEO, Bhattarai et al. have used chitosan/PEO having ratio 90/10 with
Triton X-100 ™ to fabricate blended nanofibers.*’ Chitosan with PEO with mass ratio 1:1
and 2:1 has been electrospun by Duan and co-workers.”® Ohkawa et al. demonstrated
fabrication of chitosan/PVA nanofibers’'; Chitosan blended with polyacrylic acid has
been reported by Chen.”® In another technique reported by Min et al> chitin nanofibers

were electrospun and subsequently deacetylated.

Chitosan act as wound healing accelerator and stimulates migration of inflammatory
cells.”* Chitosan activates macrophage which results in relacase of many growth factors
such as transforming growth factor beta-1 (TGF-B1) and platelet derived growth factor
(PDGF) which upregulate the ECM production.’®”” Chitosan blended with PEO have
been utilized in cartilage tissue engineering by Subramanian et al. They demonstrated
that canine chondrocytes cell growth on nanofibers mats was more as compared to drop
cast salmples.58 In another report, bhattarai have shown that nanofibers with high ratio of
chitosan/PEO have sufficient properties such as structural integrity and adhesion for
growth and proliferation of chondrocytes (HTB-94) and Osteoblast (MG-63) cells and

therefore could be exploited as candidates for bone tissue engineering.59
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In this work, we make an attempt to illustrate schematics to produce core-sheath
nanofibers using chitosan and polyethylene oxide. Electrospun chitosan-PEO (core-
sheath) nanofibrous mats were then subjected to de-ionized water. As a result PEO
dissolves and pure chitosan nanofibers are obtained. This technique is advantageous as it
provides more contact surface area of chitosan for proposed application in tissue
engineering improving cell attachment and proliferation. In addition, we characterize the
mechanical and electrical properties of webs of these chitosan nanofibers, with an eye to
possible applications in tissue engineering. In particular, we utilize electrical
conductivity tests to confirm the presence of the non-conducting sheath and to determine

the conductivity of the resultant chitosan nanofibers after washing.

5.3. Experimental

5.3.1. Materials

Chitosan (82 % deacetylated) was obtained from Sigma Aldrich having a viscosity
average molecular wt. of 148,000 gm/mol as calculated from the intrinsic viscosity [1]
using Mark Houwink equation, [n] = KM*, where K = 1.81 x 107 ml/gm and o = 0.93.
The intrinsic viscosity [n] was measured in a mixture of 0.1 M acetic acid and 0.2 M
sodium chloride at 25° C. Polyethylene oxide (Mw 900,000 gm/mol) was supplied by
Scientific Polymers Products Inc. All samples were used without further purification.
Chitosan solutions were prepared with varying concentrations (1-7 wt %) by dissolving
chitosan in 90% Acetic Acid (EMD chemicals). For all the experiments concentration of

PEO solution (in water) was kept constant at 4 wt %.
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5.3.2. Electrospinning

Electrospinning of Chitosan/PEO solutions was performed using a horizontal set-up. A
variable high voltage power supply (Glassman high voltage model # FC60R2 with
positive polarity) was utilized for generating high voltage varied between 10-20 kV. Two
syringe pumps (New Era NE 500), kept perpendicular to each other were used for
pumping the polymer solutions at feed rates ranging from 50 to 900 pL/min. Equal mass
flow rate was maintained for core and sheath polymers. Two concentric needles having
diameters are 16 G and 22 G were used for sheath (PEO) and core (Chitosan) fluid
respectively. Both Chitosan and PEO solution were fed from 10 mL syringes. Figure 1

shows the core-sheath electrospinning set-up.

Outer Syringe Sheath Fluid (PEO)

Liquid Polymer Jet

Taylor Cone

Grounded Collector

Plate

Inner Syringe

{v]
= I

Feed Syringe High Voltage Supply

Core Fluid {Chitosan)

Figure 1: Typical set-up used for core-sheath electrospinning
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5.3.3. Characterization

5.3.3.1. Rheology and conductivity

The StressTech HR (ATS RheoSystems, Bordentown, NJ), a stress controlled rheometer,
was used to obtain the zero-shear rate viscosity (1,). For the initial studies, a 50 mm
parallel plate was used to collect the viscosity data. The gap used for all solutions was
0.300 mm at a temperature of 25°C + 0.1°C. Additionally, to reach low shear rates with a
low viscosity sample (less than 1,000 cP), a custom made double-gap, concentric cylinder
geometry was used. The outer radius of the bob measures 26.22 mm, with an inner radius
of 21.60 mm. A volume of 2.83 cm’ is required for accurate measurements. This fixture
allowed for precise viscosity measurements at low concentrations of chitosan. Solution

conductivity was measured using Orion conductivity/salinity/temperature meter (model #

162).

5.3.3.2. FTIR

Fourier transform infrared spectroscopy was performed (Nicolet Nexus 470) having 10

micron viewing area with single bounce attenuated reflectance device (OMNI Sampler™

with Ge crystal). FTIR of pure chitosan, pure PEO and chitosan-PEO core sheath

nanofibers (after washing off PEO) was performed.
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5.3.3.3. Scanning and Transmission electron microscopy

To determine the surface morphology of nanofibers obtained from co-axial
electrospinning, scanning electron microscopy (SEM) was performed using JEOL JSM-
6400 FE with Energy Dispersive X-ray Spectroscopy (EDS) operating at 5 kV. Co-axial
nanofibers samples were collected on aluminum foil and were sputter coated by a K-

550X sputter coater with Au/Pd having thickness ~ 100 A’ to reduce charging.

Transmission electron scanning was performed using FEI/Philips EM 208S operating at
80 kV. The electrospun nanofibers were directly deposited on Copper grids coated with a

layer of formvar and carbon film.

5.3.3.4 Mechanical properties

Tensile test were performed using MTS tensile tester for measuring tensile properties of
electrospun web. ASTM D882 method of testing was used for the nonwoven electrospun
chitosan-PEO (core-sheath) mats. The gauge length of the mats was 3 cm and average
thickness was 0.12 mm. Measurements were done at 70° F, 65 % RH and at a strain rate
of 5 mm/min. Void volume fraction was calculated using Image J analyzer. SEM images
were scanned through Image J, nanofibrous layers were differentiated through a grey

scale and area (proportional to volume) of one layer of nanofibers was then calculated.
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5.3.3.5 Electrical properties of chitosan-PEO core-sheath and chitosan nanofibers

Electrical measurements utilized planar interdigitated electrodes on glass to measure
these highly porous mats of nanofibers, as well as cast films for comparison. This
technique allows estimated conductivity to be obtained for very thin (1-10 pwm) porous
samples where placing electrodes above and below (sandwich-configuration) the sample
would lead to pin holes and poorly-defined geometry. Details can be found in a previous
publication.'® In short, the interdigitated electrodes were fabricated from conventional
lift-off uv-lithography with a digit spacing of 10 wm, digit length 1 mm, and with each
electrode consisting of 50 finger pairs. Mats or films were electrospun or cast onto the
pre-prepared electrodes, allowing application of an electric field generally parallel to the
substrate. A sensitive Keithley (6430 subfemtoamp) source-measurement unit was used
to obtain current-voltage characteristics which were analyzed to obtain electrical
conductance. It is well-known that interdigitated electrodes generate significant fringe
fields that penetrate above and below the electrode plane, with the depth of penetration
proportional to the finger spacing. Based on the calculated field patterns of our
interdigitated electrode configuration, values for estimated conductivity were
calculated.®’ In particular, assuming a large number of finger pairs and negligible finger
thickness compared to other electrode and sample dimensions, an estimate of the electric
field versus depth was obtained. To summarize this procedure, for a linear current-
voltage response, measured current is proportional to the integrated area under the

electric field versus distance curve. Equivalently, a constant electric field can be
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assumed with an effective depth of penetration which is roughly equal to the finger

spacing, for equal finger width and spacing.

For these experiments, samples in vacuum (~ le-7 torr), at ambient conditions, and after
one hour soaks in de-ionized water were measured. Samples were either submerged in
water or exposed by repeated water drops placed on the surface. Electrospun mats were
fabricated as described in Section 2.2 with the electrode placed on the collector plate.
Mats with a thickness of ~30-50 um or ~120-150 um were measured. Mat height was
measured with a micrometer for thicker samples and then extrapolated down for thinner
samples assuming that the rate of deposition was constant throughout the spin. Films
were cast by placing a drop onto the electrode which spread and dried to a uniform film.
In addition, free-standing films (first cast, and then peeled from the surface) were also
measured, either by fabrication of contacts with silver epoxy or by placing swollen films

onto interdigitated electrodes

3. Results and Discussion

Conductivity measurements showed that as the concentration of Chitosan increased,

solution conductivity also increased. Results of the conductivity are shown in Table 1.
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Table 1: Solution Properties of Chitosan dissolved in 90 % (w/w) AcOH samples

S. No. Chitosan Conductivity
Wt % mS/cm
1 1 1.80
2 2 3.31
3 3 4.42
4 4 4.96
5 5 5.77
6 6 6.33
7 7 6.50

Zero shear rate viscosity (1o) versus concentration is plotted in Figure 2. The no of 3
wt % chitosan (77 cP) and 4 wt % PEO (72 cP) are nearly equivalent. 4 wt % PEO is
easily electrospun into defect free nanonfibers, therefore this concentration was used for
all experiments. Since the viscosities of these two solutions are similar, the amount of
shear stress generated at the tip of the capillary in 4 wt % PEO and 3 wt % chitosan are
closely matched. In fact, coaxial nanofibers were produced only with this set of

concentrations (3 wt % chitosan/4 wt % PEO), with comparable values of 1.

77



10

& Chitosan
& PEO
10° 4 ¢
o
- 10¢ 4
{_r_:. ; & iy
.
101 1 &
1DD I I I 1

05 10 15 20 25 30 35 40 45
Concentration (%)

Figure. 2: The concentration dependence of the zero shear rate viscosity (1) for chitosan
and PEO. The black circles indicate 1o for varying concentrations of chitosan (1 — 4

wt %) and the gray triangle indicates 1 for 4 wt % PEQO.

TEM investigations shows formation of core-sheath structure and stark contrast is
observed between core and sheath nanofiber. Different concentrations of chitosan were
utilized (1-7 wt %) but core-sheath morphology was observed with only 3 wt % chitosan
solution (as core) together with 4 wt % PEO solution (as sheath). It can be seen that the
diameter of the sheath nanofibers obtained is around 250 nm and the diameter of the core

nanofiber is around 100 nm. It should be stressed that chitosan is not able to spin by itself
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as a monocomponent filament and hence the PEO sheath layer is need to act as carrier for

formation of chitosan fibers. (Fig. 3)

—100 nm

—

Figure 3: TEM images of coaxially electrospun Chitosan (3 wt %)-PEO (4 wt %) core-
sheath fibers before washing out PEO

FTIR results (Fig. 4) confirmed peaks corresponding to chitosan and PEO in the core-
sheath assembly. In order to determine qualitatively presence of chitosan as core and
PEO as sheath, FTIR was performed before and after the nanofibrous mats were
subjected to di-ionized water for 24 hrs. After washing, peaks corresponding to PEO
were subdued. We hypothesize that some PEO was still present in the interstitial spaces

which was unable to leach out in de-ionized water.
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Figure 4: FTIR of electrospun PEO-Chitosan nanofibers (after washing off PEO), PEO

and Chitosan

SEM images were taken after the mats were treated with water and they show that the
structure and integrity of nanofibers were still maintained. It validates our hypothesis that
PEO was washed off from the surface of nanofibers and chitosan insoluble in water
remained. Washed nanofibers (essentially chitosan) appeared to be flattened, and bundled
together, we hypothesize that this is due to formation of hydrogen bonds with water

molecules and as water is evaporated the nanofibers come and bundle together. (Fig. 4)

80



e amu s\ [ AN -5 — 1@@nm, F1 L81 N ieenm F1 Lol
NCsW/ - kv | Ixs.Sea 12pm " NCSU  SKU  %4B8.888 W 2mn s SKUN R4p. 000 1Zmm

L irvm F1 L81 — 16@8am, F1 LB1 — l@@anpm F1 LB1
MCEU SkKU K5,8688 22mm NESU SKU K468,808 22mm S S5KU X40.0888 12Zmm

Figure 5. (a-g) SEM images of electrospun chitosan-PEO core-sheath nanofibers. (a-c)

samples before H,O treatment. (d-f) samples after H,O treatment.

To evaluate the changes mechanical properties of nanofibrous mats due to incorporation
of core fluid, five core-sheath (3 wt % Chitosan and 4 wt % PEQ) electrospun specimens
having identical dimensions were subjected to tensile testing. Void volume fraction
obtained from SEM images using Image J analyzer showed about 84 % of total space
were voids in one layer of core-sheath nanofibrous mats. If compared from our previous
findings,16 it is evident that with introduction of Chitosan as core fluid, the modulus and
tenacity decreases. The decrease in tenacity and modulus could be attributed to high void
volume fraction and also due to mismatch in surface energies of the two different

polymers. (Table 2)
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Table 2: Mechanical Properties of Core-sheath nanofibers before washing off PEO

Chitosan Tenacity Elongation at Modulus
Sample (kgf/mmz) break (%) (kgf/mmz)
1 0.08 1.7 2.66
2 0.06 1.6 2.24
3 0.07 1.9 2.38
4 0.05 1.1 2.09
5 0.07 1.1 2.67

In addition to the specific morphology of an artificial tissue scaffold, its physical
properties, such as degree of hydrophilicity, surface charge, mechanical modulus, and
electrical conductivity are likely of importance in allowing natural cell growth and

62-64

differentiation. Furthermore, previous workers have utilized electrically conductive

scaffolds to actively stimulate cell proliferation in vitro.®®

Natural biopolymers
(including collagen and other components of the mammalian extracellular matrix) do
have innate conductivity, usually due to ionic motion and with a strong dependence on
water concentration.”’” Likewise chitosan is a solid electrolyte which conducts ions when
hydrated.®® Previous studies determined that dry chitosan films measured at ambient
conditions (with molecular weights 3e5- 8¢5 gm/mol at 70-95% de-acetylation) have
conductivity in the range le-11 - 1e-9 S/cm.”” The value rises to le-5-1e-4 after exposure
to water for one hour or more. A mechanism whereby water protonates amine groups in

the backbone forming mobile hydroxyl ions (H,O+ NH, — NH;* + OH") has been

proposed. Lower molecular weight chitosan showed smaller gains in conductivity with
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Omax = le-5 S/cm after water exposure, presumably because of increased crystallinity.
Here our molecular weight is slightly lower at 1.48e5 gm/mol. In a series of papers, Wan
explored a variety of schemes to further increase conductivity above the 1e-4 S/cm value,

including crosslinking”® and chemical modification’'”

to minimize crystallization.
These attempts raised the maximum conductivity by about an order of magnitude. The
authors concluded that crystallinity and the related ability of the film to swell were the
limiting factors to achieving increased conductivity. As both crystallinity and swelling
index may vary for electrospun mats versus drop-cast films, it is valuable to compare the
ionic conductivity for chitosan scaffolds with comparable films. Thus electrical
conductivity measurements serve three purposes here: 1) to confirm the core-sheath
geometry of the PEO-chitosan fibers and the subsequent composition of the (washed)
chitoson nanofiber mat; 2) to explore the effects of electrospinning including differences
in morphology, swelling index, and crystallinity on chitosan conductivity; and 3) to
determine the in-situ conductivity of a chitosan tissue scaffold in a biologically-relevant

environment (saline) with an eye to employing such scaffolds for electrical stimulation in

tissue engineering.

As discussed in the experimental section, samples consisted of electrospun mats of
various thickness directly deposited onto interdigitated electrodes. Drop-cast films of 3
wt% chitosan in 90% acetic acid were utilized as controls. Each electrode was measured
before mat or film deposition, with this measured conductance, ~ le-14 S in vacuum or
~le-13 S at ambient, setting the measurement limit of our system. Mats of PEO-chitosan

nanofibers, with one exception, perhaps due to incomplete coating with PEO, showed no
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conductance, that is a current-voltage characteristic indistinguishable from the un-coated
electrode. This result is consistent with the core-sheath picture where the highly

insulating PEO completely encapulsates the chitosan core.

After washing with de-ionized water for 24 hours, the chitoson mats were again measured
under vacuum and displayed an estimated conductivity of 10"2 - 10" S/ecm. The same
range of values was observed for drop-cast films and is consistent with previous reports.”
Removing the samples from vacuum and measuring under ambient conditions resulted in
an increase of conductivity to ~107, again with mats and films showing similar values.
These results are consistent with the values of 1e-9-1e-10 S/cm reported by Wan for dry
samples at ambient conditions.” For ambient measurements, some current-voltage
characteristics displayed a dramatic current increase when voltage was first applied
which then decreased to a steady-state value (about 1/2 - 1/3 the initial current) over
many minutes, akin to a charging peak in a cyclic voltammogram. Such behavior is often

. . . . .. .. . 74-76
associated with diffusion-limited ionic conduction.

Because of this effect, voltage was
first swept up to its maximum value (over about an hour) and then the quasi steady-state
current-voltage characteristic was measured as a function of decreasing voltage. Thicker,
free-standing films with silver epoxy electrodes spaced by ~ 1 cm, displayed linear
current-voltage characteristics at ambient conditions with conductance values of 10

S/cm, which is consistent with the interdigitated film values, given the unknown field

pattern for the silver epoxy electrodes.
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Whereas measurements in vacuum and at ambient conditions were highly reproducible,
upon soaking samples in water, a variety of results were obtained. In particular, mats on
interdigitated electrodes decreased in conductance when submerged in water, indicating a
loss of material. Furthermore, films cast onto a glass slide or interdigitated electrodes,
did not exhibit noticeable swelling and showed only moderate gains in conductivity
(increasing from ~10° to 107 S/cm). In contrast, free standing films, which were peeled
from a glass coverslide, displayed a dramatic swelling behavior, transforming from a
light-yellow film to a clear gel. When such a swollen film was subsequently placed onto
electrodes and measured, it showed a value of 107 S/cm, consistent with previous reports
in the literature. Free-standing films with silver epoxy contacts showed a similar value
(le-5-1e-4 S/cm), when the increased thickness of the films was taken into account.
However, the geometry of the electrodes needs to be confirmed in this case.

Reproduction of these result and similar experiments with pre-swollen mats are underway.

5.5. Conclusions

In the present work, we have demonstrated that chitosan fibers can be electrospun in a
core-sheath configuration with an easily spinnable polymer (such as PEO) in the sheath
layer. Fourier transform infrared spectroscopy shows that PEO (outer layer) is removed
by washing the core-sheath nanofibers with water. Solution conductivity measurements
showed that as the concentration of chitosan increases, conductivity also increases. SEM

and TEM investigations confirm core sheath morphology of nanofibers. Tensile tests
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show that as chitosan is inserted as core, a decline in mechanical properties was observed

as compared to pure PEO nanofibers.

The potential of such nanofibers could be immense in biomedical field involving wound
care, tissue engineering to name a few. Cheap and known for its anti-bacterial properties,
chitosan definitely is a promising candidate for electrospinning when used in conjunction

with another bio-compatible polymer.
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Chapter 6

Dependence of percolation threshold and mechanical properties on
morphology of nanofibers

Satyajeet S Ojha’, Derrick R Stevens®, Torissa Hoffman’, Laura Clarke® and Russell E.
Gorgal *
! Department of Textile Engineering, Chemistry and Science, 2D.epartm.ent of Physics,
North Carolina State University

6.1. Abstract:

The present work focuses on fabrication of nanocomposite fibers having novel core-
sheath morphologies. Multi-walled carbon nanotubes (MWCNTs), due to their superior
mechanical and electrical properties have been utilized to construct such nanocomposites.
Sub-micron diameter sized nanofibers (200-300 nm) encapsulating MWCNTs were
produced with remarkable increase in conductance. MWCNT concentration to reach the
percolation threshold was less than half in the case of core-sheath (having MWCNTs in
sheath layer) nanofibers as compared to MWCNTs loaded in a single layer nanofiber.
Mechanical testing demonstrated that tensile strength did not vary but Young’s modulus
increased appreciably. It also showed that a concentration of 0.25 weight percent (wt %)
of MWCNTs was optimum in case of core-sheath nanofibers and after that a decrease in

modulus as well tensile strength was seen.

Keywords: electrospinning, nanotubes/polymer composites, conductivity, percolation.
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6.2. Introduction

Electrospinning is a simple technique employed to generate fibers having diameter at
sub-micrometer range. Electrostatic forces instead on mechanical forces are utilized in
this procedure’. In this process a pendant polymer solution droplet, typically conical in
shape is charged either positively or negatively until the static charge repulsion overcome
surface tension resulting in a highly extensional flow. As a consequence, ultrahigh
drawing of fibers takes place and exceedingly fine fibers are produced2'3. These
nanofibers have very high surface to volume ratio which makes them ideal candidates
drug delivery4, tissue engineering’, conductive nanowires’, super-capacitors’,

nanosensors®, wound dressings9 and filtration membranes.

10-11
Discovery of Carbon nanotubes (CNTs) has given a great thrust in nanoscience and
nanotechnology. These nanotubes are essentially seamless rolled graphitic sheets. Both
single (SWCNTs) and multi-walled (MWCNTSs) have superior structural, mechanical,
electrical, chemical and thermal properties. Carbon nanotubes have very high aspect ratio

(> 1000) which makes them ideal candidates for composites.lz'16

Due to such impressive
properties a lot of interest has been received in fabrication of nanocomposite fibers
reinforced with CNTs.> 7% Owing to very high surface area these nanotubes tend to
aggregate as a result of van der Waals interaction and form bundles in order to lower their
surface energy. To utilize full potential in terms of mechanical and electrical properties,
proper dispersion of these moieties is of utmost importance. Predominantly, four methods

have been employed to achieve dispersion they are: mechanical methods, >
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functionalizing the SWNTs, using surfactants’'and non-covalent modification by

using small molecules and polymer dispersants.3 239

Separation of individual nanotubes is a challenging problem and has attracted a lot of
research. Vigolo et al. have demonstrated dispersion on CNTs using Sodium dodecyl
sulfate (SDS). Subsequently, they have also reported spinning of CNTs from an aqueous
dispersion of SDS.*** Similarly, O’Connell and coworkers have utilized an amphiphilic
polymer, poly (vinyl pyrrolidone) for dispersion of CNTs.*’ In other analysis, Islam et al.
have made a nice comparison of different surfactants including commercial available
Triton X-100 for high weight fraction solublization of SWNTs.*! Gum Arabic a naturally
occurring polysaccharide have been used as surfactant to disperse CNTs and achieve high

. . 444
level of nanotube orientation***’

Electrospinning is an efficient way to fabricate nanocomposite fibers doped with CNTs.
Recent works have shown electrospinning as a feasible technique to incorporate CNTs in
nanofibers.***Mechanical and electrical properties of nanofibers exhibit improvement

upon addition of CNTs as fillers in polymeric nanofibers.'®

In electrospinning, due to high shear at the tip of the needle nanotubes, which were
previously dispersed, get aligned. Adequate dispersion and alignment of fillers such as
carbon nanotubes facilitates transformation of insulating properties of matrix component
into conductive as a result of development of networks of filler material. The critical

point where this transformation takes place is called as percolation threshold. Below
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percolation threshold, conductance is only through insulator matrix. Percolation threshold

depends upon volume fraction as well as conductivity of fillers.

Nanofibers having core-sheath structure is a subject of interest in current research. These
core-sheath nanofibers due to their characteristic configuration could be potentially
applied in a variety of fields such as sustained delivery of drugs, preservation of
biological agent from externally aggressive environment.* Many strategies have been
developed to fabricate nano- and mesocables using TUFT (tube by fiber template)
process,50 growth of semiconductor nanowires inside polymer tubules incorporating

. 1
electrospinning.”

Fabrication of coaxial or core-sheath nanofibers is realized by injecting polymer solutions
or melts through two annular orifices into a region of uniform electric field. Such a
technique to produce coaxial nanofibers is advantageous when one polymer component is
incapable of forming nanofibers due to its inherent fluid characteristics. Morphology of
these nanofibers depends on a lot of factors such as viscosity, shear stresses, bending
stability and Maxwell stresses. These properties should be almost same or in vicinity of

each other for the two polymers used in coaxial electrospinning.

Several efforts have been made in order to comprehend evolution of single jet of various
polymers. Hohman and Feng have put forward a quasi-uni-directional model to compute

52-53

induced electric field by charged jets. Higuera in his recent work has attempted to

investigate in great detail properties and conditions of existence of coaxial jets extending
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the quasi-uni-directional model, considering flow rate, surface tension and viscosity of

. 54-55
two fluids.’*>

In this work we attempt to produce coaxial nanofibers having pure PEO as core and PEO
doped with different concentration (in weight %) of MWCNTs as sheath. The
electrospinning process is very fast so that the two jets of polymers do not mix.**Our goal
through this work is to characterize percolation behavior of coaxial nanofibers comparing
it with single layer nanofibers, to visualize effect of volume constraint on conductance
behavior of MWCNTs and consequently change in mechanical properties as a function of

MWCNT loading.

6.3. Experimental

6.3.1. Materials

Polyethylene oxide (PEO) of M,, 900,000 was obtained from Scientific Polymer Products.

MWNTs supplied by Nano-Lab were produced by plasma enhanced chemical vapour
deposition (CVD) using acetylene and ammonia with an iron based catalyst and were
grown on mesoporous silica substrate.”’ The diameter and length of these nanotubes was
15 £ 5 nm and 5-20 pm respectively with 95 % purity. MWNT were dispersed in de-
ionized water using Ultrasonic model 2000U generator and probe operating at 25 Hz for
one hour. Gum Arabic was used at a constant concentration of 3 wt % to aid dispersion in

all samples. Concentration of MWNT was varied from 0.1-3.0 wt %. Core fluid (pure
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PEO) was stained with bromophenol to obtain a contrast under transmission electron

microscopy.

6.3.2. Electrospinning

Electrospinning was performed using two perpendicularly placed programmable syringe
pumps (New Era NE 500). The feed rates used for both core and sheath component in
coaxial nanofibers were 50 pl/min, to keep equal mass flow rate. The distance between
the tip and the grounded electrode was kept constant at 15 cm. Two concentric capillaries
were used having diameters 16G and 20G for sheath and core fluid respectively. Fig. 1

shows the design of our electrospinning set-up.

Cuter Syringe Sheath Fluid (PEQ with MWCTVT:

Liguid Polymer Jet
|

Grounded Collector
Plate

LVF'
Core Fluid (Pure PEQ) Feed Syringe  High Voltage Supply

Figure 1. Electrospinning set-up used in core-sheath electrospinning
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6.3.3. Characterization

Morphology of nanofibers obtained from co-axial electrospinning was determined
through scanning electron microscopy (SEM) using JEOL JSM-6400 FE with Energy
Dispersive X-ray Spectroscopy (EDS) operating at 5 kV. Co-axial nanofibers samples
were collected on aluminum foil and were sputter coated by a K-550X sputter coater with

Au/Pd having thickness ~ 100 A’ to reduce charging.

Transmission electron scanning was performed using FEI/Philips EM 208S operating at
80 kV. The electrospun nanofibers were directly deposited on Cu grids coated with a

layer of formvar and carbon film.

Electrical measurements were carried out using remote source meter (Keithley, 6430 sub-
femtoamp). Using lift-off standard photolithography technique, flat interdigitated
electrodes on glass substrate were made followed by thermal evaporations of ~ 150 A’ of
chromium and ~1150 A’ of gold to measure conductance of fibrous mats. Each electrode
consisted of 26 finger pairs with 1 mm long, 10 pum wide digits spaced by 10 pm, and two
contact pads of ~1 mm? each. Each electrode was measured before and after sample
deposition, nominally from -10 to 10 V with 0.1 V steps and a 15 s wait after the
application of a voltage change. The sample space was evacuated to ~1 x 107 Torr.
Electrospun nanocomposite fibers are highly porous having porosity higher than 60 %.
With such a porosity, its difficult to ascertain density of polymer in the nanofibrous mats.

To alleviate this problem, conductance instead of conductivity has been reported.
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Thickness of the electrospun samples was kept constant by keeping the time and other
conditions constant for each of them. As in case of TEM, nanofibers were directly
electrospun on these electrodes. Solution conductivity was measured using Orion
conductivity/salinity/temperature meter (model # 162). Results of the conductivity are

shown in Fig 2.

E 50
0 : ‘ ‘ ; ; ; ;
Pure 0.1wt% 025 050 075 1.0wt% 1.5wi% 2.0 wi%
PEO W%  wi%  wi%
CNT loading

Figure 2. Solution conductivity of polymer solution (PEO) doped with MWCNTs

Void volume fraction or porosity of nanofibrous mats was calculated using Image J
analyzer. SEM images were scanned through Image J and layers of nanofibers were
differentiated through a grey scale. The length scale of diameter of these nanofibers in
one layer forming the width is insignificant as compared to the length of the nanofibers,
making them essentially two dimensional. Hence, the void area in one single layer could

be approximated as void volume fraction.
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Tensile tests were performed using an Instron model 5544 using the Bluehill version 1.00
software. Samples were prepared according to ASTM standard D4762-04. The gauge
length of the mats was 3 cm and average thickness was 0.12-0.14 mm. Measurements

were done at 70° F, 65 % RH and at a strain rate of 5 mm/min.

6.4. Results and Discussion

Scanning electron micrographs show uniform nanofibers with diameter around 200 nm.
Morphology of core-sheath nanofibers appears to be no different than single layer
nanofibers from same polymer (PEO). Fig. 3 shows the scanning electron micrographs of

single layer as well as coaxial nanofibers.
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Figure 3. Scanning electron images of single layer nanofibers (a, b) and core-sheath

nanofibers (c, d)
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In order to investigate and verify the core-sheath morphology of electrospun nanofibers,
transmission electron microscopy was utilized. It is evident from Fig 4 that the obtained
nanofibers have discernible core of pure polymer (PEO) and sheath of polymer doped
with MWCNTs. In our previous work we demonstrated that addition of MWCNTSs has
minute effect on the rheology of the polymer solution.'® From the micrographs diameter

of the core component was calculated as ~ 40-50 nm.

Figure 4. Transmission electron micrographs of PEO (core)/ PEO with MWCNTs
(sheath) coaxial nanofibers. (b) 0.05 wt % MWCNTs; (¢) 0.25 wt % MWCNTs; (d) 0.50

wt % MWCNTs. Aggregation is observed as the concentration of MWCNTs is increased
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In order to determine any changes due in mechanical properties due to insertion of core
component and inclusion of MWCNTs, tensile testing was performed. Since the core and
sheath material were maintained at similar feed rate, overall concentration of MWCNTs
was half of actual concentration in the core component. Tensile testing was performed on
three samples having different overall wt % (0.05, 0.25, 0.50) of MWCNTs. At low
concentration of nanotubes, good dispersion was achieved but as the concentration of
nanotubes increased, tendency to aggregate also increased, as seen in the transmission
electron micrographs. These aggregations act as stress concentrations which give rise to
low mechanical properties. Results showed that nanofibers having 0.25 wt % nanotubes
concentration had appreciable mechanical properties as compared to other samples (Table

1). At 0.5 wt % concentration aggregation of nanotubes was observed.

Table 1. Comparison of mechanical properties of single layer and core-sheath nanofibers

Effective
Sample MWCNT MWCNT Tensile Modulus Void
Concentration | Concentration | Strength (MPa) Volume
(wt %) (wt %) (MPa) Fraction
(%)
Pure PEO
(single
layer) 0 0 2.49 3.07 75
PEO
(single
Layer) 3 3 1.26 5.89 75
PEO
(core)/PEO
w/ 0.1 0.05 0.84 19.67 73
MWCNTs
(sheath)
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PEO
(core)/PEO
w/ 0.50 0.25 1.93 45.49 74
MWCNTs
(sheath)

PEO
(core)/PEO
w/ 1.0 0.50 1.30 12.61 76
MWCNTs
(sheath)

Mats of the core-sheath nanofibers were spun directly on interdigitated electrodes with
multiple weight percentages. From these values a conductance curve was created and fit.
As shown in figure 5, it is evident that the percolation threshold for the core-sheath fibers
is much lower than for the single component. Fits of the data provide percolation
thresholds of 0.45 and 0.013 for the single and bi-component fibers respectively. When
explaining this phenomenon many factors must be taken into consideration. There are
two mechanisms by which conducting paths may form in the mats. A conducting path
may form from connecting multiple fibers to create a single path, or each individual fiber
may contain a complete path. The main differences between the single and bi-component
fibers are: an available volume reduction, less angular freedom, and a higher
concentration of nanotubes close to the outer edge of the nanofiber. The volume
reduction and angular distribution are related in that a smaller fiber diameter (or sheath
confinement) directly leads to more aligned nanotubes. In addition, with a greater
concentration of nanotubes near the fiber surface inter-fiber connections become more
probable at lower weight percentages. As to the volume reduction, ignoring it would
roughly double the threshold value which is still significantly below that of the single

component fiber. It has been shown that an increase in alignment leads to an increase in
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the threshold values. While the nanotubes are more aligned in the core-sheath fiber this
effect is minimized when looking over the entire mat. The nanotube angular distribution
within each fiber is constrained, but the fiber itself may take advantage of the entire space.
When looking at the fibers individually the observed thresholds are impossibly low. The
minimum number of nanotubes required to complete one path along the length of a fiber
leads to a wt% many times larger what is seen. This alone suggests that conductance
across the mat is dominated by fiber-fiber connections. With that in mind the greater
concentration of nanotubes near the surface in the core-sheath geometry would explain

the lower percolation threshold.
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Figure 5: Conductance values for single and bi-component fibers. Wt% values for the bi-

component fiber were adjusted to reflect the wt% of the total fiber.
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6.5. Conclusion

In the present work, electrospinning has been used as a facile technique to fabricate core-
sheath nanofibers with pure PEO as core component and PEO doped with multi-walled
carbon nanotubes as sheath component. Scanning electron microscopy has shown that
nanofibers formed are similar to those of single layer nanofibers. Core-sheath structure
was verified by transmission electron microscopy. Conductivity measurements have
shown that percolation threshold is significantly lower for the core sheath morphology as
compared to the single component. Decrease in percolation threshold is advantageous
from the economic point of view as carbon nanotubes are still expensive and high

conductivity has been obtained at relatively lower concentration of nanotubes.
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Chapter 7

Conclusion and future work

The main objectives of our research were to understand the fundamentals of
electrospinning and study effect of various process parameters associated with
electrospinning such as applied electric field, feed rate, distance between tip and
grounded electrode; and solution parameters such as molecular weight of polymer,
viscosity, surface tension, and concentration of polymer solution. Based on these
understandings, an additional aim was to fabricate novel electrospun mats for

applications including tissue engineering scaffolds.

Nylon-6 was selected as the first step to figure out intricacies of electrospinning. Through
a comprehensive series of experiments using different Mw (30,000, 50,000, 63,000
gm/mol) and concentration (10, 15 wt %) of nylon-6, we were able to identify factors
which affect the morphology of nanofibers. As Mw increased, chain entanglement
density also increased which is a favorable factor in production of nanofibers. However
with an increase in Mw, viscosity and surface tension also increases which impedes
production of nanofibers. These contradicting effects of variation in Mw, makes
electrospinning process very specific and exclusive for a certain polymer having a

particular Mw.

As a consequence of increased chain entanglement density at high Mw, nanofibers were
produced at relatively low concentration of high Mw as compared to low Mw nylon-6.

Change in surface tension was insignificant as compared to viscosity with a variation in
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Mw and concentration of polymer. A detailed investigation into the role played by
process parameters was also conducted. It was found that with an increase in voltage
uniform nanofibers with larger diameters were formed. Similarly, diameter also increased
with an increase in feed rate of polymer solution. However, with increasing tip to

collector distance, a diminishing trend in diameter of nanofibers was observed.

Mechanical testing showed that with an increase in Mw, tenacity as well as modulus of
nanofibrous mats increased. This indicates that both fiber strength and the strength at
fiber-fiber junctions increased. Future studies focusing on molecular interactions at fiber-
fiber weld points are required to obtain a better understanding of the entanglement

mechanism at increased molecular weight.

Observations made in the study of nylon-6 were utilized to gain an insight and acquire
sufficient knowledge about the electrospinning process, which would further be utilized

for developing a model to be used to produce coaxial nanofibers.

Chitosan nanofibers were obtained using coaxial syringe system. Chitosan is difficult to
electrospin owing to its inherent solution properties such as hydrogen bonding, high
viscosity and tendency to form gels. For this purpose PEO was used as sheath to support
formation of chitosan nanofibers as core inside. PEO being soluble in water, was
subsequently dissolved by treatment of the nanofibrous mats with de-ionized water,
leaving chitosan nanofibers. This was confirmed by Fourier Transform Infrared

Spectroscopy (FTIR). SEM investigation showed that morphology of coaxial nanofibers
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was same as single layer nanofibers. TEM study revealed the core-sheath structure of
nanofibers, verifying the result obtained from FTIR. Future work would include
production of such nanofibrous mats to be employed for tissue engineering and wound

healing scaffolds, taking into consideration the anti-bacterial properties of chitosan.

Core-sheath nanofibers involving only one polymer (PEO) were produced by using the
same set-up employed to produce chitosan (core)-PEO (sheath) nanofibers. The main
objective of this research was to realize high conductivity in nanofibers. With this
intention sheath layer was doped with multi-walled carbon nanotubes (MWNTs) and core
material was pure polymer. Percolation threshold was observed at 0.25 wt % in case of
coaxial nanofibers as compared to 0.5 wt % MWNT concentration in single layer
nanofibers. TEM images verified core-sheath structure. At concentration higher than 0.25
wt %, nanotube aggregation was observed, which acts as stress concentration points

resulting in reduction of mechanical properties.

Such an increase in conductance at lower concentrations of MWNTs is advantageous
since MWNTSs have not been produced at commercial level yet and are, therefore,
expensive. Additionally, reduced nanotube concentrations will also be advantageous for
reducing the risk of toxicity in biological applications. Future work would include
utilization of such novel nanofibers in cell-culture to assess the potential of MWNTSs in
mimicking natural milieu as found in human body by simulating electrical pulses through

the electrospun nanofibrous mats. With this we would also be able to address how these
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core-sheath structures will affect attachment, growth, proliferation and differentiation of

cells in tissue engineering strategies.

115



