Abstract
MCCULLEN, SETH DYLAN. Development, Characterization, and Function of Electrospun
Nanocomposites for Tissue Engineering. (Under guidance of Dr. Russell E. Gorga and Dr.

Elizabeth G. Loboa.)

Nanocomposites for tissue engineering scaffolds were fabricated by the electrospinning
process. Multi-walled carbon nanotubes were incorporated into the electrospun scaffolds,
and validated through microscopy analysis to be dispersed and aligned inside the polymeric
nanofibers. Mechanical and electrical properties were determined for electrospun polymer/
MWNT systems and the electrical conductance was optimized at a loading level of 1 wt%.
Cell studies showed that adipose-derived human mesenchymal stem cells (hMSCs) were able
to adhere and proliferate for two weeks in culture on the scaffold. DNA quantification
indicated that hMSCs grown on the nanocomposite scaffold yielded a higher number of cells.
Microscopy indicated that the cells grown on the novel material were aligned and formed a
confluent construct. This work has demonstrated the feasibility and efficacy of developing

novel nanocomposite materials for use as tissue engineering scaffolds.
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Chapter 1
Introduction

1.1 General Introduction
Advances in the fields of medicine and engineering have awakened the need and desire to

engineer human tissues, catalyzed by the demand for replacement organs. To date, there has
not been an absolute success in the development of full-functioning organs created in vitro.
Hence, better solutions have been under development and are reaching a turning point in

society by attracting awareness from all fields of science.

Tissue engineering is an emerging field with the goal of replacing diseased or malfunctioning
tissues and organs. Therefore, scientists have been working in multi-disciplinary teams that
are progressing toward solutions to regenerate organs outside of the human body, for

transplantation into multiple recipients.

Langer defines tissue engineering as “an interdisciplinary field that applies the principles of
engineering and life sciences toward the development of biological substitutes that restore,

1 . . . . .
The term “tissue engineering” was manifested in

maintain, or improve tissue function.”
1987 by Professor Y.C. Fung at the University of California at San Diego; thus this field is
relatively new.! Table 1.1 displays the number of hospital procedures performed per year in
the United States. These numbers include patients seeking treatment from genetic disorders,
traumatic accidents, and other causes of organ loss or malfunction, and are merely a glimpse

of the wave of potential organ treatment and organ replacement that is likely to occur as the

population of the “baby-boomer” generation approaches old age. These figures are also



indicative that better solutions must be developed if society is to make significant advances

in any one of these procedure types.

Table 1.1 : 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
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




Table 1.1 Continued

Arthritis (knee)

149,900
Arthritis (hi
(hip) 219,300
Fingers and small joints
179,000
Osteochondritis dissecans
14,500
Tendon repair
33,000
Ligament repair
9 P 90,000
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




Table 1.1 Continued

Blood transfusion
18,000,000

Dental
10,000,000

Tissue engineering is a unique and contemporary field where scientists are trying to recreate
functional tissues and organs. Tissue engineering contains three entities: cells, growth

hormones, and a scaffold as viewed schematically in Figure 1.1.

Scaffolds

(gels, foams, fibers, membranes)

|

C pose>
SN

Cells Signals
ettt e, emoronc Farih_TGRp, FoF. Homooox
 BULOGENOLS, ' Hedgehog, YWHT)

allogenic, engineered)

Figure 1.1 : Diagram of the tissue engineering method and the three required
components.1

The main idea in tissue engineering is to seed a scaffold with a specific cell line and
influence growth and development through application of specific signaling agents including
hormones, proteins, growth media, and environmental stimuli. The research plan for these
three entities can be classified into six main phases:

I: Fabrication of the bioresorbable scaffold



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

The scaffold is of high interest since it is the physical carrier that allows the arrangement of
cells onto a construct and is where the cells are able to arrange into anatomically correct
structures, where they can form functional units. The scaffold is the three-dimensional finite
space that structurally supports the cells of interest and allows the cells to proliferate and
differentiate by being able to undergo mass transfer. The scaffold must be able to degrade
and be resorbed at a controlled rate at the same time as the specific tissue cells seeded into
the three-dimensional construct attach, spread, and increase in quantity and quality.
Selecting and designing the biomaterial for a scaffold is the most critical aspect of tissue
engineering due to the material’s properties having the most profound effect on the success

of the tissue engineering method by dictating biocompatibility.’

The following parameters have been identified as key factors in the production of tissue
scaffolds to obtain the optimum properties necessary for tissue growth. These parameters
include':

e Biocompatibility: acceptance within the body without causing biofouling where the

body attacks the implant, or the cells do not grow on the material



e Biodegradability: ability to degrade in the body into compatible by-products without
causing inflammatory responses

e 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

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

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

internal milieu that surrounds the scaffold seeded with cells

1.2 Relevance
Across the globe, medical doctors, healthcare providers and researchers have joined together

for the “Bone and Joint Decade 2000-2010” to promote the understanding and treatment of
musculoskeletal disorders through prevention, education and research.* To date bone is the
most transplantable organ and offers many opportunities for improving the current standards
in place. Bone grafts are materials that provide support, fill voids, and enhance biologic
repair of skeletal defects. The requirements for bone graft substitutes are osteoconductivity,
osteogenicity, and osteoinductivity.! Osteoconductivity is defined where the graft supports
the attachment of new osteoblasts and osteoprogenitor cells providing a porous structure
through which new cells can migrate and new blood vessels can form from the host bed into
the transplanted substrate. Osteoinductivity refers to the ability of a graft to induce
nondifferentiated stem cells or osteoprogenitor cells to differentiate into osteoblasts. It is

controlled primarily by growth factors such as bone morphogenetic proteins (BMPs).



Osteogenicity refers to the use of mesenchymal stem cells which can either be recruited from

the host bed or transplanted directly on the graft.’

For bone grafts, approximately 500,000 cases occur annually within the United States, and
continue to be an increasing trend, due to the aging population of baby boomers and high
impact lifestyles that many individuals live today.’ The gold standard for this is the autograft
where 9 out of 10 surgeries performed use this option. There are many limitations and
problems associated with autografts including limited supply and infection or pain at the
donor site. This standard requires two surgical sites, the first site to remove the bone graft,
and the second site to implant it. The medical industry has struggled with developing an
alternative strategy for autografts. Current synthetic products for bone graft substitutes are
based on old technologies that utilize inert and dead materials and do not allow for the
material or product to be integrated successfully within the body, to form fully functional

. 4
tissue.

Cell based strategies have been receiving much attention, as the goal of this method is for
complete integration into the skeletal system. Current materials available for bone graft
substitutes are demineralized bone matrix (DBM), calcium phosphates, collagen, calcium
sulfate or Plaster of Paris, Coralline substrates, tri-calcium phosphates (TCP), and non-
biological constructs.® Though these products have been receiving much attention, they still
do not take into account full integration within the site of transplantation. This work will
highlight the development of a novel material that will allow complete integration into

skeletal defects and provide a better alternative to autografting and other treatment methods.



Current trends in tissue engineering have moved towards what is known as functional tissue
engineering.  Functional tissue engineering uses physical stimulation to direct cell
populations to produce functional tissue with anatomically correct structures. This physical
stimulation can range from electric-magnetic fields, mechanical forces, ultrasonic waves, and
chemical stimuli.” The purpose of this research is to design and fabricate an electrospun
nanocomposite tissue scaffold to produce an enhanced conductive scaffold for the
localization and delivery of an electric field to direct human mesenchymal stem cells into
osteogenesis for bone formation. Bone produces electrical potentials when mechanically
stressed, and this is thought to be an essential portion of cellular events in regenerative

healing. "

1.3 Overall Objective
The objective of this research is to design and engineer a novel scaffolding material with the

utilization of carbon nanotubes in a composite system. The development of nano-structured
materials with enhanced properties has dominated the field of material science due to the
wide variety of applications, including scaffolding materials for tissue engineering.*''™ The
interaction between the nano-structured composites has been of particular interest due to the
possibility of generating large increases in physical properties for specific end use
applications. By developing specifically tailored materials with enhanced properties, the
scaffold will play a crucial role in the growth and differentiation of seeded cell populations.’
This work will highlight the development of a novel material that should allow complete

integration into skeletal defects and could provide a better alternative to autografting and



other treatment methods. This strategy will make use of a composite consisting of a
polymeric matrix of poly (lactic acid) (PLA) reinforced with multi-walled carbon nanotubes
(MWNT). By producing a conductive scaffold and utilizing functional tissue engineering
scenarios, this work aims to direct human mesenchymal stem cells into the bone cell lineage.

These topics will be discussed in detail in Chapter 2.
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Chapter 2
Literature Review

2.1 Introduction
This chapter provides an indepth overview of a range of disciplines related to the fabrication

of nanocomposite materials for functional tissue engineering scaffolds. In Section 2.2, a
review of nanocomposite materials is discussed with emphasis on carbon nanotube
composites. In Section 2.3 tissue engineering is discussed including development of
nanocomposite scaffolds with an emphasis on carbon nanotube based scaffolds and the use of
stem cell based therapies. In Section 2.4, a review on functional tissue engineering is
discussed, highlighting electrical stimulation theory and application, including previous

research that has demonstrated its usefulness in tissue engineering scenarios.

2.2 Nanocomposite Materials
Nanocomposites are a combination of a matrix and a filler where at least one dimension of

the system is on the nanoscale being less than or equal to 100 nm. Much work has focused
on the construction of nanocomposites due to the structural enhancements in physical
properties, and functionality for any given composite system.'™ The physical enhancements
result from the interaction between the filler and the matrix being near the molecular scale.
Nanocomposite materials have also received interest for tissue engineering scaffolds by

being able to replicate the extracellular matrix found in vivo.’
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Materials that have been researched extensively in nanocomposites are carbon nanotubes.
Carbon nanotubes can be envisioned as sheets of sp® hybridized carbon atoms rolled into a
tubular structure and capped with half a fullerene on each end. Carbon nanotubes were

1.'% Carbon nanotubes differ in

discovered by lijima, a Japanese microscopist in 199
morphology by the number of tubes or walls that are coaxial to one another, being divided

into two categories, single-walled carbon nanotubes and multi-walled carbon nanotubes as

seen in Figure 2.1.

Discovered in 1331 Discovered in 1993
Diameter: 5 to 100 nm

Diameter: 0.4 to 4 nm

Figure 2.1: Image of a single-walled carbon nanotube and multi-walled carbon

nanotube.

Another morphological feature that differs is the twist of the tube, being either armchair, zig-
zag, or chiral, where the angle of twist 0 is 30°, 0°, or between 0°-30°, respectively. The
differences in structure cause carbon nanotubes to have different properties and can be
viewed in Figure 2.2. Armchair and zig-zag are electrical conductors, where the chiral

twisted carbon nanotubes are semiconductors.
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Figure 2.2: Twist structure of carbon nanotubes and the indicative conductive behavior.
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Due to their aspect ratio (length/diameter) being in the thousands, these materials exhibit
tremendous properties, including a tensile modulus approaching 1 TPa, a tensile strength ~37
GPa, and electrical conductivity of 10° S/m.""™"* Carbon nanotubes can be produced by four
main methods: arc-discharge, chemical vapor deposition, laser ablation, and high pressure

. 14-16
carbon monoxide.

These methods differ in the production of carbon nanotubes, by the
purity level of carbon nanotube, defective geometrical shapes, size scale including diameter
and length, and volume of carbon nanotubes that can be produced. For this investigation, the
carbon nanotubes used were produced from chemical vapor deposition. Chemical vapor
deposition produces carbon nanotubes by growing them on a silica substrate within a
nitrogen environment at approximately 700°C. Iron is usually the catalyst and reacts with
methane to grow the nanotubes from the surface of the substrate. The density of carbon
nanotubes grown and the number of walls depends on the amount of catalyst introduced into

the environment.'*'®
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Though carbon nanotubes have extraordinary physical properties, there has been a large
variance in the report of the apparent properties due to their physical integration of the
carbon nanotubes into the polymer matrices; specifically the dispersion and orientation of the
carbon nanotubes. Due to their high surface area, carbon nanotubes tend to agglomerate and
form aggregates by the interaction of the van der Waals forces between the nanotubes. To
combat this, surfactants and physical stimulation can be used to break apart the aggregates
and adequately disperse the tubes.'””” Surfactants work by modifying the phase interfaces
between two or more materials and creating a colloidal suspension by reducing the interfacial
energy between the two materials and retarding phase separation by absorption of the
surfactant at the surface of the matrials.’’ Typically, this has been done with carbon

nanotubes suspended in a solvent.

In order to enhance the physical properties of polymer matrices, the filler must not only be
dispersed but also aligned. Gorga has been able to show that when carbon nanotubes are
adequately dispersed and oriented along the direction of interest large increases in physical
properties can be achieved.>> Thus, a main goal of this research will be to align carbon
nanotubes within electrospun nanofibers. To date, there is continued interest in the method
of electrospinning for nanocomposite fabrication.'”****2* Specifically, carbon nanotubes
could be implemented for structural support and to increase the apparent conductivity of the
electrospun fibers at low weight percentages due to their high aspect ratio. A theoretical
model has been presented for the behavior of rod-like particles representing carbon
nanotubes in electrospinning. Initially, the carbon nanotubes are randomly oriented, but due

to the ‘‘sink-like’” flow in a wedge-like jet they are gradually oriented mainly along the
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streamlines from the flow of solution and direction of the electric field, so that aligned carbon
nanotubes are drafted into the electrospun jet and become oriented. Ko has investigated the
fabrication of electrospun continuous carbon nanotubes-filled nanofibers through
morphological and mechanical property analysis.” However, that work showed much
aggregation with single-walled carbon nanotubes, and resulting poor mechanical properties.
This can be attributed to the aggregated carbon nanotubes acting as stress concentrators
within the electrospun matrix. For this research, a main goal is to increase the conductivity
of mats of nanofibers. Past work has investigated the influence of carbon nanotubes loading

and resulting conductivity.”*

In composite systems, increased conductivity is indicative of
percolation of the conducting component. For carbon nanotubes their high conductivity
renders them an ideal material for conducting composites. Previous investigations have been
unable to determine a percolation threshold below 0.05 wt% carbon nanotubes in electrospun
fibers.”® For carbon nanotubes conducting composites, the increase in conductance is
attributed to a “hopping” of electrons from one conducting pathway to the next. By
increasing the percentage of carbon nanotubes within a system, there is a greater likelihood
that electrons will be able to continue on a conducting pathway and not terminate in the

matrix of the composite. Chapter 4 will highlight the percolative behavior of carbon

nanotubes in electrospun nanofiber mats.

2.3 Tissue Engineering
As discussed in Chapter 1, tissue engineering involves a triad of scaffold, cells, and signaling

chemicals. This work focuses on the development and use of nanocomposites for a tissue

scaffold. The purpose of the scaffold is to resemble the natural structure in vivo for cells to
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proliferate, differentiate, and maintain normal function. The scaffold itself is merely an
imitation of the extracellular matrix (ECM) found within the body. The ECM is composed of
proteoglycans and proteins that contain specific amino acid sequences. Proteins within the
ECM are known as glycoproteins and have short chains of carbohydrate residues attached to
them. Glycoproteins are amino acids covalently linked together containing both hydrophilic
and hydrophobic groups. Glycoproteins have an N-terminus, where the chain ends with an
amine group (NH,), and a C-terminus, where chain ends with an carboxylic acid group
(COOH).*® The ECM participates in promoting cell adhesion, migration, growth, and
differentiation.’® It provides a framework for how the cells interact with each other and the
finite space that transforms and organizes the cells into three dimensional tissues and organs.
The ECM is a fibrous structure and is organized in a three-dimensional fiber network
composed primarily of collagen fibers that are formed hierarchically by nanometer-scale
multi fibrils, thus the dimensions of the components of a tissue-engineered scaffold should be
on the same scale with those of natural ECM. The size of the ECM is on the angstrom to
micro level, and thus the scaffold should be able to resemble the size of the ECM on a similar
scale. Currently, many researchers are using scaffolds that are assembled on the nano-scale.

These will be discussed further in the scaffold fabrication section (2.3.1).*'*

Biocompatibility depends strictly on the material in use along with the material’s chemical
formula, and is influenced by other factors including biodegradability. For use within the
body, the goal is to have the scaffold allow the ingrowth of cells into the substrate and
breakdown through either surface or bulk erosion. If the by-products of the scaffold are not

compatible with the body, by being toxic, carcinogenic, mutagenic, or causing any other type
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of harmful reaction, then the body will reject the scaffold and cells will not proliferate on the
scaffold. Also massive release of acidic degradation and resorption by-products results in

inflammatory reactions which is a sign of rejection.**

One main issue for scaffold formation is the balance of temporary mechanical function with
mass transport to aid biological delivery and tissue regeneration. Mechanical integrity and
high porosity or permeability are two criteria that are the most difficult to achieve, in that the
very nature of each requirement contradicts the other. In some research it is suggested that
the ideal porosity of the scaffold should be in the range of 80-90% which could result in a
faster degradation rate of the scaffold.’® Nutrient transport within the scaffold is of extreme
importance and controls how the cells proliferate and differentiate. In general, tissues in vivo
have access to vasculature that provides most of the nutrients essential for cells to functions.
However, since a blood supply does not exist in vitro, the scaffold must be designed and
engineered to be able to perform this remarkable feat of allowing mass transfer to occur via
two paths, nutrient arrival to the cells and waste removal away from the cells. Thus,
transport within the scaffold is mainly a function of diffusion which encompasses oxygen
delivery, waste removal, nutrient arrival, protein transport, and cell migration.”” The rate and
capacity of transfer is based on the size, geometry, orientation, interconnectivity, branching,
and surface chemistry associated with the pores and channels that are based on the material
and fabrication of the material, and physical arrangement of the macroscopic material.
Porosity can be dictated by having a high surface area-to-mass ratio for ensuring uniform cell
delivery and tissue ingrowth.*® Nutrient transport within the scaffold is of extreme

importance and controls how the cells proliferate and differentiate. Transport within the
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scaffold is mainly a function of diffusion which encompasses oxygen delivery, waste
removal, nutrient arrival, protein transport, and cell migration. Figure 2.3 and 2.4 represent
two different schemes that display two methods for the design of degradation of scaffolds
within the body. The first scheme allows molecular weight loss of the scaffold as early as the
second week of implantation. This method does not offer mechanical integrity and overall
strength to the tissue but does allow for adequate mass transfer, and accommodates the
ingrowth of tissue into the scaffold by being engineered for mass loss to occur. Thus this
structural

type of scaffold would be designed for soft tissues which do not require the

stability of structural tissues such as bone.
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Figure 2.4 displays a more structurally inert scaffold that offers mechanical integrity in the
timeframe of months compared to the week timescale of scheme 1 (Figure 2.3). When
viewing the diagram the molecular weight loss starts to occur around month 3. The main
mechanism for this is that scheme 2 (Figure 2.4) requires a more crystalline polymer in order
to limit the amount of water that diffuses into the amorphous regions. It is in the amorphous
regions that hydrolysis can take place. This process usually occurs in reduction in molecular
weight in amorphous regions with little mass loss, further molecular weight decrease

followed by mass loss, and finally total hydrolysis to soluble materials which is the

degradation of the crystalline regions of the polymer scaffold.
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Mechanical integrity is required in order for the tissue scaffold to resemble the natural ECM
and be able to provide structural stability. This is achieved mainly through the material’s
chemical constitution, depending on the type of backbone groups that it contains. The
arrangement of crystalline and amorphous regions also play crucial roles, as the amount of
amorphous regions is what dictates the means of degradation. This is due to the amorphous
regions allowing water to infiltrate the polymer and cause hydrolysis through direct and
secondary bonding of the water molecules to the fibers and to each other. The overall
mechanism for degradation and loss in mechanical integrity was discussed in the schemes for
the design of the scaffolds. Mechanical integrity is also dependent upon the geometrical
aspects of the scaffold itself and will be further elaborated in fabrication methods. Another
important aspect when considering synthetic polymeric materials for scaffold use is to know
the glass transition temperature (T,) and the melting temperature (T,,) of the polymer. The
T, is the temperature at which the amorphous regions of the polymer are able to move freely
and rotate about the molecular chain axis. The Ty, is the temperature at which the crystalline
regions of the polymer become disordered or total disorder is reached in the system®”. If the
polymer’s glass transition temperature is around the body’s temperature of 37°C, then the
polymer will be able to undergo degradation. If the glass transition is much higher than this
temperature, the polymer will not degrade as readily due to the amorphous regions of the
polymer not being able to rotate freely and being in a glassy state. If the polymer’s melting
temperature is close to the temperature of the body’s core temperature of 37°C it will not be

able to be used due to it having no mechanical integrity or stability.>’
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2.31 Scaffold Fabrication
The fabrication technique for the creation of the scaffold is also of prime importance for this

work by understanding and developing processes that are able to reproduce what only nature
has been able to achieve. These formation processes of polymers include particulate-
leaching, casting of thin films, phase separation of polymer blends, CAD fabrication
programs, and electrospinning. Particulate-leaching is a process where salt particles are
finely ground and mixed with a polymer solution that is cast into a mold*’. After evaporation
of the solvent, the salt crystals are leached away using water to form pores of the scaffold.
The pore size can be controlled by numerous parameters including the size of the salt crystals
and the porosity of the salt/polymer ratio.*” Another fabrication method is phase separation
where a homogenous multi-component system separates under thermodynamically unstable
conditions and separates into different phases based on the order of free energy.”’ Finally,
casting of thin films can produce uneven thicknesses and CAD fabrication requires expensive

industrial machinery for production.

When reviewing these methods none are able to achieve uniform architecture on the
nanometer scale. Also, there is a lack of precise control of the three-dimensional pore
architecture®. However, a novel method that has been receiving much interest is
electrospinning. Electrospinning is similar to general spinning technologies except that it
does not use mechanical forces to drive the polymer out of a spinneret. Electrospinning
requires three elements: a syringe with metallic needle, high voltage source, and a grounded
collector as viewed in Figure 2.5 and 2.6. Electrospinning utilizes the high voltage source to

create an electric field between the metallic needle and collector, the solution is fed through
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the syringe needle to form a droplet, and the electric field overcomes the droplet’s surface

tension.

Polymer

Solution
Syringe Taylor Cone Ligquid Polymer Jet

Needle

Grounded
Collector
Plate

v}
— High Voltage *
Power Supply

Figure 2.5: Diagram of electrospinning with labeled entities.

This is performed by connecting the high voltage source to the metallic needle. The degree
to which the potential is drawn can create a “whipping” effect. As the polymer exits the
capillary or tip, it is still in the form of the polymer dissolved in solution. As the polymer
flows to the tip of the syringe needle, it forms a droplet, which requires a critical voltage, to
overcome the surface tension of the polymer solution and form a cone known as a Taylor
cone’™. The Taylor cone is where there is a high concentration of charges on the polymer
and then forms a rapid whipping instability. A Taylor cone should be present during the
stable and whipping phases. The cone is very similar to the cone achieved during extrusion of
a polymer. However, in electrospinning the cone can be visible at the tip of the capillary or it
is able to migrate to inside the capillary so all that is visible is a whipping stream™. Once
whipping is achieved, the polymer is collected as a random filament on the grounded
collector. The interstices where the polymer fiber overlaps with another layer will fuse when

there is residual solution. This method forms a very porous scaffold with a very high surface
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area to volume ratio, improving diffusional properties. High porosity allows for adequate
diffusion to and from the cells and provides ample space for cell growth, as well as sufficient
surface area on the nanofibers for attachment and adhesion.  This set-up for electrospinning
is quite straightforward is a popular method for creating tissue scaffolds due to size of the

fibers formed being on the nano scale.

Figure 2.6: Picture of actual electrospinning setup.

2.32 Nanocomposite Scaffolds
Currently, researchers have created composite materials for scaffold formation which

incorporate two or more materials. Some of these materials consist of minerals for bone
tissue engineering including calcium, hydroxyapatite, phosphate, or combinations of different
polymers, such as poly (lactic acid) and poly (e-caprolactone), collagen and poly (e-
caprolactone), and many other different combinations. Other work has focused on doping
the polymer scaffolds with specific growth hormones or adhesion sequences to influence how
cells attach to the scaffold and cause the scaffold to become a drug delivery vehicle. The
principle utilized is that as the polymer degrades by common erosion methods, the

encapsulated drug will be released.
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Recent studies have investigated the use of carbon nanotubes as scaffolds for tissue
engineering in both neat systems and in conjunction with biocompatible polymers.”***
Chen et. al was able to graft oligomers of poly (L-lactic acid) (PLLA) to the surface of the
MWNT; however, the grafting was not uniform and left much of the MWNT surface bare.*’
Zhang et al. prepared nanocomposite PLLA/MWNT scaffolds by solution casting. This
fabrication method created uniform films but left MWNT exposed on the surface. Zhang et
al. demonstrated that fibroblasts were able to grow to 80% confluency when in the presence
of carbon nanotubes. Work by MacDonald incorporated carbon nanotubes into a collagen
gel and noted that smooth muscle cells were able to remain viable in the composite scaffold
for up to one week.** Though carbon nanotubes have such promising physical properties,
their use in biomedical applications, specifically tissue engineering, has been obscured due to
concerns of cytotoxicity. This issue has been investigated by various researchers with
differing results depending on the purity of the carbon nanotubes and the method of
production.”’ A collaborative study by Smart et al., noted that the main causes for possible
toxicity were due to the surface area / volume ratio, retention time of carbon nanotubes
within a tissue, and any residues of chemical within the carbon nanotubes.*’ Smart et al. also
noted that the main deterrents for a comparative standard for carbon nanotubes toxicity is due
to the issue of dosage, size scale and distribution of the carbon nanotubes, and dispersal of
the carbon nanotubes.*” Thus, a comprehensive understanding of carbon nanotubes
interactions with cells is imperative. Monteiro-Riviere has investigated the cytotoxicity of
carbon nanotubes with human keratinocytes and determined that, at increasing doses of

carbon nanotubes, the cells responded with an increase of the inflammatory cytokine
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interlukin-8 (IL-8).""**  However, the carbon nanotubes were in solution and not
incorporated into a nanocomposite configuration. For this study, carbon nanotubes will be
incorporated into electrospun nanofibers with a biocompatible polymer acting as an interface
between the seeded cells and the carbon nanotubes.

2.33 Stem cells in Tissue Engineering

When determining what type of cell line to use for tissue engineering, much work has
concentrated on the use of stem cells. Stem cells are defined as undifferentiated cells that
can proliferate and have the capacity to both self-renew and differentiate to one or more
types of specialized cells. Stem cells are cells in the body that have the potential to
differentiate into a variety of tissues, depending on chemical and physical stimuli. Stem cells
are located within the stroma of the bone, or bone marrow, and other types of tissue including
adipose.”  Stem cells are relatively undifferentiated and do not possess functional
specializations of the progeny. Also, they offer an inexhaustible cell source for tissue
engineering. During traumatic injuries occurring to bone, stem cells migrate to the site where
they begin undergoing differentiation to aid in the healing process. Thus, when considering
that tissue engineering is geared towards restoring function of diseased, damaged, or
malfunctioning tissue, it is apparent why they should be implemented. Human stem cells
have brought much controversy in the past years due to the ethical issues surrounding the use
of embryonic stem cells. However, a sanctioned source for stem cells is from adult tissue
reservoirs. Adult-derived human stem cells are of great interest due to the relative ease of
isolating and storing them for future use through cryopreservation. A specific type of stem
cell known as mesenchymal stem cells have been used in multiple tissue engineering

scenarios, to grow tissues including bone, cartilage, blood vessels, and skin. Mesenchymal
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stem cells were originally found in the bone marrow of guinea pigs by Friedenstein in 1970
and have a fibroblastic morphololgy.® These cells were capable of differentiation into
osteoblasts and adipose cells and to express smooth muscle actin. *° Stem cells from adipose
tissue have been shown to have similar differentiation potential. De Ugarte et al. has
suggested that there is little difference between cells from marrow and fat in terms of yield,
growth kinetics, multi-lineage differentiation capacity, and gene transduction efficiency.’'

2.4 Functional Tissue Engineering

A major challenge of tissue engineering is directing the cells to establish physiological
structure and function of the tissue across different hierarchical scales. Researchers tend to
be moving more towards what is being labeled “functional tissue engineering” in which in
Vivo interactions are being emulated in vitro. These interactions include electromagnetic
fields, mechanical stresses and strains, and specific chemical interactions which include
arginine-glycine-aspartate (RGD) sequences for directing protein interactions and binding
sequences between the cells and the scaffold. The use of mechanical and electric stimuli is
receiving much attention. The goal of this study is to use mesenchymal stem cells and direct
them into osteogenesis by applying an electric field with a conductive tissue scaffold. Much
work has looked at the potential and application of bioelectric potentials for regenerative
purposes.”>* The discovery of electromechanical properties and natural biopotentials in
bone by Yasuda, Fukada, Becker, Bassett, and others, led to the idea of using weak
exogenous electrical currents to emulate physiological and strain-related electrical currents
and thereby stimulate bone formation. The hypothesis that evolved (Figure 2.7) was that the
electrical activity observed in bone was somehow the mediator of its remarkable repair and

adaptive remodeling responses to mechanical loading and further, that electrical stimulus
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alone could stimulate the response. Bone produces electrical potentials when mechanical
stressed, and this is thought to be essential component of cellular events in regenerative

healing.
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Figure 2.7: Diagram of Yasuda’s Hypothesis depicting that applied electrical currents
can produce an adaptive response in bone tissue.”

These electrical potentials occur by two main components, piezoelectricity and streaming

potentials. Piezoelectricity is generation of an electric potential by applying a force and

changing the configuration of crystalline regions in a material. Streaming potentials are the

movement of ions in fluid. Currently there are three main methods for applying an electric

field or current to tissue cultures: 1) direct electrical currents, 2) capacitive coupling of

55-58

electric fields, or 3) inductive coupling of electromagnetic fields. The direct method
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implements an actual probe into the substrate and applies a high voltage in one specific area
and is distributed throughout the substrate. By using capacitors, researchers have been able
to minimize interaction with the delivery of the electric current and are better able to observe
direct effects of the electric field. Capacitors can be defined as two conductors carrying
charges of equal magnitude but of opposite sign, where the potential difference across the
conductors or plates is known at the voltage where Capacitance (C) = Charge (Q)/ Potential
Difference (AV) or C= Q/ AV. By using a capacitor with the tissue culture, we would be
able to generate an electric current through our culture, and by incorporating carbon
nanotubes into our scaffold material, we would be able to create an electric field with
minimum interaction with the scaffold itself, no means of removal of an electrode and no
electrochemical reactions resulting from any additions to the scaffold. In order to achieve
similar results without an electrode penetrating the system, large voltages need to be
generated. To produce a more functional scaffold, the goal of this work is to increase the
conductance of the scaffold and thereby localize the electric field within the scaffold and its
access to the cells. A major inspiration for this research was work conducted by
Supronowicz in 2001.” Their work developed a nanocomposite scaffold combining poly
(lactic acid) gel with multi-walled carbon nanotubes with an electrical stimulus. Despite the
great leap that research took, it opened new doors and asked fundamental questions regarding
the concentration of carbon nanotubes (20 wt%), gelatinous structure of the nanocomposite,
and the cytotoxicity of the carbon nanotubes. This work aims on moving forward, by using
lower concentrations of carbon nanotubes for similar increases in conductance, determining
cellular viability, cellular proliferation, expression of specific inflammatory cytokines, and

producing a nanocomposite fibrous mat by electrospinning carbon nanotubes in

28



biocompatible polymer solutions. Electrospinning will afford a high degree of porosity as
well as encapsulate the carbon nanotubes within polymeric nanofibers. By encapsulating the
carbon nanotubes within the nanofibers, we will create a biocompatible interface, as well as a
conductive tissue scaffold. These research objectives and the means for accomplishment will

be discussed in detail in Chapter 3.
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Chapter 3
Research Objectives

3.1 Research Obijectives
Due to the overwhelming significance that has been placed on tissue engineering, it has

become important to investigate new functional materials as scaffolds in tissue engineering
scenarios. For this research, the focus will be on the fabrication of electrospun scaffolds with
multi-walled carbon nanotubes, ascertaining the specific physical properties of interest, and
investigating the interaction of human mesenchymal stem cells with the scaffold and the
influence of electrical stimulation on human mesenchymal stem cells seeded on the scaffold.
Specifically, the objectives of this research are as follows.

(1) Fabricate multi-walled carbon nanotube / polymer composites via electrospinning
and as a function of multi-walled carbon nanotubes concentration. 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.

(2) Fabricate multi-walled carbon nanotubes / polymer composites with a

biocompatible polymer via electrospinning. This will be accomplished by:
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3)

4

analyzing the electrospun nanocomposites via scanning and transmission
electrospun fibers to confirm proper fiber formation and multi-walled carbon
nanotube integration into the as-spun fiber.

determining the ideal processing parameters for the electrospinning process
including solution concentration, applied voltage (kV), working distance (cm),
flow rate (mL/min), solvent system, and multi-walled carbon nanotubes
addition using response surface methodology.

using tensile testing and sensitive conductivity measurements, for quantitating

the physical properties of the scaffold.

Determine the efficacy of the electrospun tissue scaffold and compare the addition

of multi-walled carbon nanotubes with human mesenchymal stem cells. This will

be accomplished by:

a.

analyzing viability of the cells in vitro for fourteen days using a live / dead
fluorescence stain with fluorescence microscopy.

analyzing proliferation of the cells by quantifying the amount of DNA present
at specific time-points (days 1, 3, 7, and 14) over the course of the experiment
analyzing cellular orientation on the electrospun scaffolds via scanning

electron microscopy (days 1 and 14)

Determine the use of the electrospun scaffold with multi-wall carbon nanotubes in

a functional tissue engineering set-up incorporating electric field stimulation.

This will be accomplished by:

a.

analyzing proliferation of the cells by quantifying the amount of DNA present

at specific time-points (days 1, 7, and 14) over the course of the experiment
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b. analyzing cytokine expression of interleukin-1p, interleukin-6, interleukin-8,
and TNF-a (days 1, 7, 14)
c. analyzing amount of calcium deposition via scanning electron microscopy
using electron x-ray dispersive spectroscopy (day 21)
The first objective will focus on incorporation of multi-walled carbon nanotubes into
electrospun nanofibrous mats and will be a staging ground for determining the electrical
conductivity in these isotropic mats. This work will allow us to establish the optimal

concentration of multi-walled carbon nanotubes for electrospun nanocomposites.

The second objective involves replicating the advancements in physical properties of
electrospun fiberous mats in a biocompatible polymeric system. Response surface
methodology will be utilized to establish the optimal processing parameters for the
electrospinning process and investigate the physical properties of the electrospun mats using

the indicated techniques.

The third objective allows for the implementation of the electrospun scaffold in a static cell
culture environment with human mesenchymal stem cells. The efficacy of the electrospun
scaffold will be elucidated as to what effect the multi-walled carbon nanotubes will have

when in close proximity with the cells when compared to a control electrospun scaffold.

The remainder of the thesis is organized such that each subsequent chapter discusses a

specific objective. Objective (1) is discussed in Chapter 4, objective (2) in Chapter 5, and

objective (3) in Chapter 6. Each of these chapters has been submitted to a peer-reviewed
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journal as an individual manuscript. Chapters 7 and 8 discuss the overall conclusions and

future directions for this project including objective (4), respectively.
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Chapter 4

Morphological, electrical, and mechanical characterization of electrospun nanofiber
mats containing multi-walled carbon nanotubes

Seth D. McCullen', Derrick R. Stevens®, Wesley A. Roberts®, Satyajeet S. Ojha’, Laura I.

Clarke®, and Russell E. Gorga®

4.1 Abstract
This work focuses on the development of electrically-conducting porous nanocomposite

structures by the incorporation of multiwalled carbon nanotubes (MWNT) into electrospun
poly (ethylene oxide) (PEO) nanofibers. Electron microscopy confirmed the presence of
individual aligned MWNT encapsulated within the fibers and showed fiber morphologies
with diameters of 100-200 nm. Electrical conductance measurements of the random
nanofiber mats showed that by increasing the concentration of MWNT, we were able to
produce porous nanocomposite structures with dramatically improved electrical conductivity.
Above a percolation threshold of 0.365 +/- 0.09 MWNT weight percent (wt%) in PEO the
conductance increased by a factor of 10'* and then became approximately constant as the
concentration of MWNT was further increased. Due to this percolation threshold, for a 1
wt% loading of MWNT, the conductivity is essentially maximized. Mechanical testing
confirmed that the tensile strength did not change, and there was a three-fold increase in the

Young’s modulus when comparing a 1 wt% MWNT loading to the pure electrospun PEO.

'Primary author and researcher, Department of Textile Engineering, Chemistry, and Science, NCSU

“Graduate student who assisted with conductance measurements, Department of Physics, NCSU

*Undergraduate student who assisted with conductance measurements, Department of Physics, NCSU

4Graduate student who assisted with SEM micrographs, Department of Textile Engineering, Chemistry, and Science, NCSU
%: Provided conductivity systems measurement and expertise, Department of Physics, NCSU

®Correspondence author, Department of Textile Engineering, Chemistry, and Science, NCSU
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Thus the optimal MWNT concentration for PEO nanofiber mats with enhanced mechanical
and electrical properties is approximately 1 wt%.

4.2 Introduction

Nanocomposites are materials that have the propensity to exhibit astonishing physical and
electrical properties due to the interaction between the matrix and filler. Much work has
focused on the implementation of carbon nanotubes as a filler in polymer matrices, and some
success has been achieved at determining the physical properties of these systems.'™ The
goal of this work is to create and characterize novel nanocomposites, in particular random
mats of electrospun nanofibers, to be used as a model in creating functional substrates for a
variety of applications ranging from electrical sensors to matrices for tissue engineering.
Therefore, characterization of the overall mechanical and electrical properties of the random
fibrous mat is essential to quantify the functionality of these structures. Specifically, this
report focuses on the fabrication and electric and mechanical characterization of electrospun
carbon nanotube/poly (ethylene oxide) (PEO) nanocomposites. Through this investigation,
we will have a better representation of the nanocomposite characteristics by measuring the
macroscopic nonwoven substrate, not just an individual fiber within the composite.
Therefore, the properties measured here will be indicative of those of the composite in an
application. A specific focus is on conductance measurements to delineate the parameters
which determine the resultant conductivity of the isotropic fibrous mats, as electrical
conductivity is important for both sensor and biomedical applications. Electron microscopy is
utilized to determine fiber morphology and the orientation of the multi-walled carbon

nanotubes (MWNT) within the fiber. A final consideration is the mechanical properties of
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the system with a goal of simultaneously optimizing the mechanical and electrical properties

of random fibrous mats.

Carbon nanotubes are graphitic sheets rolled into seamless tubes (i.e., arrangements of
carbon hexagons into tube-like fullerenes) and have diameters ranging from about a
nanometer to tens of nanometers with lengths up to centimeters. Nanotubes have received
much attention due to their interesting properties (high modulus and electrical/thermal
conductivity) since their discovery by Iijima in 1991.> ® Since then, significant effort has
gone into fabricating polymer/nanotube composites for improved strength and conductivity.”
** In general, for improved mechanical properties, the interaction between the filler material
and polymeric matrix is the key to sustaining a compatible interface through the adhesive

contact of the two materials.?> 2*

When a conductive composite is desired, the most
important parameter besides the apparent conductivity of the filler is the geometric shape; in
particular, it is most advantageous to utilize fillers with an aspect ratio (length/diameter)
greater than 1. Cylindrical materials such as carbon nanotubes exhibit this large aspect ratio,
in the range of thousands, which alleviates the processing of the nanocomposite by assuring
that only a low mass fraction is needed to obtain large increases in physical properties. Thus,

carbon nanotubes are ideal candidates for nanocomposite applications and have demonstrated

large increases in physical properties with relatively low mass fractions.

Here, electrospinning was used to fabricate nanocomposites constructed of carbon nanotube-

polymer nanofibers. Electrospinning provides a means to construct a three dimensional

matrix by creating fibers with diameters on the nano to micro scale. The fibers are created by
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electrostatic repulsion and the coulombic forces due to an external electric field applied to a

25,26

polymer solution. By applying a critical voltage between the metallic needle of a syringe

filled with polymer solution and a grounded collector, a polymer jet is generated which

25:27.28 The end result is a randomly

creates fibers that can be collected at the grounded plate.
oriented mat of fibers with a high porosity due to the high ratio of surface area to volume.
This aspect of electrospun fibers is advantageous for use as a means of production for

nanocomposites by generating an intimate level of interaction between the matrix and the

filler due to both being on similar size scales.

Previous work on fibrous nanocomposites has highlighted the need for adequate dispersion of

4, 21, 22

the filler in the matrix for enhanced mechanical properties. Past research has shown

that dispersion and orientation of the carbon nanotubes within a nanocomposite improves

%2122 However, most of this work has utilized traditional polymer

physical properties.
processing techniques such as melt-blending and coagulation spinning to name a few.* Dror
et al. dispersed carbon nanotubes with the additive gum arabic to create a colloidal
suspension of carbon nanotubes in solution prior to electrospinning and achieved a high level

of carbon nanotube orientation within the nanofibers.”* Here we utilize the Dror technique to

form nanofibers with ~100 nm diameters.

Researchers who have explored the interaction of carbon nanotubes in electrospun matrices

2933 This can be attributed to the polymeric system,

have documented differing conclusions.
the orientation, and the dispersion of the carbon nanotubes in the system in addition to the

size scale of the carbon nanotubes, the diameter, and the length with respect to the matrix."
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With respect to electrical properties of composite fibers, Sundaray was able to show an
increase of ten orders of magnitude in conductivity between 0 weight percent (wt %) and 2
wt% carbon nanotube loading in single electrospun fiber.”> However, this work did not
display evidence of a percolation threshold between 0.05-2 wt % and the authors
hypothesized that, if present, the threshold was much lower than 0.05 wt%. Through this
work, our aim is to produce electrospun nanocomposites containing varying mass fractions of
carbon nanotubes, to determine if the conductance of the nonwoven mat (not the individual
fiber) follows a percolation model, and to report the percolation threshold via thorough
conductance measurements. Again, it is essential to quantify the properties of the random

fibrous mat to determine how the material behaves in bulk.

All measurements in this work were conducted on samples consisting of random nanofiber
mats produced from electrospinning. By utilizing planar interdigitated electrodes onto which
the mat can be directly electrospun, we can measure these extremely porous mats in their
native state without concern of pinhole defects which can occur in a "sandwich" electrode
configuration. In summary, we propose to optimize the parameters for the electrospinning
process of PEO/carbon nanotube solutions, to determine if the conductance exhibits

percolative behavior, and to measure the tensile properties of electrospun fibrous mats.

4.3 Experimental
PEO of M,, 400,000 was purchased from Scientific Polymer Products. Different wt%

solutions were produced with deionized water. MWNT were supplied by Nano-Lab. The

MWNT were produced by plasma enhanced chemical vapor deposition using acetylene and
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ammonia with an iron catalyst and grown on a mesoporous silica substrate.** The MWNT
used had a diameter of 15 +/- 5 nm and length of 5- 20 um at 95% purity. The MWNT were
dispersed using an Ultrasonic Model 2000U generator and probe operating at 25 Hz.
Varying masses of MWNT were added to 50 mL deionized water and the dispersing agent
gum arabic at a concentration of 3% and sonicated for one hour. The sonicated solutions of
MWNT and PEO in deionized water were combined and mixed by stirring. The solution was
inspected optically for up to 30 days. Solutions containing gum arabic exhibited
homogenous suspensions through the 30 day period; whereas the nanotubes in solutions
without gum arabic immediately fell out of suspension after sonication. The final solutions
produced contained varying concentrations of MWNT from 0-3 wt % in 4 wt% PEO solution

No further processing occurred before electrospinning.

The electrospinning apparatus included a syringe pump obtained from New Era Pump
Systems (Model NE 500), which operated at a flow rate of 5-55 pL/min. The high voltage
power supply was obtained from Glassman (High Voltage Model # FC60R2 with a positive
polarity). The operating voltage varied from 10-20 kV with an optimum electric field of 1
kV/em. The solutions were loaded into 10 mL syringes with luer-lock connections and used
in conjunction with a 4 inch 20 gauge blunt tip needle. The design of the electrospinning set-

up was based on a point-plate configuration as can be seen in Figure 4.1.
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Figure 4.1: Schematic of the electrospinning apparatus used to produce the

nanocomposite samples. Each component is labeled.

The fibers were collected on either a plate or a pair of aligned collector bars. The plate
produced a random nonwoven array, whereas the collector bars produced oriented fibers
along the same axis between the bars. The electrospun mats were deposited onto aluminum
foil, which was placed over the collector plate. For scanning electron microscopy (SEM) and
mechanical testing, the samples were removed from the collector. For transmission electron
microscopy (TEM) and conductance testing, samples were deposited directly onto TEM grids

and microelectrodes, respectively.

4.31 Electrospun Nanocomposite Characterization
Rheological measurements were performed on the MWNT/PEO solutions using a StressTech
HR rheometer with Reologica Instruments and ATS Systems. These experiments were

performed using a parallel plate configuration for all measurements.
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For SEM, a JEOL JSM-6400 FE w/ EDS, operating at 5 kV, was used to determine fiber
morphology of the electrospun samples. The electrospun samples were coated by a K-550X
Sputter Coater with Au/Pd approximately 100 A thick to reduce charging. Digital images
were captured and analyzed using Scion Image™ software. TEM was performed on a JEOL
100S with samples spun directly on a Cu 400 mesh grid coated with holey thin carbon film.

Micrographs were developed, digitally scanned, and were not further modified.

Electrical measurements were performed on a Keithley Model 6430 sub-femto amp remote
source meter. In order to easily measure the thin, porous matrix of nanofibers, flat
interdigitated electrodes on glass were utilized for conductance measurements. Each
electrode consisted of twenty-six finger pairs with 1 mm long, 10 pm wide digits spaced by
10 pm, and two contact pads of approximately 1 mm” each. Conductive silver epoxy
connected the contact pads to external wires. Electrodes were fabricated using lift-off
standard uv-lithography on glass substrates followed by thermal evaporations of
approximately 150 A of chromium and 1150 A of gold. Home-made triaxial cables
connected the sample, which rested on a copper stage, to the remote source-meter. The
sample space was evacuated to ~ 1 x 107 torr. Each electrode was measured before and after
sample deposition, nominally from -10 V to 10 V with 0.1 V steps and a 15 second wait after
the application of a voltage change. For highly conductive samples, the voltage range was
reduced. Samples were prepared by electrospinning a solution with known concentration of
multi-walled carbon nanotubes, utilizing the same preparation conditions for each sample to
obtain comparable thickness. Conductance values were obtained by fitting a line to the low-

voltage linear region of the current-voltage characteristic.  The fringe fields from
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interdigitated electrodes are known to penetrate into a film a distance roughly equivalent to
the spacing between the digits. From the measured thickness of the mat as 1 - 3 um, we
expect some response from the fringing fields.”> Consequently, the geometrical parameters
needed to calculate the conductivity will be slightly altered. Furthermore, the extreme
porosity of the nanocomposite mat makes a clear determination of the polymer density
difficult. Thus, as a matter of convenience, we report conductance results only. A
calibration to correct for the fringing fields is underway in our laboratory and will be

reported in a future publication.

Mechanical properties were tested using an Instron Model 5544 using the Bluehill™ Version
1.00 software. Samples were prepared according to ASTM standard D4762-04. Each
sample tested up to seven specimens with a sample width of 2 cm and a gauge length of 2.54
cm. The testing rate was approximately 25.4 cm/min. Samples were tested within 24 hours

of fabrication.

The volume of voids in the random fibrous mats was calculated using Image J analyzer.
Images obtained by SEM were scanned through Image J. Different layers of nanofibers were
made distinct a using grayscale. The area (proportional to volume) of nanofibers present in
one plane was then calculated and therefore void fraction was calculated in a single layer.

This procedure was repeated four times for each sample for statistical purposes.
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4.4 Results and Discussion
The viscosity of the spinning solution is essential for being able to produce a continuous

flowing stream of polymer from the needle to the collector. Rheology measurements were
performed to determine the effect on viscosity associated with an increase of MWNT and to
verify whether the solutions were “spinnable”. By understanding the rheological behavior of
the solution we are better able to control the processing parameters such as the flow rate.
When analyzing the viscosity vs. shear rate data (as shown in Figure 4.2), the polymer
solution with suspended nanotubes behaved as a classical pseudo-plastic material, exhibiting
shear-thinning behavior at increasing shear rates. With the addition of MWNT to the
polymer solutions, there was a slight increase in the viscosity. This can be attributed to an

increased turbidity of the solution due to the presence of the MWNT.
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Figure 4.2: Flow curve plot of viscosity vs. shear rate for MWNT/PEO solutions.

The flow of material during electrospinning is determined using the equation Q = AP/R,
where Q is the flow rate, AP is the pressure difference, and R is the resistance, equal to 8nL/
nr*. For this equation L is the length of the capillary, r is the radius of the capillary, and 1 is
the viscosity of the polymer solution. In order to determine the viscosity experienced during
fiber formation, we can calculate the shear rate (W) of our system with the following
equation, Y=4Q/nR**® For the operational conditions, we produced a shear rate within the
lower region of the viscosity plot, which depended on the flow rate from the syringe pump.

The flow rate ranged from 5-55 pL/min. For this electrospinning system, the shear rate is
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below 20 s'.  When viewing the flow curve we can easily observe that no shear thinning is
occuring at this range. The effects of interfacial bond strength, particle size, and shape
distribution can be analyzed from the strain dependence of dispersions. For this system the
particles in solution are the MWNT. When these particles are dispersed, each individual
MWNT is separated from other MWNT and no aggregates are present. Smaller particles
and stronger interfacial bonds will increase the low strain modulus of a dispersion with a
given particle concentration. Forces acting on the particle in solution include gravity and
random thermal (Brownian) fluctuations. In Figure 2, the viscosity plots for the different
suspensions of MWNT in PEO show that the samples are within the same range, and that the
MWNT do not significantly increase the viscosity of the solution. Thus, Figure 2 displays
that the viscosity of PEO behaves similarly even with the addition of low mass fractions of
MWNT. Also, the addition of MWNT does not change the shape of the flow curve for this

polymer.

Orientation of the nanofibers can be controlled by the collector geometry. The plate collector

morphology shows random orientation in all directions. Parallel bar collectors are able to

align the nanofibers between the two collectors (as shown in Figure 4.3).
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Aligned fibers with Random fibers with
parallel bar collector plate collector

Figure 4.3: SEM of aligned and random nanofibers (1 wt % MWNT in 4 wt % PEO).

Images were captured at 10,000X. The scale bar is 1 pm.

The polymer concentration can be viewed as a critical component that controls the
morphology of the fibers produced. It was determined that less than 4 wt% PEO without
MWNT produced beaded nanofibers. These structures exhibit poor mechanical properties
due to their heterogeneous nature. By increasing the wt % of our polymer to 4 wt%, fibers
were produced without any bead formation. Figure 4 illustrates the difference in
morphologies for differing weight % concentrations. Incorporating the MWNT in a solution
of 4 wt% PEO allows fabrication of uniform fibers with similar diameters. In contrast,
spinning on the glass substrate of the interdigitated electrodes resulted in slightly beaded
nanofibers for all MWNT concentrations. This can be attributed to the microelectrode not
being completely grounded due to inadequate connection between the collector plate and the
microelectrode front surface of the glass substrate. As beading in the nanofiber might be
expected to decrease the conductance and increase the critical weight percentage, the electric
conductance results can be considered upper and lower limits, respectively, on these

quantities.

50



3

g
\ 18@nm F1 L@1
"

P ncsu sl SKU Lx55.808 18mm

Figures 4.4a-f: SEM images of electrospun nanocomposites. 4.4a-b images of 3 wt%
PEO, 4.4c-d images of 4 wt% PEO, 4.4e-f images of 4 wt% PEO with 1 wt% MWNT.
By increasing the polymer concentration by 1%, we were able to produce uniform
nanofibers. Images a, ¢, and e have scale bars of 1 pm, where images b, d, and f have

scale bars of 100 nm.

In order to quantify that the produced fibers did contain oriented MWNT, TEM was utilized
to view the alignment and orientation of MWNT within the nanofibers produced. The
arrangement of the nanotubes within the fibers is able to influence the behavior of the
composite when testing for conductivity and mechanical properties. If the MWNT have a
high orientation within the fibers, then the apparent properties of the nanotubes should
become superimposed within the electrospun fibers. Figure 4.5 confirms that the MWNT
are aligned along the fiber axis via the flow and electric field direction. In some instances it

can be seen that more than one MWNT was encapsulated within the produced nanofibers.
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When more than one MWNT was encapsulated, a misshaped (or branched) nanofiber was
produced as shown in Figure 4.5b. However, these fibers show numerous MWNT all
dispersed and oriented along the axis of numerous fibers bonded together. Bonding of the
fibers could have taken place due to the solvent evaporating too slowly, connecting the fibers

together.

oy,

—_

50nm |—

Figure 4.5a: TEM image of 2 wt % MWNT in 4 wt% PEO nanofibers showing

dispersion and alignment along the axis of the fiber.
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Figure 4.5b: TEM image of 2 wt% MWNT in 4 wt% PEO sample. This image captures

four multi-walled carbon nanotubes within several nanofibers bonded together.

For composite systems composed of a conducting filler (MWNT) embedded in an insulating
matrix (PEO), classical percolation theory is often invoked.” 1In short, the system is
described as randomly orientated and positioned conducting rods in an insulating
background. As the concentration of the conducting element is increased, conduction occurs
when the density of MWNT is sufficient to create a single percolating path across the
sample.’” Below this critical concentration, any conductance is due to the polymer matrix
and independent of MWNT concentration. As the density of filler further increases above
the threshold value, the conductivity dramatically increases as more and more paths
contribute to the current. Once current is flowing throughout the full geometrical volume of
the sample, further increase in MWNT concentration has little effect and the conductance
plateaus with only a slight dependence on nanotube density.”’ It is important to note that

several of the assumptions implicit in classical percolation theory are not maintained in the
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electrospun MWNT/PEO system.®™®  As shown above, the embedded nanotubes are

d. "% 1In addition,

generally aligned along the fiber axis, rather than being randomly oriente
because the polymer and nanotubes are innately entangled, it is unlikely that true percolating
paths, where all MWNT along the path are in physical contact, are formed and more likely
that tunneling or hopping between MWNT plays a role in conduction.”® *®*" Percolation

theory has been extensively and successfully used to describe nanocomposite conductivity

and, as shown below, our results also indicate a percolation effect.

In this research the composite is formed of three elements: conducting nanotubes, polymer
(non-conducting), and open space or voids. The morphological characteristics of both the
fiber and the resulting mat may strongly influence the nature of the percolation process and
the ultimate conductance of the material. For instance, significant MWNT alignment is
observed in these fibers under SEM imaging, which may alter the critical weight percentage
from that of an isotropic distribution.*” If such alignment is a function of fiber diameter,
changing the fiber size may affect the percolation threshold of the system. When combining
the fibers into the technologically important structure of a mat, additional variables such as
mat density (the fraction of void space), the number of fiber intersections, and the character
of these fiber-fiber contacts come into play. For instance, even if MWNT density is below
that needed to carry current along long lengths of fiber, a mat may produce a percolating path
consisting of short sections of several different fibers if there is a sufficiently high density of
fiber-fiber connections. This would lead to a lower percolation threshold in the mat than for
the fiber alone. In contrast, if fiber-fiber intersections are weak (leading to poor contacts

between nanotubes) or if the fibers are aligned in the mat and rarely cross, the current may be
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carried predominantly along individual fibers. Here the percolation threshold of the mat
might be similar to that of the fiber.

Thus rather than generating universal values for the critical doping of MWNT in PEO
nanofibers, we expect that our results are specific to the degree of nanotube alignment, the
interface between the polymer and nanotube, the fiber size, the morphology of the mat, and
the contact between fibers therein. This research represents a specific example of a
conducting mat and an attempt to begin understanding the relative importance of these

morphological factors.

We point out that an alterative model for this system can be obtained from work on doping
polymer blends where the dopant resides primarily in one polymer type and a second

material (in our case void space) takes up the remaining volume.**”!

In these polymer-blend
studies, a so-called double percolation process (reflecting the dependence on both doping
density and percentage of volume-excluding polymer) is predicted. As discussed below, in

this work, we do not alter the fraction of void space in our mats and observe percolation as a

function of doping at this one value.
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Figure 4.6: Electrical conductance vs. MWNT concentration in 4 wt% PEO or
alternatively, versus the measured volume fraction of MWNT. With increasing MWNT
concentration, the conductance demonstrates a percolation threshold for the random

mats. The three fits are described in the text, with fit parameters presented in Table 1.

Using the techniques previously described, current-voltage characteristics of PEO with
varying MWNT concentrations were recorded. = A background, the current-voltage
characteristic of each bare electrode, was taken before all depositions. All blank electrodes

showed similar curves with a measured conductance of 6.3 x 107" S, which serves as the
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lower limit of our measurement range. With the addition of MWNT to the PEO solution, the
conductance versus MWNT concentration curve showed a dramatic increase consistent with
a percolating behavior as seen in Figure 4.6. Figure 4.6 shows the conductance data plotted
against two axes: the variable controlled in the experiment (the wt% of MWNT in the PEO
solution) or alternatively, the experimentally observed volume fraction of MWNT. In the
latter approach, the top layer of an SEM image of mats at 0 and 1 wt % MWNT was analyzed
to determine the fraction of fiber and void space. Taking an average of four measurements
for each image, the void space represented 74.79 +/- 2% and 74.85 +/- 2% for pure PEO and
1 wt% MWNT, respectively. Based upon these measurements, we conclude that the void
space is constant over the nanotube doping range used in this work. Because the void and
polymer are both insulating, the system is modeled as conducting MWNT embedded in this
combined matrix. Based on the known doping, the fraction of MWNT to total volume is
calculated. We observed that small variations in sample preparation, including dispersion of
the MWNT in solution, can introduce significant changes in the resulting conductance. This
can account for the 0.5 wt% sample having a slightly lower conductance than the 0.35 wt%.

The placement of these points did not affect our overall results.

Figure 4.6 generates two alternative two-component systems to study. A model that ignores
the void space and focuses on the density of MWNT in the PEO, minimizes the effect of the
mat morphology and assumes that most conduction is along the fibers. Alternatively,
modeling the nanotube density in the entire volume (voids + polymer), assumes the system is
similar to randomly doped, homogeneous film of the combined matrix (voids + polymer).

Clearly, the true physical situation is between these two extremes.
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We characterize the conductance versus MWNT concentration curves with three alternative
fits. Here we focus on the experimentally-controlled variable, the MWNT wt%; equivalent
volume fraction values can be obtained by scaling according to Figure 6. The data is best
represented by the Fournier model: log(o)=log(0On)+ [log(Om)-log(on)]/(1+exp[b(p-pc)])
which fits points above, below and throughout the percolation threshold region.’* > Here, o,
On and Om are the composite, nanotube and polymer conductivity, respectively. MWNT
concentration is represented by p, with pc the critical weight percentage to obtain percolation.
The empirical parameter b directs the change in conductance across the threshold. Data above
the percolation threshold were also fit with c=a(p-p.)' from classical percolation theory. Data
below the threshold can be fit with a similar functional form: o=c(p. -p)*.*” In these cases, a,
c, s, and t are fit parameters. Because conductance G o ¢ , with a proportionality constant
that depends only on the geometry of the sample, p., b, t and s should be unaffected by fitting

conductance (rather than conductivity) data.

The fits and parameters can be seen in Figure 4.6 and Table 4.1. While the Fournier form
yields the best fit to the data, all three fits give similar percolation thresholds of 0.35 +/- 0.04,
0.50 +/- 0.01, and 0.25 +/- 0.04 wt% MWNT, respectively. These values are higher than the
percolation threshold of < 0.05 MWNT wt% observed for a single composite fiber of larger
diameter (diameter 200 nm - 6um) from poly-methylmethacrylate.”> We find an exponent
value of 1.32 +/- 0.6 for t, which is slightly lower than the standard values of 1.7 - 2.0 for 3-

55,56

D systems* and consistent with the expected value (1.3) for 2-D arrays Work on other

carbon-filled three-dimensional systems, has reported a wide range of t values including
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47. 345739 Nevertheless, the observation of an exponent with reduced

similar low exponents
dimensionality may reflect the influence of the fiber geometry on the percolation®’; in
particular polymer-blend systems where the dopant is constrained to the interface between
the polymers have shown similar results.’” °" ® We find a value of s =1.39 +/- 0.7 which is
greater than the expected value of ~0.7- 0.9 in 3-D and consistent with s = 1.3 in 2-D. *7- %% 3
Finally, recent studies linked composite systems with t > 2 to tunneling between conductive

elements due to an intermediate insulating layer (poor constant between doping elements).”*

% Our value of t indicates no evidence of this effect.

Table 4.1: Parameters for the three conductance models. *G, was held at the
conductance limit of our system. G,, Gy, a' and ¢' are the conductance equivalents of

the conductivity quantities given the text.

Fournier Above Percolation Below Percolation
G, 0.036 £0.04 S a 0.043 £0.02S |¢ 2.3e-15+ 4e-15
S
G, 6.3e-15 S * t 1.3+0.6 S 1.4+£0.7
B |85+18 Pe 0.45 = 0.01 pe | 0.25+0.04
pe | 0.35+£0.04

To determine any changes in mechanical properties due to MWNT concentrations, tensile
tests were performed on MWNT loading levels of 0, 1 and 3 wt%. For each sample
measured, the thickness was determined by the mean of 10 measurements per sample. Each
sample was collected from the plate collector and removed from the aluminum foil. The
samples analyzed included a pure 4 wt% PEO sample, 1 wt% MWNT/ 4 wt% PEO, and 3

wt% MWNT/ 4 wt% PEO. The results are shown in Table 4.2. The stress calculation
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accounts for the void volume fraction (75%), which was determined to be independent of
MWNT concentration (as discussed earlier). With the addition of MWNT, both the 1 and 3
% samples demonstrated a statistically significant reduction in elongation. The 1 wt%
MWNT/PEO sample maintained the same tensile stress yet had a statistically significant
increase in modulus when compared to the pure PEO sample. However, the 3 wt%
MWNT/PEO sample demonstrated a reduction in tensile stress with no change in modulus as
compared to the pure PEO sample. This can be attributed to agglomeration of MWNT at the

higher concentration, which could act as stress concentrations, leading to premature breaking.

Table 4.2: Modulus and tensile strength as a function of nanotube concentration.

Modulus Tensile Strength
Sample (MPa) (MPa)
0%
MWNT 12.28 + 1.54 9.96 + .20
1%
MWNT 37.68 +2.14 9.40 £ 0.36
3%
MWNT 23.56 + 1.67 5.04 + 0.25

4.5 Conclusions
This work demonstrates the fabrication, determination of optimal process parameters, and

mechanical and electrical characterization of 100-200 nm PEO nanofibers with dispersed,
encapsulated MWNT. Rheology measurements confirmed that the nanotubes were well-
dispersed and integrated within the polymer solution used for electrospinning and that the
viscosity, and thus flow curve of the polymer, was not significantly altered by the addition of
low concentration of MWNT. This indicates that the electrospinning parameters are robust
in this concentration regime. Randomly oriented, isotropic mats of the nanofibers were

generated by utilizing a plate collector. A 4% or greater PEO solution in deionized water
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was required for the formation of uniform diameter fibers. Conductance measurements on
random mats showed a percolation threshold at ~ 0.35 wt% MWNT, depending on the model
used for fitting. Above, about 1 wt%, the conductivity was maximized. Mechanical testing
of the random mats showed an optimal Young's modulus also at the value of 1 wt % MWNT,
indicating that this loading value is optimal for maximizing both mechanical and electrical

properties.
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Chapter 5

Development of electrospun poly (L-D-lactic acid) fibers containing multi-walled
carbon nanotubes for tissue engineering scaffolds and optimization of fiber morphology

A paper submitted for publication to the Journal of Applied Polymer Science

Seth D. McCullen', Kelly L. Stano”, and Russell E. Gorga®

5.1 Abstract

Electrospinning of poly (L-D-lactic acid) (PLDLA) was investigated with the addition of
multi-walled carbon nanotubes (MWNTs) for development of a scaffold for bone tissue
engineering. Through this experiment, it was determined that the optimal concentration of
PLDLA with weight average molecular weight (M,,) 250,000 g/mol is approximately 20 wt%
as indicated by scanning electron microscopy. This concentration produces fibers with no
beading or film formation. The preferred solvent system is a combination of chloroform and
dimethyl formamide (DMF) to alleviate the volatile action of chloroform.  The optimum
processing parameters for PLDLA are an electric field of 1 kV/cm which was determined by
a surface response plot to minimize fiber diameter based on the applied voltage, working
distance, and addition of MWNTSs. Fourier Transform Infrared Spectroscopy (FTIR) has
indicated that there is a slight residue of DMF on the electrospun samples but chloroform is
not present. With the addition of 1 wt% MWNTs, the fiber diameter is drastically reduced by

70% to form fibers with a mean diameter of 700 nm. This is believed to be due to an
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3: Author for correspondence, Department of Textile Engineering, Chemistry, and Science, NCSU
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increased surface charge density for the MWNT / polymer solution. Transmission electron
microscopy (TEM) has validated the alignment of the MWNTSs within the fibers. Future

reports will focus on characterization and implementation in tissue engineering scenarios.

5.2 Introduction
The objective of this research is the development and characterization of electrospun

nanocomposites for tissue engineering scaffolds incorporating carbon nanotubes. Carbon
nanotubes have tremendous mechanical and electrical properties and have been reported to
enhance the properties of polymeric matrices when they are adequately dispersed and
oriented."” * This work focuses on optimizing the processing parameters for electrospun
nanofibers of poly (L-D-lactic acid) (PLDLA) and the incorporation of a low mass fraction of

multi-walled carbon nanotubes (MWNTs) into electrospun scaffolds.

Carbon nanotubes are graphitic sheets rolled into seamless tubes (i.e. arrangements of carbon
hexagons into tube-like fullerenes) and have diameters ranging from a nanometer to tens of
nanometers with lengths up to centimeters. Nanotubes have received much attention due to
their interesting properties (high modulus and electrical/thermal conductivity) since their
discovery by Iijima in 1991.> * Since then, significant effort has gone into fabricating

polymer/nanotube composites for improved strength and conductivity.”®

Electrospinning provides a means to construct a three dimensional matrix by creating fibers
with diameters on the nano to micro scale. The fibers are created by electrostatic repulsion

and the coulombic forces due to an external electric field applied to a polymer solution.'® 2
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By applying a critical voltage between the metallic needle of a syringe filled with polymer
solution and a grounded collector, a polymer jet is generated which creates fibers that can be

collected at the grounded plate.' 2!+ #

The end result is a randomly oriented mat of fibers
with a high porosity due to the high ratio of surface area to volume. This aspect of
electrospinning is advantageous for use as a means of production for scaffolds for tissue

engineering, by producing a highly porous material with interconnected pores and

tremendous surface area that is similar to the scale of the extra-cellular matrix.>’

Poly (lactic acid) (PLA) is linear aliphatic polyester that is biocompatible and biodegradable,
and has three stereoisomeric forms, poly (L-lactic acid) (PLLA), poly (D-lactic acid)
(PDLA), and poly (L-D-lactic acid) (PLDLA). PLA is known to be one of the more utilized
biomaterials, due to its degradation by hydrolysis and well-characterized mechanical
properties, as well as its biocompatiblility. Numerous researchers have experimented with

24-32

the use of electrospun PLA as a tissue scaffold by electrospinning. In order to make

PLA soluble, multiple organic solvents have been investigated including methylene chloride,

24, 27, 30-32

dimethyl formamide, chloroform, and pyridine. It has been noted that drastic

morphological changes are based on the concentration of the polymer.”® *

In one study it
was not possible to collect continuous fibers at concentration below 20 wt% and above 40
wt% due to the viscosity of the solution. The researchers hypothesized that fibers produced
from 20-30 wt% had an apparent wetness when deposited on the collector, enabling a
solidification process due to the surface tension and relaxation process by the viscoelastic

property of the wet fibers.*> The electrospun nanofibers produced were non-crystalline, but

the researchers were able to yield a high orientation by collecting the nanofibers on a rotating
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drum.*> Overall the PLA at higher concentrations in solution produced uniform nanofibers at
lower electrical fields. Thus, when choosing the specific polymer system it is imperative to
understand the role of molecular weight and concentration and how these variables influence
the number of entanglements of polymer chains in solution, ultimately dictating the viscosity.
This was reported by Tan where the most prolific processing variables for minimizing fiber
diameter were the weight average molecular weight (My,) and concentration, as well as the

conductivity of the solvent system.*’

The goal of our work is to produce composite nanofibers by the addition of MWNTs. Work
by Zang demonstrated that drugs could be loaded into nanofibers by suspending them within
the polymer solution.’® With the addition of any particle, anionic, cationic, or nonionic, the
diameter size and distribution of the electrospun fibers can be significantly reduced.’® This
has been hypothesized by the particle addition maintaining a more uniform charge density
within the whipping instability created during electrospinning. A more recent work that
incorporated silver particles within the electrospun fibers, noted an increase in overall fiber
diameter, and attributed this to a phase separation between the PLA and the embedded silver
particles which was hypothesized to be due to a strong interaction between the molecular
chains and silver particles.”® The silver particles in this study were spherical with an average
diameter of 30 nm, and in order to produce a continuous contact of silver particles within the
fibers, loading of 8, 16, and 32 weight % (wt %) with respect to the polymer concentration
were necessary. Composite nanofibers containing hydroxyapatite (HAP) and growth factors,
have also been investigated.”> The researchers were able to encapsulate HAP crystals with a

diameter of 50 nm inside electrospun silk. This composite fibers demonstrated a positive
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impact on cell studies with mesenchymal stem cells by resembling the natural milieu of bone

and was able to support mineralized tissue formation.*

When choosing the filler material for a composite system, the most important parameter
besides the apparent physical properties of the material is the geometric shape. For
composite systems it is more advantageous to utilize fillers with an aspect ratio
(length/diameter) greater than 1.>> Cylindrical materials such as carbon nanotubes exhibit
such characteristics with a large aspect ratio, in the range of thousands, which can reduce the
amount of filler needed to obtain large increases in physical properties. Gorga has been able
to show that through dispersion and orientation of carbon nanotubes, improved physical
properties including Young’s Modulus, toughness, and tensile strength can be achieved in
polymeric matrices including poly(methyl methacrylate) and polypropylene.” > It was
determined that the most prolific increases in mechanical properties occurred at MWNTs
loading equal to or less than 1 wt%. Therefore, carbon nanotubes are ideal candidates for
nanocomposite applications and have demonstrated large increases in physical properties
with relatively low mass fractions. By producing scaffolds with MWNTs, increased
conductance can also be attained due to the percolation behavior of MWNTs in electrospun

fibers as we have previously reported.*

For bone tissue engineering scaffolds, it is essential to good mechanical strength within a
three-dimensional porous structure. This combination allows for the physical integrity of the
scaffold to be maintained while allowing the needed space for tissue growth into the scaffold,

and provides an interconnected pore structure for the diffusion of nutrients and removal of
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wastes.> Through the incorporation of low mass fractions of carbon nanotubes into
electrospun fibers, we will be able to develop a composite material with improved modulus
and electrical conductivity. By incorporating carbon nanotubes into the polymeric matrix,
the scaffolds could have improved physical properties by taking advantage of the properties
of the carbon nanotubes within a biocompatible matrix provided by PLDLA. This work will
show the optimum process parameters for electrospinning MWNT/PLDLA nanofibers and

highlights the effect MWNTs have on the fiber morphology.

5.3 Materials and Methods

5.31. Fabrication
The electrospinning apparatus includes a programmable syringe pump obtained from New

Era Pump Systems Model NE 500. The high voltage power supply was obtained from
Glassman High Voltage Model # FC60R2 with a positive polarity. The pump operated at a
flow rate of 0.5-2 mL/min. The operating voltage was from 10-20 kV with an electric field
of .5-2 kV/em. The solutions were loaded into 10 mL syringes with luer-lock connections
and used in conjunction with a 4 inch 20 gauge blunt tip needle. The design of the

electrospinning set-up was based on a point-plate configuration.

5.32 Materials
Poly(L-D-lactic acid) was obtained from Sigma-Aldrich with a weight average molecular

weight (My) of 250,000 g/mol and a number average molecular number (M,) of 100,000
g/mol. PLDLA was solubilized in Chloroform and dimethyl formamide (DMF) (Sigma-

Aldrich) at a ratio of 1:0 and 3:1 respectively. Multi-walled carbon nanotubes were supplied
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by Nano-Lab. The MWNTs were produced by plasma enhanced chemical vapor deposition
using acetylene and ammonia with an iron catalyst and grown on a mesoporous silica
substrate.’® The MWNTSs used had a diameter of 15 +/- 5 nm and length of 5- 20 pm at 95%
purity. Multi-walled carbon nanotubes were sonicated using an Ultrasonic Model 2000U
generator and needle probe, operating at 25 Hz in DMF at a concentration of 0.1 mg/ 1 ml to
produce a stock solution for MWNTs incorporation into the solubilized PLDLA. The
MWNTs were sonicated for approximately 4 hours to produce a homogeneous suspension
within the DMF. A 0 wt% MWNTs /5, 10, and 20 wt% PLDLA and a 1 wt% MWNTs / 20

wt% PLDLA solution were produced and electrospun.

5.33 Characterization

5.33.1 Scanning Electron Microscopy
For scanning electron microscopy (SEM) a JEOL JSM-6400 FE w/ EDS, operating at 5 kV,

was used to determine fiber morphology of the electrospun samples. The electrospun
samples were coated with Au/Pd approximately 100 A thick to reduce charging and produce
a conductive surface. Digital images were captured at 500X, 5000X, and 10000X and

. . ™ .
analyzed using Scion Image ™ software for fiber diameter measurements.

5.33.2 Transmission Electron Microscopy
Transmission electron microscopy (TEM) was performed on a JEOL 100S operating at 80

kV, with samples spun directly on a Cu 400 mesh grid coated with holey thin carbon film.

Micrographs were developed, digitally scanned, and were not further modified.
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5.33.3 Fourier Transform Infrared Spectroscopy
To determine the presence of the organic solvents a Nicolet Nexus 470 Fourier Transform

InfraRed Spectrophotometer (FTIR) was used. Accessories include a single bounce
attenuated reflectance device (OMNI Sampler'™ with Ge crystal) for identification of
contaminants and small particles/fibers. Transmission and reflectance measurements were
performed for qualitative analyses of unknowns. Spectral searches to identify the unknown

compound can be performed using commercially available libraries from Sigma.

5.33.4 Statistical Analysis
For statistical analysis, the SAS (Cary, NC) software package JMP version 6.0 was used for

data interpretation and graphic image design. Response surface methodology (RSM) was
used for modeling and analysis for the variables of the electrospinning process investigated
in this work.  Surface response diagrams allow the outline of specific parameters of the
operating system and display the optimum set of parameters for the response. Thus the
process yield is a function of the levels of interest where y = f(x; + x) + € , where y is the
process yield, x; and x; are the factors at the level of interest, € is the error observed in the
response. By denoting E(y) = f(x; + X2) = 1, then this surface represented by 1 = f(x; + x).>’
Generally the second-order model is used for RSM where y = fp + X Bix; + £ Biixiz +2X X
Bixix;+ € when1=1 to k and 1 <}, where B are the coefficients, x; are the variables of interest,
k is the level of factors, and ¢ is the observed error in the response, y.>’ The parameters and

values for each parameter are shown in Table 5.1.
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Table 5.1: Design of Experiment for electrospinning of PLDLA with MWNTs.

Flow Rate (mL/min) 0.5 1 2
Working Distance

(cm) 10 15 20
Applied Voltage

(kV) 10 15 20

Chloroform:DMF

Solvent System Chloroform (3:1)
MWNTs (wt%) 0 1

5.4 Results and Discussion

5.41 Effect of Polymer Concentration
Electrospinning proves to be a very complex process dependent on numerous variables. The

initial investigation was pertinent to determine the appropriate polymer concentration in
order to obtain highly uniform electrospun fibers before the addition of MWNTs. PLDLA
weight percentages of 5, 10, and 20 were investigated with favorable results for the higher
concentrations of PLDLA in chloroform. Figure 5.1 shows the PLDLA morphology as a

function of concentration.

(Y 31| e Ty R
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5 wt% PLDLA 10 wt% PLDLA 20 wt% PLDLA

Figure 5.1(a-c): SEM Images of electrospun PLDLA at varying concentrations.
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At 5 wt% PLDLA porous beads were produced, because the concentration of the polymer
was too low to allow chain entanglements to occur. At 10 wt% PLDLA, inconsistent fibers
were produced, which was followed up by the electrospinning of 20 wt% PLDLA. This
concentration produced homogeneous nanofibers with a distribution of fiber diameters.
Shenoy was able to determine the role of chain entanglements on fiber formation for
electrospinning by characterizing the number of entanglements per chain (n.).* For a
polymer solution, (Ne)soln = My / (Me)soln = (@p* MW)/ (Me)soln, Where My, is the molecular
weight of the polymer, M. is the entanglement molecular weight, and ¢, is the volume
fraction or concentration of polymer, is greater than or equal to 3.5 for complete stable fiber
formation.® The M. of PLA has been reported to be 8,000 g/mol, and represents the average
molecular weight between chain entanglements.”® Shenoy was able to compile estimations
and experimental observations for entanglements concentration of the polymer in solution for
PDLA and PLLA (My, of 109,000 g/mol and 670,000 g/mol, respectively). For the PDLA,
the estimated concentration for fiber formation without beading is 32 wt%. This estimation
was valid by fiber formation for PDLA being in the range of 30-35 wt%. The PLLA
entanglement concentration estimation ranged from 3.4 - 4 and was validated
experimentally. In this study, the PLDLA has a M, of 250,000 g/mol and as seen in Figure
1, we were able to produce fibers at 20 wt%. For our system, the minimum PLDLA
concentration needed to spin continuous fibers is 11.2 wt % (n.=3.5).  When calculating n.
as seen in Table 5.2, n.is 1.56 for a weight fraction of 5% which agrees with Shenoy’s model
for bead formation and with our morphology as shown in Figure 5.1a. When the weight
fraction was raised to 10%, we obtained an n. of 2.82 and were unable to produce uniform

fully developed fibers as seen in Figure 5.1b as the theory predicts.
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Table 5.2: Estimated chain entanglements per chain based on weight average molecular

weight, entanglement molecular weight, and polymer concentration.

Molecular | Entanglement Volume Estimated Chain
Weight | Molecular Weight | Weight | Fraction Entanglements /
(g/mol) (g/mol) % (pp) Chain (n.)
250,000 8000 5% 5% 1.56
250,000 8000 10% 9% 2.81
250,000 8000 20% 17% 5.2

To overcome this, we increased the weight fraction of polymer to 20% where ne is 5.0, and
were able to produce uniform fibers with no beading. Though this entanglement
concentration seems high and produced micron sized fibers, we believe that we can minimize
the fiber diameter and maximize the surface area for the electrospun scaffolds by optimizing
the processing parameters including flow rate (mL/min), applied voltage (kV), and working
distance (cm).

5.42 Effect of Flow Rate

After determining the concentration of polymer at 20 wt%, the flow rate or metering of the
polymer solution was evaluated. It was observed that at flow rates below 1 mL/min the
solvent system would evaporate quickly and tend to clog the syringe needle. Flow rates
above 1 mL/min led to an unstable jet because the Taylor cone did not form properly due to
the volume of polymer solution being too large and the viscosity being too low. Thus it was
determined that the optimum flow rate for PLDLA was 1 mL/min to generate a continuous

stream with minimal clogging.
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5.43 Effects of Voltage
In this section, a concentration of 20 wt%, flow rate of 1 mL/min and voltages of 10, 15 and

20 kV were investigated in order to find the optimum electric-field concentration for use in
electrospinning. We were unable to generate continuous fibers below 10 kV. Figure 5.2
shows the morphological changes as a function of the applied voltage. At 10 kV, fibers with
a mean diameter of 1.98 +/- 1.10 um were produced but with beads and films apparent. At
15 kV, fibers with a mean diameter of 2.11 +/- 2.17 um were consistently formed, with a
reduction in films and beads. At 20 kV, it was determined that a higher average density of
fibers over the sample area was produced through SEM anlaysis. Past work by Zong
examined the effects of voltages above 20 kV and determined that with increasing intervals
of 5 kV, beaded fibers are produced as a result of the Taylor cone being unstable which can

result in non-uniform fibers®®. Thus 15 and 20 kV served as the optimum voltage range for

further testing when analyzing the effect of the working distance.

Figure 5.2(a-c): SEM images of electrospun 20 wt% PLDLA at varying voltages.

78



5.44 Effect of Working Distance
After determining an optimum spinning voltage, the distance from the syringe tip to the

collector plate was investigated at measurements of 10, 15, and 20 cm maintaining a polymer
concentration of 20 wt% and flow rate of 1 mL/min. Distances below 10 cm yielded no
nanofibers and only thick films, while distances of 20 cm proved to be inefficient in
collecting the charged jets of fibers. As the working distance increased from 10 to 15 cm
smaller fibers were produced by extending the whipping distance of the polymer jet. Hence,
it was determined that 15 cm provided the optimal spacing for the electrospinning of PLDLA

to achieve the smallest fiber diameter and to maximize the surface area of the scaffold.

5.45 Effect of Solvent System
Until this point, chloroform was the solvent used. In preparation for the addition of MWNTs,

the effects of two different solvent systems were investigated. Using the aforementioned
processing parameters, the pure PLDLA and chloroform solution created fibers with a mean
diameter of 2.51 +/- 2.13 um for all processing conditions. With the addition of DMF, the

fiber diameter was reduced dramatically as can be viewed in Figure 5.3.
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Chloroform Chloroform/DMF

Figure 5.3(a-b): SEM images of electrospun 20 wt% PLDLA with different solvent

systems.

This is attributed to the addition of another solvent, where the volatile properties of
chloroform at room temperature are abated. By adding DMF to chloroform, the syringe
needle experienced less clogging and was able to maintain a more stable jet without
intervention. With the Chloroform/DMF solvent system at a ratio of 3:1, fibers with smaller
diameters were produced by DMF enabling stable jets from the needle to the collector. We

confirm that it is needed in the spinning solution which agrees with previous studies®~.

5.46 Effect of MWNT Addition
Based on a previous study for mechanical and electrical properties of electrospun mats, 1

wt% MWNTs appears to be an optimal concentration.”* Therefore we will focus on the
morphology of 1 wt% MWNT/PLDLA fibers. By incorporating the MWNTs into the
polymer solution, the solution behaved somewhat differently when compared to the PLDLA
polymer solution for the same processing parameters. The MWNT/PLDLA solution
appeared to produce fibers much more rapidly as seen by visual inspection. This can be

attributed to the conductivity of the MWNTs, which can increase the conductivity of the
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solution, or maintain a more uniform charge density on the fiber surface as hypothesized by
Zang.*® 1Tt can be postulated that there is a significant interaction between the MWNTSs and
the PLDLA during electrospinning as the Taylor cone forms. The addition of MWNTs is not
only able to increase the conductance of the spinning solution, but also allow the fibers to
crystallize around them when collected, as hypothesized by Zang.”® In Figure 5.4, the SEM
images of electrospun PLDLA show the dramatic decrease in fiber diameter with the addition

of MWNTs.

— 18rm. F1 [LB1
XS0@ 1&mm

MWNT 0 wt% MWNT 1 wt%

Figure 5.4(a-b): SEM images of a) electrospun 20 wt% PLDLA and b) 1wt% MWNT/

20% PLDLA.

For each SEM image, fiber diameters were calculated using the Scion Image™ software.

Approximately 20 measurements were taken per image. In Table 5.3, the processing

variables and resulting fiber diameters are compiled.
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Table 5.3: Electrospinning parameters and fiber diameters for PLDLA and

MWNT/PLDLA nanofibers. All solutions were in the solvent system of Chloroform

and DMF at a ratio of 3:1 respectively and at a flow rate of 1 mL/min.

Mean Standard

Working Applied Fiber Standard Err

MWNT Distance Voltage Diameter | Deviation | Mean
(wt%) (cm) (kV) (Um) (um) (Um)
0 10 10 1.98 1.1 0.2
0 10 15 2.77 2.28 0.19
0 10 20 2.96 2.2 0.21

0 15 15 0.55 0.38 0.05

0 15 20 0.79 0.42 0.09

1 10 15 0.79 0.34 0.08

1 10 20 0.96 0.29 0.06

1 15 15 0.56 0.29 0.05

1 15 20 0.55 0.23 0.05

1 20 15 0.65 0.42 0.09

1 20 20 0.86 0.52 0.12

When analyzing the SEM images of the MWNTs/PLDLA fibers, the fibers appear to form a
more densely interconnected network and produce significantly smaller fibers by a reduction
of approximately 70%. Histogram charts were developed using the data obtained from Scion
Image™ software, and inputted directly into the JMP 6.0 software for statistical analysis.
Figures 5.5 and 5.6 confirm the fiber diameter distributions where 67.9% of the PLDLA
fibers are greater than 1 pm in diameter (Figure 5.5), where 82.9% of the MWNTs/PLDLA
fibers are less than 1 um in diameter (Figure 5.6). Both data sets have skewed data and do

not fit a normal distribution.
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Figure 5.5: Distribution of fiber diameters for electrospun PLDLA.
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Figure 5.6: Distribution of fiber diameters for electrospun MWNT/PLDLA.

When analyzing the electrospun PLDLA fiber histogram, it should be noted that the data can

be fitted with an exponential distribution, retaining a p-value of 0.0743 which meets H, or the

null hypothesis that the data set qualifies as an exponential fit. The electrospun
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MWNT/PLDLA fiber diameter histogram can be fitted with a log normal distribution,
retaining a p-value of 0.15 which also meets the H, or the null hypothesis that the data set
qualifies as a log normal distribution. With the addition of the MWNTSs we are able to
increase the charge density and produce a more uniform fiber distribution. In order to qualify
that there is a statistical difference between the two data sets, a Wilcoxon / Kruskal-Wallis
Test was performed because the data are nonparametric. Because the data is nonparametric
and distributed differently, the test analyzes the median values of each set, not the mean.
This measure of analysis returned a p-value of 0.0001 which designates the data is
statistically different and that the addition of MWNTs is able to produce fibers consistently
smaller than pure PLDLA. The bivariate plot is shown in Figure 5.7. In Figure 5.7, the line
is representative of the statistical difference between the 0 and 1 wt% MWNTs. The medians

are represented inside the whiskers of the data plot.
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Figure 5.7: Bivariate plot of electrospun PLDLA fiber diameter by MWNT

concentration.
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High-resolution TEM images were taken to determine the orientation of the MWNTs within
the electrospun fibers. The fibers for PLDLA and MWNT/PLDLA were deposited on
individual TEM grids during the electrospinning process. The MWNTs were oriented along
the axis of the fibers, and are shown in Figure 8. When viewing Figure 5.8, we can see that
the MWNT is completely dispersed and aligned within the fiber and that no agglomeration is

taking place.

Figure 5.8: TEM image of electrospun MWNT/PLDLA. The arrows indicate the

MWNT.
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Response surface methodology (RSM) is a useful technique for examine the response of
interest for a specific system. By analyzing the effects of the electric field, E (kV/cm) and
presence of MWNTS, a surface response diagram and contour plot can be produced. This
type of analysis provides a means to take into account the combined effects of multiple
variables and determine a response. Surface response diagrams allow the user to outline
specific parameters of the operating system and display the optimum set of parameters for the
response. The surface response diagram or contour plot of the predicted fiber diameter can
be developed based on the data set obtained and will provide contour curves to illustrate
where significant changes take place in the production of electrospun PLDLA fibers. In
Figure 5.9, for pure PLDLA, applied voltage and working distance are plotted to illustrate

their apparent effect on fiber diameter.
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Figure 5.9: Contour Plot for Electrospun PLDLA fiber diameters.
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Fiber diameter is strongly affected by both the applied voltage and working distance,
decreasing when both of the variables are increased. In MWNT/PLDLA nanofibers it can be
seen that with a minimum working distance of 13 ¢cm and an applied voltage equal to or
greater than 15 kV, fibers can be produced with diameters equal to or less than 700 nm (as
shown in Figure 5.10). Therefore, this contour plot indicates a wide processing range for the

production of sub-micron fibers.

—Legend
20
. Fiber Diameter
197 B - 0.700
S 1a- B <=0.750
% ] B <= 0.800
S 177 <=0.850
>
i <=0.900
167 B <= 0.950
| ]
15 > 0.950
T T 1T T T 1T T T T 1
9 1011 121314151617 1819 20 21
Distance (cm)

Figure 5.10: Contour plot for Electrospun MWNT/PLDLA fiber diameters.

5.47 Fourier Transform Infrared Spectroscopy

FTIR was employed to determine if there were any residual solvents within the electrospun

samples. The samples were not further processed after electrospinning.
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Figure 5.11 shows an FTIR spectrum for a control sample of as-received PLDLA

(represented by the blue absorbance plot).

%7 As Received PLA
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Figure 5.11: Absorbance spectrum for PLDLA from FTIR.

The electrospun PLDLA with and without MWNTs are indicated by the green and red
absorbance plots, respectively. The electrospun samples have the same absorbance as the
control PLDLA with the addition of a small perturbation at 1677 cm™ indicated by the
arrows. When comparing the electrospun samples to the absorbance spectrums of the
solvents chloroform and N-N-DMF, it is apparent that there is no residue of chloroform
retained in the sample as seen in Figure 5.11. However, there appears to be a residue of N-

N-DMF which is indicated by the 1677 cm™ and can be seen in Figure 5.12.
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Figure 5.12: Absorbance spectrum for PLDLA and the individual solvents (chloroform

and DMF) from FTIR.

For this absorbance, it could be either indicative of a carbonyl group or a primary amine.
The molecular structure of DMF is an amide compound. Thus, the absorbance at the
wavelength is due to a slight presence of the DMF left in the electrospun samples. This
could pose a biocompatibility issue if this material is to be used as a tissue scaffold.
Conversely, DMF is a solvent that is miscible in water and ethanol and could conceivably be

removed by washing prior to use in cell culture applications.

5.5 Conclusions
From this investigation it has been determined that the optimal concentration of PLDLA with

My, 250,000 g/mol is approximately 20 wt% producing a chain entanglement value (n.) of
5.20 for proper fiber formation. This concentration produces fibers with no beading or film

formation. Also, the optimum processing parameters for this concentration are an applied
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voltage of 15 kV and a working distance of 15 cm. The preferred solvent system is a
combination of chloroform and DMF to reduce the volatile action of chloroform. FTIR has
indicated that there is a residual of DMF on the electrospun samples but chloroform is not
present. With the addition of 1 wt% MWNTS, the fiber diameter is drastically reduced by
70% to form fibers with a mean diameter of 700 nm in the processing range between 13-18
cm and a voltage of 15-20 kV. TEM has validated the alignment of the MWNTS within the

fibers which has been hypothesized to the fabrication of fibers on the nano-scale.
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Chapter 6

Electrospun conductive nanocomposites with adipose-derived human mesenchymal
stem cells for tissue engineering applications

A paper submitted for publication to the International Journal of Nanomedicine

Seth D. McCullen', Derrick R. Stevensz, Wesley A. Roberts® , Laura I. Clarke4, Susan H.

Bernacki’, Russell E. Gorga®, and Elizabeth G. Loboa’

6.1 Abstract
Electrospun nanocomposites were fabricated by encapsulating multi-walled carbon

nanotubes (MWNTs) in poly (lactic acid) (PLA) nanofibers. Scanning electron microscopy
(SEM) confirmed the fabrication of nanofibers, and transmission electron microscopy
identified the alignment and dispersion of MWNTs along the axis of the fibers. Tensile
testing showed an increase in the tensile modulus for a MWNT loading of 0.25 wt%
compared to electrospun nanofibrous mats without MWNT reinforcement. Conductivity
measurements indicated that the reduced dimensionality of the fibrous system requires only
minute doping to obtain significant enhancements at 0.32 wt%. Adipose-derived human

mesenchymal stem cells (hMSCs) were seeded on electrospun scaffolds containing 1 wt%
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MWNTs and 0 wt% MWNTs, to determine the efficacy of the scaffolds for cell growth, and
the effect of MWNTs on hMSC viability and proliferation over two weeks in culture.
Staining for live and dead cells and DNA quantification indicated that the hMSCs were alive
and proliferating through day 14. SEM images of cells at 14 days showed morphological
differences, with cells on PLA well spread and cells on PLA with 1% MWNTs closely

packed and longitudinally aligned.

6.1 Introduction
Mesenchymal stem cells play a significant role in the advancement of regenerative medicine

for tissue and organ replacement . These cells are found in adult tissues including bone and
adipose tissue, as reservoirs of reparative cells, ready to populate an area and differentiate in
response to signaling from wounds or diseases *°. At present, mesenchymal stem cells are
on the forefront of tissue engineering research due to their availability from different source
tissues and their multilineage potential *. One critical research focus is the development of

scaffolds with properties and functionality that mimic the natural extracellular matrix.

Scaffold materials play an important role in directing tissue growth and offer opportunities to
manipulate and control stem cell behavior ®. Tissue engineering scaffolds have been evolving
through creation of preferred morphologies and specifically tailored physical properties. For
example, scaffold materials for bone tissue engineering demand an internal structural design
that is highly porous in nature and exhibits a large surface to volume ratio "*. These
characteristics support the adhesion of cells, promote cellular ingrowth, and help regulate

delivery of nutrients and removal of wastes. Scaffolds for tissue repair should have good
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biocompatibility, be biodegradable, and be capable of interacting with the cells of interest °.
Polymeric matrices are of relevance because they are able to meet these requirements for
tissue scaffolds; however, they are not able to provide the specific cues needed for cellular
growth and differentiation '°. Thus, composite scaffolds have gained more interest due to

their enhanced physical properties and biocompatibility ''""°.

In particular, doping the
polymer with a conducting material provides electrical conductivity to the scaffold, which
may be important for facilitating cell migration, proliferation, and differentiation via

electrical stimulation 2%

. Incorporating a conductive scaffold with an applied electric field
has shown increases in cellular proliferation, calcium deposition, and gene expression for
osteogenesis **. Thus, this work will highlight the specific conductance obtained by doping a
polymeric system with fractional weight percentages of multi-walled carbon nanotubes in a

three dimensional matrix and the efficacy of this scaffold in culture with adipose-derived

hMSCs.

In order to create scaffolds for tissue engineering, researchers have revisited the method of
electrospinning **. Electrospinning is a process that yields a highly porous scaffold by
producing fibers on the sub-micron scale **, similar to the natural features of the
extracellular matrix ''. During the electrospinning process, a polymer solution is fed through
a capillary at a metered rate while an electric potential is applied. When this potential
overcomes the surface tension of the polymer solution, a whipping instability is created that
produces extremely small fibers that are collected on a grounded collector. Fiber formation
occurs when the intrinsic properties of the solution and the processing parameters are

.. 23.05 .. . .
optimized “~. Electrospinning is an advantageous process because it can produce three-
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dimensional scaffolds from various polymer systems using essentially the same method and
technique. Numerous investigators have experimented with the use of electrospun poly
(lactic acid) (PLA) as a tissue scaffold and biocompatible membrane due to it being approved

for use in vivo and its mechanical and degradation properties being well understood **°,

To produce composite scaffolds using this fabrication method, nanomaterials can be
encapsulated in nanofibers during electrospinning. Zang et al (2003) demonstrated that drugs
could be loaded into nanofibers by suspending them within a polymer solution. With the
addition of any particle: anionic, cationic, or nonionic, the diameter size, and distribution of
the electrospun fibers can be significantly reduced, enabling a modification of the fiber
diameter for specific applications. A more recent study by Xu (2006) incorporated silver
particles within the electrospun fibers, and noted an increase in overall fiber diameter.
Composite nanofibers containing hydroxyapatite (HAP) and growth factors have also been
investigated ''. That study involved encapsulation of HAP crystals with a diameter of 50 nm
inside electrospun silk. The composite nanofibers had a positive impact by promoting
osteogenic differentiation of bone marrow derived mesenchymal stem cells, as evidenced by

mineralized tissue formation.

Recent studies have investigated the combination of MWNTs with PLA "% Carbon
nanotubes, discovered by lijima (1991), possess tremendous properties by having a very
large aspect ratio *°. Carbon nanotubes have a tensile strength approaching 1 TPa and

34

electrical conductivity of 100 S/cm Chen et. al (2005) was able to graft oligomers of

PLA to the surface of MWNTs; however, the grafting was not uniform and left much of the
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MWNT surface bare . Zhang et al (2006) prepared nanocomposite PLA/MWNTs scaffolds
by solution casting. This fabrication method left MWNTs exposed on the surface but created
uniform films with increased conductance. As these studies and others show, carbon
nanotubes can provide three specific enhancements to fibrous tissue scaffolds: modified fiber
size, electrical conductivity, and increased material properties (strength) in a lightweight

material.

Though carbon nanotubes have such promising physical properties, their use in biomedical
applications, specifically tissue engineering, has been limited due to concerns of cytotoxicity.
This issue has been investigated by various researchers with differing results depending on
the purity of the carbon nanotubes and the method of production **. A collaborative study by
Smart et al (2006), noted that the main causes for possible toxicity were due to the surface
area / volume ratio, retention time of carbon nanotubes within a tissue, and residues of
chemical within the carbon nanotube **. They also noted that the main deterrents for a
comparative standard for carbon nanotube toxicity is due to the dosage, size scale of the

carbon nanotubes, and how well the carbon nanotubes are dispersed *°.

For this investigation, the primary goal is to encapsulate a high percentage of MWNTs inside
polymeric PLA nanofibers to increase the conductance to produce a conductive scaffold.
Dispersion and alignment of carbon nanotubes in electrospun nanofibers has been shown in
other polymer systems including poly(ethylene oxide) and poly(acrylonitrile); however, the
level of interaction between the MWNTs and polymer has not been investigated for

biocompatibility or use as a tissue scaffold ***°. In a previous study, we identified
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processing parameters for the creation of electrospun nanocomposites with MWNTs and
validated the integration of MWNTSs into polymer nanofibers *°. In this investigation our
focus is on determining the efficacy of electrospun MWNTSs/PLA composite nanofibers as a
tissue scaffold with adipose-derived hMSCs and evaluating their effects on viability and

proliferation on this electrospun scaffold.

6.3 Materials and Methods

6.31 Materials
Poly(L-D-lactic acid; PLA) with a molecular weight (My,) of 250,000 g/mol was obtained

from Sigma-Aldrich (St. Louis, MO). PLA was solubilized in chloroform and dimethyl
formamide (DMF) (Sigma-Aldrich). Multi-walled carbon nanotubes with a diameter of 15
+/- 5 nm and length of 5-20 pm at 95% purity were obtained from Nano-Lab (Brighton,
MA). They were produced by plasma enhanced chemical vapor deposition using acetylene

and ammonia with an iron catalyst and grown on a mesoporous silica substrate *'.

6.32 Electrospinning Solution Preparation
Multi-walled carbon nanotubes were sonicated at a concentration of 0.1 mg/ml in DMF with

1% Pluronic F127 (BASF, Florham Park, NJ) using an Ultrasonic Model 2000U generator
and needle probe at 25 Hz for 4 hours ***. This produced a stock solution for MWNTSs
incorporation into the solubilized PLA. 20 wt% PLA was solubilized in 3:1 chloroform and
dimethyl formamide. Electrospun nanocomposites containing 0-2 wt % MWNTs were
produced for physical property analysis and 0 and 1 wt% MWNTs to test cell growth and

viability.
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6.33 Electrospinning Apparatus
The electrospinning apparatus included a programmable syringe pump obtained from New

Era Pump Systems (Model NE 500) (Farmingdale, NY). The high voltage power supply was
obtained from Glassman High Voltage Model # FC60R2 with a positive polarity (High
Bridge, NJ). The pump operated at a flow rate of 1 mL/min with an electric field of 1
kV/cm. Solutions were loaded into 10 mL syringes with luer-lock connections and used in
conjunction with a 4 inch 20 gauge blunt tip needle. The design of the electrospinning set-up

was based on a point-plate configuration (Figure 1).

Polymer
Soluhon
g A Taylor Cone Liqud Polymer Jet
Needle
Grounded
Collector
Flate

v
S High Voltage :].‘
Power Supply

Figure 6.1: Labeled schematic of the electrospinning apparatus used to produce the

nanocomposite samples.

Scaffolds for mechanical testing were deposited directly on the collector plate, while for cell
culture, scaffolds were deposited on polystyrene wafers that had been placed on the plate.
The electrospun scaffolds for cell culture were soaked in phosphate buffered saline (PBS) for
12 hrs to remove any residual solvent, sterilized in 70% ethanol for 1 hr, and rinsed again

with PBS before seeding with hMSCs.
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6.34 Electrospun Scaffold Characterization
Fiber morphology of the electrospun samples was determined via scanning electron

microscopy (SEM) (JEOL JSM-6400 FE) operating at 5 kV. The electrospun samples were
coated with Au-Pd at a thickness of 100 A to reduce charging and produce a conductive
surface and digital images were captured. Transmission electron microscopy (TEM) (JEOL
100S) was performed with samples spun directly on a Cu 400 mesh grid coated with holey

thin carbon film. Micrographs were developed and digitally scanned.

Tensile tests on electrospun nanocomposites were performed with an Instron Model 5544
using the Bluehill™ Version 1.00 software on samples of 0-2 wt% MWNTs at a crosshead
speed of 2.00 mm/min. Scaffold thickness was approximated by averaging 5 measurements

for each sample.

To determine the electrical characteristics of the scaffold material, thin (~1 um) films were
electrospun directly onto flat, interdigitated electrodes on glass (fabricated by standard uv-
lithography). Interdigitated electrodes create an electric field parallel to the surface and allow
conductance measurements of films grown between and above the digits. The electrodes had
twenty-six finger pairs, with each digit 1 mm long, equal digit width and spacing (10 pm),
and digit height of approximately 1200 A (125 A chromium/ 1100 A gold). External wires
were connected to the electrode at two contact pads with conductive silver epoxy. Home-
made triaxial cables connected the sample, which rested on a copper stage in a vacuum of ~1
x 107 torr, to a Keithley Model 6430 sub-femto amp remote source meter. Standard current-

voltage sweeps before and after deposition were conducted (-10 V to 10 V in 0.1 V steps, 15
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second delay after voltage changes) and the low-voltage linear region was fit to determine the
conductance. All blank electrodes showed similar curves with a measured conductance of ~1

x 10 S, which serves as the lower limit of our measurement range.

6.35 Human Mesenchymal Stem Cell Isolation and Expansion
All protocols involving human tissue were approved by the Institutional Review Boards of

the University of North Carolina at Chapel Hill and North Carolina State University. Excess
adipose tissue from elective plastic surgery procedures was obtained with donor consent.
The hMSC isolation method was modified from Gabbay et al. ", Approximately 50 grams of
adipose tissue from a 50 year old Caucasian female was rinsed in phosphate buffered saline
(PBS), minced with a scalpel, combined with 50 ml of 0.075% collagenase I (Worthington
Biochemical Corp., Lakewood, NJ), 100 LU. penicillin / 100 pg/mL streptomycin
(Mediatech, Inc., Herndon, VA) in alpha-modified minimal essential medium (a-MEM with
L-glutamine, Invitrogen, Carlsbad CA), and incubated at 37°C on a rotator for 30 minutes.
50 ml of hMSC growth medium (alpha-modified minimal essential medium (a-MEM with L-
glutamine, Invitrogen), 10% fetal bovine serum (Premium Select, Atlanta Biologicals,
Lawrenceville, GA), 100 I.U. penicillin /100 pg streptomycin per mL, 200 mM L-glutamine
(Mediatech, Inc.) was added, and the suspension was centrifuged for 10 minutes at 10,000 x
g. The supernatant was discarded, and the hMSC-rich cell pellet suspended in 160 mM
NH4CI for 10 minutes to lyse red blood cells. Unlysed cells were pelleted by centrifugation
for 10 minutes at 10,000 x g, and seeded in tissue culture flasks (one 75 cm?® flask per 5
grams initial tissue) in hMSC growth medium . After 24 hours, cultures were washed with

PBS to remove non-adherent cells and supplied with fresh growth medium. Cultures were
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passaged or cryopreserved at 80% confluency. Re-seeding density was 100,000 cells per 75

cm” flask. Cells for this study were used at the third passage following isolation.

6.36 Cell Seeding
Third passage cells were grown to 80% confluency, trypsinized, and resuspended in growth

medium. Circular electrospun scaffolds (approximately 1.76 cm diameter) were prewet with
PBS and placed in multi-well tissue culture plates. 50,000 cells in a volume of 100
microliters were seeded onto each scaffold. The seeded scaffolds were incubated at 37°C for
30 minutes to allow the cells to adhere, then covered with 2 mL growth medium. Medium
was replaced every 3 days. At 1, 3, 7 and 14 days post seeding, scaffolds were removed for
viability and proliferation analysis. Viability was determined using a Live/Dead Assay
Viability Cytotoxicity kit (calcein AM, ethidium homodimer-1) for Mammalian Cells
(Molecular Probes, Eugene, OR) as per manufacturer’s instructions. Live and dead cells
were imaged on the scaffolds using fluorescent microscopy. Proliferation was determined
by quantitating DNA using the DNA binding dye Hoechst 33258 (Molecular Probes) in a
microplate based format. For each time point, scaffolds with attached cells were digested
overnight at 60°C in 2.5 units/ml papain from papaya latex in PBS with 5 mM EDTA and 5
mM cysteine HCI (all reagents from Sigma, St. Louis, MO), then assayed with Hoescht

33258 according to manufacturer’s instructions.

For SEM, scaffolds were fixed with Trump’s fixative and stored at 4°C. After all time points

had been collected, scaffolds were dehydrated in increasing concentrations of ethanol of

50%, 70%, 95%, and 100% for 15 minutes each, then critical point dried (CPD) with COs,.
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After CPD, samples were sputter-coated with 200 A Au-Pd then imaged with a JEOL JSM-

6360 at 5 kV in secondary electron imaging mode.

6.4 Results

6.41 Scaffold Characterization
SEM images of electrospun PLA with and without MWNTs are shown in Figure 6.2.

Nanocomposite fibers had a markedly smaller average diameter when compared to PLA
without MWNTs, 700 nm versus approximately 5-8 pum. Both scaffolds featured an
interconnected porous network with an average porosity of 75%, advantageous for cellular

growth.

NCSU

Figure 6.2: SEM image of electrospun PLA, containing a) 1 wt% MWNTs and b) 0

wt% MWNTs.

TEM was used to visualize interaction of the MWNTs with PLA. Figure 6.3a shows a fiber

with an individual MWNT aligned with the long axis, and encapsulated by the PLA.
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Figure 6.3: TEM images of electrospun nanocomposite, a: showing MWNT alignment

along fiber axis and b: showing MWNT aggregation.

Occasional fibers with the MWNT incompletely encapsulated were also observed (Figure

6.3b). The fibers shown are smaller than average to best visualize the MWNTs.

Young’s moduli of scaffolds with different wt% of MWNTs was determined (n=10; Figure.
6.4). Young’s modulus was low for all samples, however, inclusion of MWNTs slightly
increased the modulus. 0.25 wt% MWNTS gave the largest increase, from approximately 15

MPa to 55 MPa.
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Figure 6.4: Plot of the Young’s modulus of the electrospun fibrous mats by MWNT wt

%3 (n =10), Error Bars = Std Error Mean.

Electrical conductance versus MWNT wt% for an approximately 1 pm thick sample with
area of approximately 0.5 mm? is shown in Figure 6.5. By fitting the data after Fournier we
obtain a percolation threshold of 0.32% **. An estimate of the conductivity above threshold
based on the geometry of the system and an assumed value of 75% void space (25% fiber)

within the mat yielded a maximum conductivity on the order of 1E-3 S/cm.
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Figure 6.5: Conductance plot for mats spun from varying MWNT wt% in 20 wt% PLA
solution. The error on each point is exceeded by the point size. At both 0.375 and 1 wt%
two samples are represented. The mat conductance, G, is fit after (Fournier 1997) with
log (G ) =log (Gy) + [log (Gn) - log (Gy)]/zz where G, and Grare the matrix (polymer)
and final composite (maximum) conductance, p is the wt%, and p. the critical weight
percentage for conductance. The parameter b determines the slope of the curve across
the percolation threshold. We find G,, =2 x 1058 (indistinguishable from the limit of

conductance in our system), Gf =9 x 107 S, b=153,and p.=0.32%.
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6.42 Cell/Scaffold Interaction
Fluorescent dyes were used to visualize live and dead cells on the scaffolds. Calcein AM

stains the cytoplasm of live cells green, whereas ethidium homodimer-1 stains the nuclei of
dead cells red. hMSCs were viable on PLA scaffolds both with and without MWNTs
throughout the culture period (14 days). Three scaffolds were examined at each time point,
1, 3, 7 and 14 days. A maximum of 10 dead cells was observed in any field of view (ten
fields viewed per scaffold). Representative images from cultures at days 1 and 14 are shown
in Figure 6.6. Individual viable cells are visible in the images from day 1. Day 14 images
show confluent patches of viable cells. Similar patches were visible throughout the

scaffolds.
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c: PLAIMWNTs Day 1

b: PLA Day 14

Figure 6.6: Live/Dead images of hMSCs on electrospun PLA without MWNTs (a,b) and

with MWNTs (1 wt %) (c,d) where green = live and red = dead (indicated by arrows).

DNA was extracted from three scaffolds at each time point and quantitated (Figure 6/7),
using triplicate samples for each scaffold. hMSCs proliferated during the entire culture
period on both types of scaffold. The large increase in DNA from 7-14 days is consistent
with exponential growth of the cells. A significant difference was observed between

scaffolds with and without MWNTs 1 wt% on day 14.
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Figure 6.7: Number of hMSCs present throughout the course of the experiment on the

electrospun tissue scaffolds with and without MWNTs. (n = 3, three scaffolds / time

point, three samples / scaffold) (Error bars = Standard Error Mean), where star

indicates significance p-value < 0.05.

SEM showed that the hMSCs adhered and spread extensively within 1 day of seeding (Figure

6.8). Human MSCs on PLA without MWNTs appeared to have more small processes than

those on PLA with MWNTs.
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Figure 6.8: SEM image of hMSCs at Day 14, completely confluent on the surface of the

electrospun PLA with MWNTs.

At 14 days, cells were confluent on both types of scaffold. Cells on scaffolds with MWNTSs
were aligned (Figure 6.9), whereas cells on PLA alone appeared to have a random

orientation.
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Figure 6.9: SEM image at Day 14 of hMSCs integration into the electrospun

nanocomposite scaffold. Arrows indicate hMSC with processes into scaffold.

6.5 Discussion
In this study, we demonstrated that adipose derived hMSCs adhered to and proliferated on

nanocomposite scaffolds of electrospun PLA with 1% MWNTs, which possessed enhanced

conductive properties.

6.51 Scaffold Characterization
Electrospinning allows for the creation of unique structures with preferred morphologies on

the nano-submicron scale. During electrospinning, fiber formation must occur by identifying
a critical concentration for the polymer solution that allows for chain entanglements to occur
for each molecular chain. This has been reported by Shenoy et. al (2005) and we have
affirmed this concentration at 20 wt% PLA *. As shown in Figure 6.2, we are able to detail
the porous nonwoven architecture, which has been reported to be similar to the fibrillar

nature of the extracellular matrix found in vivo !'. With the addition of MWNTs we

112



observed that there was a tremendous decrease in fiber diameter, possibly due to an increase

in the charge density on the Taylor cone during electrospinning.

By incorporating the MWNTs into the polymer solution, the solution behaved somewhat
differently when compared to the PLDLA polymer solution for the same processing
parameters. The MWNT/PLDLA solution appeared to produce fibers much more rapidly as
seen by visual inspection. This can be attributed to the conductivity of the MWNTs, which
can increase the conductivity of the solution, or maintain a more uniform charge density on
the fiber surface as hypothesized by Zang.*® It can be postulated that there is a significant
interaction between the MWNTs and the PLDLA during electrospinning as the Taylor cone
forms. The addition of MWNTs is not only able to increase the conductance of the spinning
solution, but also allow the fibers to crystallize around them when collected, as hypothesized

by Zang.*®

In Figure 4, the SEM images of electrospun PLDLA show the dramatic decrease
in fiber diameter with the addition of MWNTs. For each SEM image, fiber diameters were

calculated using the Scion Image™ software. Approximately 20 measurements were taken

per image.

Transmission electron microscopy showed that the MWNTs were dispersed within the
nanofibers and oriented along the axis of the fiber (Figure 6.3). This incorporation has been
theorized by others as a result of the induced electric charge on the fluidic polymer jet *.
Figure 6.3a shows that the carbon nanotubes are dispersed and aligned. However, in Figure
6.3b, the MWNTs appear to be aggregating; this could be due to the interaction with different

segments via van der Waals forces. Also, this aggregation could be attributed to the length

113



scale of the carbon nanotubes; as the carbon nanotube gets longer, it becomes more difficult
to disperse due to a larger increase in the surface area. In general, the aggregation shown in
Figure 6.3b occurred much less frequently than the aligned fiber orientation shown in Figure

6.3a.

Mechanical properties were determined with tensile testing. The tensile strain at break of all
samples was low, commonly between 2-4% strain. The fibers in the breaking zone showed
very little alignment before breaking, demonstrating their highly brittle nature. Previous
work has shown that the fracture behavior of electrospun fibrous mats with carbon nanotubes
undergoes similar crazing and rupture, and that during this transformation, the carbon

nanotubes become aligned along the axis of the fiber *'.

The large differences appear to be
from the carbon nanotubes not being completely dispersed in the polymer matrix, leading to
stress concentrations for crazing. This behavior has been detected in unaligned and aligned

electrospun nanocomposites **. A loading level of 0.25 wt% MWNTs seemed to have the

greatest effect on the nanocomposites.

Composites made of an insulating matrix doped with an electrically-conductive filler often
display percolation behavior as a function of dopant density *. Below a certain threshold the
filler particles are isolated and thus no current flows. At threshold doping, a single
percolating path of dopant (MWNTs) is formed and the sample exhibits a dramatically
increased conductance. As the filler density further increases, additional paths contribute to
the current until the majority of the sample volume is conducting. Above this saturation

value, no further increase in conductance as a function of doping is observed. As can be seen
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in Figure 6.5, the PLA/MWNT scaffold system exhibited a dramatic percolation behavior
accompanied by an increase in conductance of ten orders of magnitude. The critical weight
percentage for percolation (0.3%) is much lower than the previous result (13.5%) for
MWNTs in PLA spin-coated films*>. This reflects the reduced dimensionality of the fibrous
system which may require only minute doping to obtain significant conductivity (Sundaray,

2006), thus minimizing carbon residue in scaffold applications.

6.52 Human MSC/Scaffold Interaction
Scaffolds containing 0 wt% and 1 wt% MWNTs were electrospun, seeded with hMSCs and

incubated for two weeks. Live/Dead staining was performed at 1, 3, 7, and 14 days
throughout the experiment. Microscopy showed that hMSCs were able to grow and remain
viable on the scaffolds up to 14 days (Figure 6.6). The hMSCs showed an increase in
number at day 14. However when viewing the number of cells throughout the course of the
experiment, it should be noted that there was approximately the equivalent number of hMSCs
until day 7. Between day 7 and 14, the hMSCs numbers increased dramatically (Figure 6.7).
By quantifying the amount of DNA present in each scaffold, we were able to determine a
significant difference at day 14 between the PLA scaffolds with MWNTs compared to PLA
scaffolds alone (Figure 6.7). This difference could be attributed to the increased surface area
due to the fibers being considerably smaller (Figure 6.2). SEM images of cells at 14 days
showed confluent layers of cells with fibroblastic morphology (Figure 6.8). By viewing
between two cells on this scaffold (Figure 6.9), we capture the interaction between the
hMSCs and the nanofibers. The cells appeared to be completely integrated into the structure

of the scaffold, extending cellular processes into and around the nanofibers. This interaction
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shows that the cells are able to not only become aligned on the scaffold, but that due to the
difference in fiber size, hMSCs are able to fully proliferate on electrospun nanocomposite
fibers. Further, a pronounced difference in cell morphology is apparent on the two different
scaffolds: hMSCs were spread unoriented on PLA alone, while they were aligned on PLA

with encapsulated MWNTs.

6.6 Conclusions
In this study, we have produced electrospun nanocomposites by encapsulating MWNTs

inside PLA nanofibers with fiber diameters on the average of 700 nm. The porous structure
was validated by SEM. Integration of the MWNTs into the nanofibers was confirmed by
TEM. With only minute doping of MWNTs, the conductivity of the scaffold increased by
approximately ten orders of magnitude. Fluorescence microscopy indicated adipose-derived
hMSCs were viable in and on the scaffolds for up to two weeks in culture, and that they
proliferated on day 14. The hMSCs formed a confluent three-dimensional construct. With
the addition of MWNTs in the PLA scaffold, SEM revealed a preferential alignment and
orientation of the cells on the scaffold. In conclusion, this work has shown that with the
addition of MWNTs to electrospun PLA fibers, we are able to reduce the fiber diameter,
increase the conductivity of the scaffold, and potentially provide a functional composite for

tissue engineering.
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Chapter 7

Conclusions

7.1 Conclusions

The research presented in this thesis has been able to contribute to the developing fields of
nanocomposites and tissue engineering. This study implemented electrospun polymeric
matrices doped with multi-walled carbon nanotubes. Microscopy identified multi-walled
carbon nanotubes dispersed and aligned in two polymer systems, poly ethylene oxide and
poly (lactic acid). The electrospinning of PLA underwent a full factorial design of
experiment and was able to capture the morphological features of the different operating
levels. Through the use of microelectrodes we were able to model the percolative behavior
of multi-walled carbon nanotubes in electrospun mats associated with increases in
conductivity with rudimentary percolation equations and more specifically, the Fournier
model. Enhancements in physical properties were determined to occur before percolation in

the conductivity samples.

The electrospun nanocomposites of PLA/MWNTs were implemented into tissue engineering
scenarios with adipose-derived human mesenchymal stem cells. Viablility was confirmed by
Live/Dead staining through fluorescence microscopy, and proliferation was measured via
DNA quantification. SEM indicated that the hMSC’s possessed a fibroblastic morphology
and grew confluent on the nanocomposite scaffold becoming aligned after 14 days in culture.
Overall, this research has developed a fundamental understanding of electrospinning

nanocomposites and their application as a scaffold for tissue engineering.
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Chapter 8

Future Work

8.1 Future Directions

This research has been able to develop fundamental research in both the development of
nanocomposites and tissue engineering scaffolds. However, this work only focused on one
specific dopant for the nanocomposite. Future work should branch out and investigate
different materials, of similar size scale to compare the possible enhancements in physical
properties. Furthermore, this research was initiated for development of a scaffold for a bone
graft substitute. This goal is more evident than ever, but requires additional work, in the
implementation of this novel composite system with multiple cell lines, to fully understand
the nature by which osteogenic differentiation can take place. This research was
hypothesized to utilize a conductive matrix with an applied electric field. Thus far, it has
been demonstrated that with the addition of multi-walled carbon nanotubes, increases in
conductance can be obtained, yet the electric field applied to the scaffold is only one
potential avenue. Countless other electric fields remain to be attempted with the conductive
scaffold, yet a full understianding of the transduction cascade, particularly voltage-gated ion
channels, will play a critical role in the advancement of this knowledge. Future studies
should implement direct electric fields applied through electrodes in contact with the
substrate, and larger fields applied through indirect methods, such as capacitor plates or

inductive coupling.
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