Delivering Electrical and Mechanical Stimuli through Bioactive Fibers for Stem Cell
Tissue Engineering
by
Lisa Ann Scott Carnell
Department of Mechanical Engineering and Materials Science
Duke University

Date:_______________________
Approved:
___________________________
Kam W. Leong, Co‐Chair
___________________________
Robert L. Clark, Co‐Chair
___________________________
Farshid Guilak
___________________________
Emilie J. Siochi

Dissertation submitted in partial fulfillment of
the requirements for the degree of Doctor
of Philosophy in the Department of
Mechanical Engineering and Materials Science in the Graduate School
of Duke University
2009

ABSTRACT
Delivering Electrical and Mechanical Stimuli through Bioactive Fibers for Stem Cell
Tissue Engineering
by
Lisa Ann Scott Carnell
Department of Mechanical Engineering and Materials Science
Duke University

Date:_______________________
Approved:
___________________________
Kam W. Leong, Co‐Chair
___________________________
Robert L. Clark, Co‐Chair
___________________________
Farshid Guilak
___________________________
Emilie J. Siochi

An abstract of a dissertation submitted in partial
fulfillment of the requirements for the degree
of Doctor of Philosophy in the Department of
Mechanical Engineering and Materials Science in the Graduate School
of Duke University
2009

Copyright by
Lisa Ann Scott Carnell
2009

Abstract
Regenerative medicine holds the promise of providing relief for people suffering
from diseases where treatment has been unattainable. The research is advancing
rapidly; however, there are still many hurdles to overcome before the therapeutic
potential of regenerative medicine and cell therapy can be realized. Low in frequency in
all tissues, stem cell number is often a limiting factor. Approaches that can control the
proliferation and direct the differentiation of stem cells would significantly impact the
field. Developing an adequate environment that mimics in vivo conditions is an
intensively studied topic for this purpose. Collaboratively, researchers have come close
to incorporating nearly all biological cues representative of the human body. Arguably
the most overlooked aspect is the influence of electrical stimulation. In this dissertation,
we examined polyvinylidene fluoride (PVDF) as a new biomaterial and developed a 3D
scaffold capable of providing mechanical and electrical stimuli to cells in vitro.
The fabrication of a 3D scaffold was performed using electrospinning. To obtain
highly aligned fibers and scaffolds with controlled porosity, the set‐up was modified by
incorporating an auxiliary electrode to focus the electric field. Highly aligned fibers
with diameters ranging from 500 nm to 15 μm were fabricated from colorless polyimide
(CP2) and polyglycolic acid (PGA) and used to construct multilayer scaffolds. This
experimental set‐up was used to electrospin α‐phase PVDF into the polar β‐phase. We
demonstrated the transition to the β‐phase by examining the crystalline structure using
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x‐ray diffraction (XRD), differential scanning calorimetry (DSC), fourier transform
infrared spectroscopy (FTIR) and polarized light optical microscopy (PLOM). We
confirmed these results by observing a polarization peak at 80°C using the thermally
stimulated current (TSC) method. Our results proved the electrospinning process used
in our investigation poled the PVDF polymer in situ.
The influence of architecture and topographical cues was examined on 3D
scaffolds and films of CP2 polyimide and PVDF. Culture of human mesenchymal stem
cells (hMSCs) for 7 and 14 days demonstrated a significant difference in gene expression.
The fibers upregulated the neuronal marker microtubule associated protein (MAP2),
while downregulation of this protein was observed on films. Gap junction formation
was observed by the expression of connexin‐43 after 7 days on PVDF films attributed to
its inherent pyroelectric properties. Connexin‐43 expression on fibers showed cell‐cell
contact across the fibers indicating good communication in our 3D scaffold.
A scaffold platform was designed using PVDF fibers that allowed us to apply
electrical stimulation to the cells through the fibers. The electrically stimulated PVDF
fibers resulted in enhanced proliferation compared to TCPS as evidenced by a 10%
increase in the uptake of EdU. Protein expression revealed upregulation of neuronal
marker MAP2. Our findings indicate this new platform capable of delivering
mechanical, electrical, topographical and biochemical stimuli during in vitro culture
holds promise for the advancement of stem cell differentiation and tissue engineering.
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1 Background and Significance
1.1 Stem Cell Therapy
Stem cells have enormous therapeutic potential for treating a multitude of
medical disorders such as Parkinson’s disease, autoimmune diseases, and spinal cord
injuries. [1‐5] An attractive feature of this therapy is the ability to inject the stem cells
directly at the treatment location without the need for additional delivery mechanisms
as illustrated in Figure 1.1. [6] Adult stem cells are currently used to treat leukemia and
other blood and bone disorders and recently have been approved as a treatment strategy
for myocardial infarcts [7, 8] and degenerative joint disease. [9] In order for stem cell
therapy to become viable, cells must be harvested, dissociated into individual cells and
in many cases expanded ex vivo. Stem cells that can be differentiated into a preferred
lineage and expanded down that pathway possess the ability to provide great
therapeutic potential for numerous health disorders. There are a multitude of
neurological and immune disorders for which cure remains elusive despite our best
efforts. To treat these conditions, new methods and clinical treatments must be
considered. Although technology has advanced substantially through the introduction
of state‐of‐the‐art diagnostic equipment and ever improving drug therapies, it is
necessary to overcome some of the current barriers to treatment and examine new
options. Stem cell therapy offers boundless potential for improving the quality of life
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Figure 1.1: Adult stem cells being injected directly into the heart in order to facilitate
repair of myocardial infarcts. 1

for millions of individuals, possibly even offering cures for previously untreatable
diseases. Hence, despite numerous obstacles, research into stem cell therapy remains
robust.

Reprinted with permission from Macmillan Publishers Ltd: Nature Clinical Practice Cardiovascular
Medicine, Michael Brehm and Bodo Strauer, “Stem Cell Therapy in Postinfarction Chronic Coronary Heart
Disease”, Vol 3, No. 3, Suppl 1: S101‐4, 2006.
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1.2 Human Mesenchymal Stem Cells (hMSCs) for use in Stem
Cell Therapy
Human mesenchymal stem cells (hMSCs) are a subpopulation of cells initially
derived from bone marrow that have generated an enormous amount of interest due to
their multipotency, accessibility, being non‐controversial and not forming teratomas. As
research progresses, this particular stem cell line continues to remain rather ambiguous
since there are no specific markers or characteristics that identify these cells due to a
heterogeneous population, thereby preventing a means of standardization. [10‐12]
hMSCs have also been discovered in multiple tissue areas in addition to bone marrow
including adipose tissue [13, 14], amniotic fluid [15], umbilical cord [16, 17], dermis [18],
synovial membrane [19] and skeletal muscle [18, 20] suggesting they reside in the
connective tissues of most organs. hMSCs have demonstrated multipotent potential
through their ability to trans‐differentiate across germ layers as illustrated in Figure 1.2.
[4, 21, 22] Several research groups have reported success in directing hMSCs to
differentiate into adipocytes [23], chondrocytes [23, 24], osteoblasts [23, 24], neurons [25,
26], cardiomyocytes [27], hepatocytes [28‐31] and muscle [21, 32]. Since differentiation
across germ layers goes against the fundamental principles established in
developmental biology, there is considerable debate as to whether hMSCs actually trans‐
differentiate or are coerced into specific lineages by fusion with mature cells present in
their surroundings. [11, 21, 33, 34] Some researchers have proposed that in vitro
manipulation may be the factor surrounding the potential trans‐differentiation of
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hMSCs since the environment is not wholly representative of in vivo conditions. [11, 35]
Research by Engler et al. [36] has provided more evidence surrounding this highly
controversial topic with their discovery of the multipotent potential of hMSCs based on
the modulus of the scaffold. Their study revealed several interesting phenomena
pertaining to the culture of hMSCs including a passive response of the hMSCs to the
microenvironment which is presumed to be indicative of a multipotent stem cell.
Although hMSC’s trans‐differentiation potential has sparked a great deal of
debate among the research community, there is no dispute regarding the multipotent
potential of hMSCs and their ability to be considered for therapeutic applications. In
fact, hMSCs are ideal because they are not controversial since they are derived from
bone marrow and in many instances, they can be autologous, eliminating
immunorejection concerns. [4, 35] hMSCs are currently being considered for treatment
in Parkinson’s disease [5] and other neural disorders [37] due to their demonstrated
ability to trans‐differentiate or by creating a favorable environment through the release
of soluble factors. [2, 38]
Embryonic stem cells, while undoubtedly pluripotent, have generated a
significant degree of controversy primarily over sourcing. [19] It will be challenging
for human embryonic stem cells to be considered for clinical applications in the near
term for this reason and also because they are extremely difficult to control, often giving
rise to tumor formation. [5, 39]
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Figure 1.2: Multipotent potential of mesenchymal stem cells. 2

Reprinted with permission from Terese Winslow. (© Terese Winslow assisted by Lydia Kibiuk and Caitlin
Duckwall)
2
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Induced pluripotent stem (iPS) cells are a relatively new area of research where
adult somatic cells are manipulated via gene transfer to reprogram them and regain
their pluripotency. [40] These cells are attractive because they could be derived from a
patient’s own body eliminating immunorejection concerns. The research is still in its
infancy and the iPS cells suffer much of the same issues associated with embryonic stem
cells particularly related to difficulty in controlling them and preventing tumor
formation. Other concerns include the gene delivery mechanisms. Current gene
delivery or transfection requires the use of a viral vector which creates another host of
issues and needs to be investigated extensively before iPS cells can be considered for
therapeutic purposes.
For the reasons described above, we have chosen to use hMSCs as the cell line in
this study. We are hopeful that this particular cell line will be more suitable for clinical
translation. One limitation in this cell choice is the reduced potential to obtain a vast
quantity of cells due to their long population doubling time.

1.3 Scaffolds: Materials and Fabrication
Cell culture has conventionally been performed in a dish which offers a 2D
environment (Figure 1.3) that does not take in vivo conditions into consideration. In the
1980’s [41] the concept of culturing cells on synthetic scaffolds paved the way for a new
research area in scaffolds for tissue engineering and began a quest for the ideal
biomaterial and the development of biomimicking 3D scaffolds. [42‐47] A great deal of
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attention was focused on the development of biodegradable scaffolds that could be
tailored such that their degradation properties would depend on the cell culture time
and the organ in which they were targeting. [48‐50] Common materials include
polyglycolic acid (PGA) [51], polyethylene glycol (PEG) [52], polylactic‐glycolic acid
(PLGA) [53, 54], polyurethane [55], polycaprolactone (PCL) [56], chitosan [57], collagen
[58], hyaluronic acid [59], hydroxyapatite [60] and elastin‐like polymer [61].

Figure 1.3: Conventional 2D cell culture environment.

Current trends have focused on the development of biofunctional materials and
scaffolds, i.e. the ability to apply stimuli to the cells in vitro. The stimuli can be one of
several forms such as a change in pH or temperature [57, 62], delivery of growth factors,
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proteins [63] or DNA upon scaffold degradation [64], and immobilization of functional
groups on the surface to promote cell attachment or cell‐substrate interactions [65‐68].
Fabrication of scaffolds has advanced rapidly over the past two decades resulting
in a variety of techniques to produce novel scaffolds for cell culture. A list of the
techniques and their applications is outlined in Table 1.1. The ultimate goal in scaffold
fabrication is to create an environment that mimics the native tissue in vivo for optimal in
vitro regeneration. There are two popular forms of scaffold constructs that provide a 3D
environment, gels and macroporous fibrous structures. Gels produced from collagen
[69, 70], fibrin [71], gelatin [72], alginate [73], and more recently thermoresponsive
polymers [74] demonstrate favorable results compared to conventional 2D systems
when used to culture hMSCs. Scaffolds fabricated from fibers with diameters ranging
from nanometers to micrometers have also been investigated extensively as 3D
constructs. Favorable results in differentiating hMSCs into osteogenic and chondrogenic
lineages on fibrous scaffolds fabricated from PLGA and PCL have been reported. [24,
75] The results obtained by Li et al. [75] show hMSC differentiation into adipogenic
lineage as well. Another scaffold was designed to mimic native cartilage by employing
a composite structure manufactured to emulate the mechanical properties. [76]
There are several techniques available that produce 3D structures. However,
obtaining the ideal combination of feature size, controlled porosity and material
selection is still under investigation. One of the promising processing techniques that
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has the ability to tailor all three areas is electrospinning. [77‐79] Electrospun scaffolds
have been fabricated from a multitude of biocompatible polymers with size features
ranging from micro to nanometer. The fibers formed, particularly those with nanoscale
diameters, may represent much of the connective tissue found in vivo. Aligned fibers
have been investigated extensively and shown to promote cell alignment and
attachment due to their high surface to volume ratio. [80‐82] Studies suggest that a
fibrous structure plays a fundamental role in the modeling of the extracellular matrix
[78] and overall gene expression. [83]

The porosity can be controlled enough to allow

for ample exchange of nutrients, waste and oxygen to the cells, thus electrospinning has
been chosen as the method to produce scaffolds for analysis in this particular study.

1.4 The Influence of Topography in Stem Cell Culture
Topography is known to play a critical role in the attachment, differentiation and
proliferation of hMSCs. [84‐89] Research performed by Yim et. al. [90, 91] and Hu et. al.
[92] demonstrated the significant influence topographical cues have in directing the
differentiation of hMSCs. It was observed that hMSCs respond to features in the
nanometer and micrometer range when cultured on nanopatterned substrates by
aligning in the direction of the patterned surface depending on feature dimensions. In
vivo, the formation of the extracellular matrix has been shown to occur on the nanometer
level, justifying the rationale of fabricating scaffolds with topographical features at this
dimension. [87]
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Table 1.1: Scaffold Materials and Common Fabrication Techniques.

Fabrication Technique

Material

Reference

Particulate Leaching

PLGA/PEG, HA

Supercritical‐fluid Technology

Chitosan, collagen

[93, 94]
[94, 95]

Solid Free‐Form (SFF):
•

Stereolithography

Poly(propylene fumarate)

[96, 97]

•

3D Printing

PLGA, starch, HAP

[98‐100]

•

Selective Laser Sintering

PCL

[97, 101]

•

Fused Deposition Modeling

PCL

[102‐104]

•

Bioplotter

PEG/PBT

[105, 106]

Poly(α‐hydroxy acid)s, PCL, PU,
collagen, elastin, chitosan, gelatin,
dextran, cellulose acetate, PEO,
Peptides, DNA, hydrogels

[54, 78, 107‐
110]
[111‐113]

Thermally Induced Phase
Separation

Gelatin, PLLA, PLCA, HAP

[60, 114]

Emulsion Freeze Drying

PLGA, Collagen/Chitosan

[115‐117]

Compression Molding with
Particulate Leaching

Chitosan/polyester, PLA, PLGA

[118, 119]

Injection Molding with Particulate
Leaching
Extrusion

PLLA/PEO

[120]

PLA

[121]

Electrospinning

Self‐assembly
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Other groups have investigated the effect of surface chemistry on the
attachment, proliferation and differentiation of hMSCs. [68, 122‐126]

1.5 Directed Differentiation using Biophysical Cues
Biophysical cues have been shown to play a significant role in cell culture and
specifically in the culture of hMSCs. [127, 128] McBeath et al. [129] and Altman et al.
[130] were among the first to report that mechanical cues influence the differentiation
pathway in hMSCs. These findings have been confirmed by several other groups. [127,
131‐134] Friedl et al. [135] studied the effect of mechanical strain on the differentiation of
hMSCs and found the cells to be extremely sensitive to it with its influence reportedly
controlling the osteo‐chondrogenic differentiation on the transcriptional level. Engler et
al. [36] reported that a material’s elastic modulus alone is capable of directing stem cell
differentiation. They found that collagen production was significantly reduced when
hMSCs were cultured on a ‘soft’ matrix compared to a ‘hard’ matrix intended to mimic
the differences between biomaterials such as the brain and bone. These findings
highlight the importance of considering the influence of mechanical stimuli during the
culture of hMSCs and underscore the necessity of factoring in this effect when
attempting to develop a scaffold system if one is to begin to understand the
differentiation mechanisms involved.

11

1.6 The Influence of Electrical Stimulation on the Differentiation
of hMSCs
Electric fields play a significant role in biology through membrane potentials, ion
flow through protein channels and action potentials in the nervous system. Examining
the influence of electrical stimuli on the culture of cells has recently gained widespread
interest. [136‐141] Sun et al. [142] cultured rat MSCs on a collagen scaffold and applied
an electrical stimulus. They found the electrical stimuli influenced the cell shape and
caused the cells to reorient in the 3D matrix in the direction of the applied stimulus.
Another study performed by Genovese et al. [143] reported electrical stimulation
resulted in the differentiation of hMSCs to the cardiomyogenic lineage. While these
findings are exciting and significant, there is still a great deal of research to be
performed in this area. The final portion of this study will examine the influence of
electrical stimuli applied during cell culture through an electroactive polymer scaffold.

1.7 Significance of the Project
The primary objectives of this research are twofold; first, to develop a novel
scaffold that provides mechanical and electrical cues that more closely mimic the cells’
native environment (such as heart, brain, nerve, muscle) and second, to determine the
influence of the scaffold on the differentiation potential of human mesenchymal stem
cells. The research being conducted is segmented into four key parts; the first is the
manufacture of aligned electroactive fibers that will provide the electrical and
mechanical cues; the second is to create a 3‐D structure from the aligned electroactive
12

fibers and to design a scaffold that combines the 3‐D aligned fiber architecture with
electrical and mechanical stimulus capability; the third part is to determine the effect of
topography on the phenotypic development of human mesenchymal stem cells by
comparing 2‐D vs. 3‐D environments; and the fourth is to determine hMSC phenotypic
development as a function of electrical and mechanical stimuli application.

1.8 Hypotheses and Aims
1. Fabricate electroactive polymer fibers. Electrospinning has proven to be a versatile
technique for producing nonwoven mats for tissue engineering. It has been
suggested that the process will yield fibers that can exhibit crystalline structures in
polar form due to the strong electric field. However, aligned fibers are crucial in
directing stem cell differentiation. The electrospinning process will be modified to
generate highly aligned electroactive fibers in situ.
a. An auxiliary electrode will be incorporated to focus the electric field and
produce aligned electroactive fibers.
b. The physical properties of the electrospun electroactive fibers will be
characterized using differential scanning calorimetry, x‐ray diffraction,
Fourier transform infrared spectroscopy and dynamic mechanical analysis.
c. The resultant piezoelectric properties of the electrospun electroactive
polymer fibers will be characterized using the thermally stimulated current
method.
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2. Develop a 3D scaffold with controlled architecture from electroactive polymer
fibers. A three dimensional scaffold having several layers with sufficient porosity
to supply adequate nutrients to the cell in vitro is required for cell health and
maintenance. We will design and fabricate a scaffold from aligned electroactive
fibers using the technique established in Aim 1.
a. A three dimensional multilayer aligned fibrous scaffold will be fabricated
from an electroactive polymer.
b. The electroactive scaffold design will be configured to allow for the
application of electrical stimuli.
c. The electroactive scaffold design will be restructured to allow for the
application of mechanical stimuli.

3. Evaluate the effect of 3D architecture and topography on hMSC phenotypic
development. Topography and architecture play a critical role in cell attachment
and the formation of extracellular matrix. In order to elucidate the effects of
architecture and topography on the differentiation of hMSCs, studies including
multilayer fibrous scaffolds and films will be conducted.
a. An analysis of the morphological characteristics will be performed using
optical microscopy.
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b. The gene expression profile will be determined using reverse transcriptase
PCR.
c. Protein expression will be resolved through Western Blot. Immunostaining
of specific proteins will be visually identified using confocal laser scanning
microscopy.

4. Elucidate the influence of electroactivity in synergy with 3D architecture and
topography on hMSC phenotypic development. Once the effects of topography
and architecture have been determined for the electroactive polymer we will be able
to explicate the effects of electrical and mechanical stimuli on the differentiation of
hMSCs.
a. Live‐cell calcium imaging will be conducted to determine the electrical
threshold for the voltage‐gated channels, providing a baseline value to guide
the electrical stimulation experiments.
b. An analysis of the morphological characteristics will be performed using
optical microscopy.
c. Protein expression will be resolved through Western Blot. Immunostaining
of specific proteins will be visually identified using confocal laser scanning
microscopy.
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This current study is designed to encompass the important cues provided by the
native environment by incorporating electrical signals to the cells through the use of a
novel 3‐D electroactive scaffold. A 3‐D scaffold that provides electrical cues has not
been developed to our knowledge. This research may shed light on the effect of an all
encompassing environment consisting of topographical, architectural, biochemical,
mechanical and electrical stimuli on hMSC differentiation.
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2 Fabricate Aligned Polymer Fibers via Electrospinning

Chapter 2 has been removed from this version of the dissertation due to the
copyright policy of American Chemical Society who owns the copyright to this chapter.
The reader is referred to the publication of this chapter in Carnell, L., Siochi, E.,
Holloway, N., Stephens, R., Rhim, C., Niklason, L., and Clark, R., Aligned Electrospun
Fibers, Macromolecules, 2008, 41, pp. 5345‐49. This article can be accessed at DOI: 10.
1021/ma8000143.
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3 Electric Field Effects on Fiber Alignment using an
Auxiliary Electrode during Electrospinning

Chapter 3 has been removed from this version of the dissertation due to the
copyright policy of Elsevier who owns the copyright to this chapter. The reader is
referred to the publication of this chapter in Carnell, L.S., Siochi, E.J., Wincheski, R.A.,
Holloway, N.M., and Clark, R.L., Electric Field Effects on Fiber Alignment using an
Auxiliary Electrode during Electrospinning, Scripta Materialia, (2009), 60, pp. 359‐61.
This article can be accessed at DOI: 10/ 1016/j.scriptamat.2008.09.035.
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4 Fabricate Aligned Electroactive Polymer Fibers via
Electrospinning

Summary
Polyvinylidene fluoride (PVDF) is a unique polymer due to its ferroelectric and
piezoelectric properties. In this study, we demonstrate the ability to manufacture highly
aligned fibers from the α‐phase of this material by using a modified electrospinning
apparatus that creates a dipole field during processing. This causes the polymer’s
molecular dipoles to align in the direction of the field resulting in a highly ordered β‐
phase structure. The crystalline properties of these electrospun fibers were analyzed
using FTIR, DSC, XRD, PLOM, and SEM. The Young’s modulus of the fibers was 4.4
GPa, stress 47.6 ± 4.1 MPa and strain 151.6% ± 2.1%. A transformation to the β‐phase
was confirmed by a polarization peak at 80°C and a charge density of 3 nA/m2. The
results of this study provide a comprehensive analysis of the material characteristics of
electrospun PVDF fibers.
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4.1 Introduction
Polyvinylidene fluoride (PVDF) is a commercially available polymer used in a
variety of areas ranging from aerospace, medical, and automotive to common household
applications. [182] It is a crystalline material capable of assuming four different phases
(α, β, γ, δ) depending upon processing and post‐processing conditions. [183] The γ and
δ phases are quite uncommon and will not be examined for this study. The most
common form is the α‐phase. Its crystalline structure is in a trans‐gauche (TGTG)
configuration (Figure 4.1a). [184] When the material is mechanically stretched its
crystalline form is altered to assume an all‐trans configuration as illustrated in Figure
4.1b, which renders it electroactive due to alignment of the dipoles present in the
structure. [184, 185] Subjecting the mechanically stretched material to an electric field
further increases the dipole alignment in the crystalline structure and enhances the
electroactive properties. This highly polar form is classified as the β‐phase and is the
desired state due to its unique electroactive properties. Electroactive PVDF is in a class
of materials that exhibit piezoelectricity, i.e. a mechanical strain is elicited with the
application of a voltage and conversely, an electrical signal is produced with the
application of a mechanical strain. It is also pyroelectric, exhibiting an electric charge as
a function of temperature. [183, 186‐188] Due to its ability to spontaneously polarize
and switch polarity in the presence of an electric field, PVDF has also been classified as
ferroelectric. [186] Electroactive PVDF is currently only available as a thin film. It is
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Figure 4.1: Crystalline chain conformations of PVDF a) α‐phase and b) β‐phase. The
arrows indicate the direction of dipole orientation. The dipoles are oriented normal to
the molecular axis for the all trans conformation and parallel and normal for the tg+tg‐
conformation. 1

Figure 4.1 reproduced from A.J. Lovinger, “Ferroelectric Polymers,” Science, Vol. 220, No. 4602, pp. 1115‐
21. Reprinted with permission from AAAS.
1
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Table 4.1: Properties of Commercially Available Electroactive PVDF Polymer Film.
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used in several applications particularly as a sensor due to its wide frequency range
(0.001 Hz‐108 HZ), vast dynamic range (10‐8‐106 psi), low acoustic impedance similar to
water or the human body, high elastic compliance, high voltage output, high dielectric
strength, high mechanical strength and impact resistance, excellent chemical and
moisture resistance. [189, 190] A list of its properties can be found in Table 4.1. [189]
Although β‐phase PVDF has found utility in a wide array of applications, it is currently
limited by its form. There has been growing interest in the ability to manufacture β‐
phase PVDF into fibers. Electrospinning has been the dominate processing method
utilized by several researchers in an attempt to produce PVDF fibers that have a high
content of β‐phase due to the high electric field employed. [191‐194] This process is
attractive primarily because it integrates two steps into one; first by forming the fibers
and second by providing a means to pole or orient the dipoles in situ. Thus far, the
results reported have demonstrated the formation of a β‐phase through characterization
of the crystalline structure. However, there has been little data reported on the function
of the materials. One of the key issues with function is the inability to produce highly
aligned fibers of PVDF. The fibers presented in previous works were processed into
nonwoven mats. [191‐194] Randomly aligned fibers are extremely limited in utility if
the desire is to employ them in a piezoelectric capacity due to difficulty electroding and
preventing shorts. In order to maximize their potential, it is necessary to fabricate PVDF
fibers that are highly aligned and to maintain this alignment in order to take full
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advantage of their piezoelectric properties. Fabrication of single electroactive PVDF
fibers ranging from nanometer to micrometers in diameter could lead to a multitude of
new applications.

Figure 4.2: Graph illustrating the pyroelectric nature of β‐phase PVDF. Note that a
current of 0.28 nAmps is emitted at 37°C, standard cell culture and normal body
temperature.

PVDF poses an exciting possibility for cell culture studies for two reasons. First,
the piezoelectric properties of the β‐phase will allow for direct application of electrical
and mechanical stimuli to the cells. Second, because of its pyroelectric characteristics, it
emits a charge at 37°C during its interaction with the cells in vitro and in vivo.
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TSC data

(Figure 4.2) indicated that PVDF generates a slight current equivalent to approximately
0.28 nAmps when subjected to standard cell culture conditions of 37°C. This property
will be examined during the topographical portion of the study contained in Chapter 4.
PVDF has been considered for a wide range of biomedical applications such as sutures
[195] and surgical meshes [196] due to its inert chemistry and good biocompatibility.
We seek to expand the applications available for this material by fabricating β‐phase
fibers that can be assembled into scaffolds which would apply intrinsic and extrinsic
stimuli to the cells via the unique properties associated with PVDF.

4.2 Materials and Methods
4.2.1 Polyvinylidene Fluoride Materials and Solutions
Polyvinylidene powder (MW 530,000) was purchased from Sigma Aldrich.
PVDF film (28μm) was obtained from Measurement Specialties, Inc. and served as a
reference material for this study. N,N‐Dimethylformamide (DMF) and acetone were
supplied by Sigma Aldrich and Fisher Scientific, respectively. PVDF powder was
dissolved in 60:40 DMF:Acetone mixture at 22 %w/v to obtain a solution for
electrospinning. The solution was stirred at room temperature until completely
dissolved. PVDF films were supplied with nickel electrodes deposited on the surfaces.
The nickel electrodes were chemically stripped from the PVDF surfaces using a solution
containing one part each of hydrocloric acid, hydrogen peroxide and water by
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immersing the electroded films in the solution for approximately 30 seconds and rinsing
with fresh water.

4.2.2 Electrospinning of PVDF
PVDF solution was pumped through a 10mL syringe using a 20 gauge blunt end
needle at a flow rate of 0.7 ml/hr. High voltage power was supplied by two power
sources to the electrodes. A positive voltage of 10kV was applied to the syringe needle
and a negative voltage of 10kV was applied to the auxiliary electrode. The fibers were
collected on a rotating wheel wrapped with polymer film positioned at a distance 13cm
from the spinneret.

4.2.3 Scanning Electron Microscopy
Samples were prepared for imaging by sputter coating with approximately 30nm
of Au/Pd using a Hummer VI sputter coater (Annotech, Inc.). SEM micrographs were
obtained using a Zeiss scanning electron microscope.

4.2.4 X-Ray Diffraction
X‐ray diffraction (XRD) analysis was performed on a Philips X’Pert PRO MRD
HR X‐ray diffraction System. Scans were performed around 2θ from 10° to 50° with a
step size of 0.008 degrees and scan step time of 120 seconds.

4.2.5 Polarized Light Optical Microscopy
Birefringence data was determined using a Leica Polarized Light Optical
Microscope (PLOM) with a tilting compensator. Phase differences were determined by
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rotating the stage to the point of extinction then rotating the stage through 45°,
introducing the compensator, then rotating the compensator drum until the sample was
completely dark with the first measurement obtained at this point by reading the tilting
angle. The tilting compensator drum was then rotated in the opposite direction until the
sample was completely dark and the second tilting angle was recorded. The sum of the
two tilting angles was used to determine the phase difference Гλ (for λ= 546.1 nm). The
birefringence was determined by equation (4.1) [197], where t is the material thickness:

Γλ = t ⋅ Δn

(4.1)

4.2.6 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) measurements were performed on a
Netzsch 204 F1 Phoenix Differential Scanning Calorimeter. Samples were heated to
250°C at a rate of 10°C/minute, quenched to ‐65°C and held for approximately 5 minutes;
a second scan was performed at a rate of 10°C/minute to 250°C. The melting point and
heat of fusion were observed during the first scan.

4.2.7 Fourier Transform Infrared Spectroscopy
Data for the FTIR measurements were obtained on a ThermoNicolet IR300
Spectrophotometer from 16 scans with a resolution of four using attenuated total
reflectance (ATR).
51

4.2.8 Thermally Stimulated Current
An electrospun PVDF fiber mat 10.6 mm in diameter having an average
thickness of 0.12 mm was electroded with 50 Å Cr and 1000 Å Au for TSC
measurements. TSC measurements were performed on a Setaram TSCII. Samples
were heated from room temperature at 5°C/minute to 125°C and the current and charge
density were measured.

4.2.9 Mechanical Testing
Mechanical testing was performed on a TA Instruments Q800 Dynamic
Mechanical Analyzer. Samples were mounted between two sheets of paper and glued
down on the ends for tensile testing. Samples were imaged using an Olympus optical
microscope in order to determine the diameters prior to testing. Film clamps were used
in the set‐up. Each sample was gripped at the ends where the fibers were fixed to the
paper. Testing was performed at room temperature under a controlled force/strain rate
with a loading rate of 0.04N/minute, preload of 0.001N and a collection rate of 0.1 pt/sec.

4.3 Results
4.3.1 Scanning Electron Microscopy
PVDF films were purchased in the poled state and unpoled but mechanically
stretched state to provide a reference for the β‐phase. The poled PVDF films were
stripped of their electrodes in order to perform measurements directly on the films. The
PVDF powder served as a reference for the pure α‐phase material. PVDF solutions from
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the α‐phase PVDF powder were electrospun using the apparatus described by Carnell et
al. [181] to obtain aligned fibers. Nonwoven fibers were electrospun from the same
PVDF solution to compare the results of applying an auxiliary electrode during the
process. Electrospun samples of PVDF are illustrated in the SEM micrographs, Figure
4.3. The aligned fibers show reproducible and relatively uniform morphology with
diameters in the range of 1‐5 μm. The aligned electrospun fibers were collected at
various periods of time to ensure they remained aligned since it is common for
electrospun fibers to repel one another as charge builds up on the collected fibers. The
current set‐up employs an auxiliary electrode that creates a dipole field and negatively
charges the fibers after they are deposited onto the collector, allowing for continued
deposition of aligned fibers regardless of time. This is illustrated in Figure 4.3.
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(a)

(d)

(b)

(c)

(e)

(f)

Figure 4.3: SEM micrographs of electrospun PVDF after a) nonwoven image collected on
a static plate without the use of the auxiliary electrode b) 1‐2seconds c) 5 minutes d) 15
minutes e) 30 minutes f) 45 minutes (magnification 500x a,b,c,d,f, 845x e).
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4.3.2 X-Ray Diffraction
The results from electrospinning a pure α‐phase powder from a solution of 60/40
DMF:acetone indicate a transition to the β‐phase occurred based on peak shifts
illustrated in the x‐ray diffraction (XRD) diffractogram (Figure 4.4). The two primary
peaks around 2θ indicate the crystalline form is in the α‐phase. A shift of 2θ to 20.6°
indicates 200/110 reflections of the β‐phase whereas the two shoulder peaks at 2θ =
18.25° and 19.8° represent the 020 reflection of the α‐phase. [184] The peak around 2θ =
26.63° is representative of the α‐phase. [184] This peak is not present in any of the
processed forms shown in the corresponding diffractograms indicating a shift from the
α‐phase to the β‐phase. The electrospun nonwoven PVDF is showing a peak shift
around 2θ = 28.57° suggesting it has not fully transitioned to the β‐phase. An additional
peak around 2θ = 36.14° represents the 200 plane and is another indicator that the β
structure has been formed. [184]
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Figure 4.4: X‐ray diffractogram of the different PVDF forms around 2θ.
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4.3.3 Polarized Light Optical Microscopy
Birefringence data was determined for electrospun PVDF fibers to establish the
degree of orientation within the fibers with β‐phase PVDF film used as a reference.
PVDF aligned fibers with an average diameter of 8 μm had a high degree of crystalline
orientation and a birefringence value of 0.017, compared to β‐phase PVDF film with a
birefringence value of 0.015. This confirms that electrospinning can produce fibers
having a degree of orientation similar to the electrically poled film version.

4.3.4 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) analysis of the electrospun aligned fibers
shows a melting point of approximately 160°C on the first scan (Figure 4.5). Subsequent
quenching and a second scan revealed two shoulder peaks present at 155°C and 160°C,
indicative of the two crystalline phases present, with the β‐phase evidenced by the
higher temperature peak, further demonstrating the crystalline β‐phase transformation.
[198] The melting temperature for the electrospun aligned fibers is lower than that for
the poled film (165°C) as illustrated in Figure 4.6. The unpoled film had a higher
melting point of 171.7°C (Figure 4.7) yet the second scan did not produce noticeable
shoulder peaks to confirm the presence of both α‐phase and β‐phase crystalline
structures, although a slight bend in the curve suggests the presence of both
phases with the α‐phase dominating at the lower melting point.
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Table 4.2: DSC data for the different forms of PVDF.

Material

Melting Point
(°C)

Heat of Fusion
(J/g)

Crystallinity
(%)

α‐phase Powder

160.7

52.19

49

Unpoled PVDF Film
(52 μm)

171.7

68.08

65

Poled PVDF Film (32
μm)

165.0

60.62

58

Nonwoven
Electrospun Fibers

159.1

64.84

62

Aligned Electrospun
Fibers

160.3

67.45

64.5

The nonwoven electrospun PVDF fibers had a slightly lower melting point than
that observed for the aligned electrospun fibers at 159.1°C as illustrated in Figure 4.8.
However, subsequent quenching and a second scan clearly indicated the presence of two
shoulder peaks at 154°C and 160°C very similar to the results obtained for the aligned
electrospun fibers. The α‐phase material showed a melting point of 160.7°C (Figure 4.9),
similar to the electrospun fibers, however, it did not possess a shoulder peak during the
second scan confirming the material does not contain any β‐phase crystals.
A heat of fusion of 104.6 J/g, reported by Nakagawa and Ishiba for a 100%
crystalline material [198], was used to calculate the percent crystallinity of each material
from the heat of fusion obtained during the first scan. As expected, the α‐phase material
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had the lowest crystallinity at 49%, followed by the poled PVDF film at 58%, and the
unpoled stretched PVDF film at 65%. The crystallinity of the electrospun PVDF fibers
was 62% and 64.5% for non‐woven and aligned, respectively. A summary of these
properties is shown in Table 4.2.
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Figure 4.5: DSC indicating the melting point of electrospun PVDF aligned fibers to be
158.9°C. The first scan is illustrated in blue and the second scan in green. The two peaks
in the second scan indicate the presence of two separate melting points at 155.3°C and
160.3 °C representative of the two different crystalline phases present, α and β,
respectively.
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Figure 4.6: DSC indicating the melting point of PVDF poled film to be 169.1°C. The first
scan is illustrated in blue and the second scan in green. The two peaks in the second
scan indicate the presence of two separate melting points at 165.5 °C and 168.9°C
representative of the two different crystalline phases present, α and β, respectively.
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Figure 4.7: DSC indicating the melting point of PVDF unpoled film to be 171.7°C. The
first scan is illustrated in blue and the second scan in green.
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Figure 4.8: DSC indicating the melting point of electrospun PVDF nonwoven fibers to be
159.1°C. The first scan is illustrated in blue and the second scan in green. The two peaks
in the second scan indicate the presence of two separate melting points at 154.8°C and
160.2 °C representative of the two different crystalline phases present, α and β,
respectively.
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Figure 4.9: DSC indicating the melting point of α‐phase PVDF to be 160.7°C. The first
scan is illustrated in blue and the second scan in green.
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4.3.5 Fourier Transform Infrared Spectroscopy
Fourier transform infrared spectroscopy (FTIR) with attenuated total reflectance
(ATR) confirmed the transition to the β‐phase in the electrospun fibers by a change in
the vibrational bands characteristic of the α‐phase at 766 cm‐1, 795 cm‐1 and 976 cm‐1 and
the presence of a vibrational band at 840 cm‐1 as illustrated in Figure 4.10. [199, 200]
Data obtained for IR absorption bands at 795 cm‐1 for the α‐phase and 840 cm‐1 for the β‐
phase were used in equation (4.2) [200] to determine the amount of β‐phase present in
each sample. Assuming the absorbances follow Beer‐Lambert’s Law and that their
absorption coefficients are Kα = 6.1 x 104 and Kβ = 7.7 x 104 we have,

F (β ) =

Xβ
Xα + X β

=

Aβ
1.26 Aα + Aβ

(4.2)

where Xα and Xβ correspond to the degree of crystallinity of each phase and, Aα and Aβ
correspond to IR absorption bands. [200, 201] The fraction of β‐phase phase present for
the poled film was calculated to be F(β)max = 0.81 and the unpoled film was F(β)max = 0.80.
The nonwoven electrospun PVDF fibers had a F(β)max = 0.73 which corresponds well to
previously published research in this area. [201] The aligned electrospun fibers had a
higher fraction of β‐phase present with F(β)max = 0.80 which corresponds with the results
obtained for the poled PVDF film.
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a

b

c

d

e

Figure 4.10: FTIR data illustrating the transformation of PVDF from the α‐ phase to the
polar β‐ phase for a) pure α powder b) unpoled stretched film c) poled stretched film d)
aligned electrospun fiber and d) nonwoven electrospun fiber. The red lines highlight
the characteristic peaks associated with the α‐phase and the blue line for the β‐phase.
Note the absence of α‐phase peaks and the presence of a strong peak at 840 cm‐1 for all of
the processed materials.
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4.3.6 Thermally Stimulated Current
PVDF does not exhibit pyroelectricity unless it has been poled. [188] The data
obtained from TSC measurements verified the electrospun PVDF fibers had been poled
in‐situ by the presence of a polarization peak at around 80°C which is representative of
PVDF film that has been poled between 60°‐ 80°C under a field of 14 MV/m for 1 hour.
[202] The overall charge density as determined by integrating the area under the peak
was 3 n C/m2.

Figure 4.11: Evidence of pyroelectricity in an electrospun PVDF fiber mat without
additional poling. The charge density was calculated to be 3 nC/m2.
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4.3.7 Mechanical Testing
The stress‐strain behavior of single electrospun PVDF fibers having an average
diameter of 9μm under a controlled force rate of 0.04 N/m is illustrated in Figure 4.12.
The stress‐strain behavior indicated two yield points at approximately 5% and 32%
extension. The slope remained linear during the first 5% of extension. Beyond 5%
extension the fiber continued to undergo deformation to an extension of over 150%. An
average Young’s modulus calculated at 2% extension from the slope in the linear region
of the curve was determined to be 4.4 GPa. The tensile stress was 47.6 ± 4.3 MPa with an
elongation at break of 156 ± 2.1% (n=8).
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b

a

Figure 4.12: Stress‐strain curve for a 9 μm diameter electrospun PVDF fiber. The tensile
strength was 58.5 MPa and the strain 157.8% for this sample. Two yield points were
observed at a) 5% and b) 32% strain.

4.4 Discussion
The crystalline structure of PVDF aids in determining the overall properties of
the resulting polymer, specifically, the piezoelectric state. A common technique to
induce the β‐phase is to subject the α structure to mechanical stretching and a high
electric field which results in orientation of the dipoles within the crystalline structure.
[203] Electrospinning incorporates both of these features; first by mechanically drawing
the fiber from the spinneret to the collector and second by imposing a strong electric
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gradient on the fiber jet. Conventional poling is performed under an extremely high
field ranging anywhere from 0.1 MV/m to over 500 MV/m. [202] The electric field
generated during our electrospinning experiments resulted in a poling field on the order
of 0.15‐0.4 MV/m. This is on the lower end of the poling range and may be the cause of
the reduced current output noted in the TSC measurements. The determination of the
poling field is not based on the surface area or volume of the material which may
become an important parameter to consider when different forms are employed.
The DSC results indicate a lower melting temperature for the electrospun fibers
than for the PVDF films. There are several factors that may contribute to the slight
decrease. The number of head‐head and tail‐tail chain configurations would play a role
in the overall melting point, as would the degree of crystallinity and the amount of α‐
phase and β‐phase present. [204] The presence of a shoulder peak in the poled film,
nonwoven and aligned electrospun fibers, and its absence in the pure powder further
signifies the presence of both phases. The thermograms illustrate the presence of these
two distinct peaks with two independent melting points on the second scan indicating
the presence of both the α‐phase and β‐phase crystalline structures, with the β‐phase
evidenced by the higher melting point. A slight shift in the peak was present in the
second scan for the unpoled PVDF film suggesting a small presence of β‐phase in the
material.
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The degree of crystallinity plays a significant role on the pyroelectric nature of
PVDF. The aligned electrospun fibers have a higher degree of crystallinity at 64.5% than
the poled PVDF film at 58%, suggesting the fibers should exhibit a higher charge
output/surface area. [203] The higher degree of crystallinity for the aligned electrospun
fibers can be attributed to the combined effects of poling and stretching occurring
during the electrospinning process. It has been reported that mechanical stretching
results in a higher degree of crystallinity although this characteristic does not necessarily
translate into a higher amount of β‐phase present as observed in the case of the PVDF
unpoled film.
We obtained results correlating the fraction of β‐phase present through FTIR
measurements with the percent crystallinity values determined through DSC
measurements. The fraction of β‐phase present in the aligned fibers was calculated to
be 51.6% and the poled film was 47%. We demonstrated a β‐phase content F(β)max = 0.80
and degree of crystallinity at 64.5% for the PVDF aligned electrospun fibers that was
much higher than previously reported for electrospun PVDF fibers. [200, 201]
The mechanical tests for single electrospun PVDF fibers revealed excellent
mechanical properties with an average tensile strength of 47.6 MPa, strain of 156% and
Young’s modulus of 4.4 GPa. Similar results have been reported for melt spun PVDF
fibers. [205] Published values for the tensile strength and modulus of commercially
available PVDF films are 45‐55 MPa and 2‐4 GPa, respectively . [189] Typical strain
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values of 18‐25% have been reported for PVDF film in the machine direction. [204]
While the stress and modulus are similar, the strain is nearly an order of magnitude
lower for the films compared to the values obtained for our electrospun fibers.
Through our TSC experiments, we observed a polarization peak at 80°C for the
PVDF electrospun fibers and determined the charge density to be 3 nC/m2. This value is
much lower than that observed for the poled PVDF film (1.5‐2.5 μC/m2) in the study
performed by Neagu et al. [202], however the porous nature of the fibers and the
difficulty in ensuring good electrode contact may have contributed to the lower charge
value. Another plausible explanation is the tip of the electrode that contacts the sample
is quite sharp and may have penetrated or caused the surrounding electrode and/or
fibers to dissociate resulting in a reading of a very minute bundle of fibers directly
beneath the tip. Further investigation is warranted and possibly the use of an
intermediary plate to transfer the charge during data collection will eliminate this
variable. Nevertheless, the present data confirm a clear transition from the α‐phase to
the β‐phase using a one‐step processing technique.

4.5 Conclusions
This study demonstrated the feasibility of producing highly aligned, continuous
PVDF fibers using the electrospinning process. The results of DSC, FTIR, PLOM, and
XRD confirmed a clear transition occurred from the standard α‐phase to the polar β‐
phase in the polymer’s crystalline structure. Alignment of the PVDF fibers enhanced the
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β‐phase crystalline structure. The polarization of electrospun PVDF fibers was
demonstrated by the presence of a peak at 80°C using TSC. Mechanical properties of
individual electrospun PVDF fibers indicated good tensile strength, a high modulus and
high strain. The favorable physical properties of these fibers suggest their potential to
be used in applications requiring piezoelectric characteristics, with the additional benefit
of offering a new geometry with smaller features.
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5 Evaluate the Effect of 3D Architecture and Topography
on hMSC Phenotype Development

Summary
The influence of topography on the differentiation and proliferation of hMSCs is
of great interest when designing scaffolds for regenerative medicine. In this study, two
different fluorinated polymers, CP2 polyimide and PVDF, in film and fiber form were
investigated. RT‐PCR was used to determine gene expression and twenty eight different
genes were probed after 7 and 14 days in culture. Seventeen genes expressed on the film
after the first week and only ten were upregulated for the fibers. Protein expression of
MAP2 indicated an increase in the fiber scaffolds and the films showed downregulation
of the protein suggesting the fiber scaffolds were guiding the differentiation of the cells.
Immunostaining of gap junction proteins showed cell‐cell communication across the
fibers indicating the cells may form a 3D network when cultured on a multilayer
fiberous scaffold. The results obtained for PVDF film and fibers indicated the stimuli
imparted by pyroelectricity may play a role in cytoskeleton organization and
intermolecular signaling.
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5.1 Introduction
As discussed earlier, topography plays a significant role in cell attachment,
differentiation and proliferation of hMSCs. Several studies have reported enhanced
proliferation [206] and directed differentiation [91, 207] due to variances in
topographical features. A review by Guilak et al. [132] discusses the influence of
physical cues on cell shape and how these interactions play a significant role in
determining the fate of the cell during in vitro studies. The material properties of the
scaffold alone have the ability to influence proliferation and differentiation. [208]
Imparting biophysical cues through scaffold selection has become a growing area of
interest and the role of these interactions is an important consideration during in vitro
studies.
Due to its piezoelectric and ferroelectric properties, PVDF was selected for this
study in order to impart biophysical stimuli on hMSCs in culture. As discussed in
Chapter 3, PVDF in the polar form emits a charge at 37°C which may have an influence
on the cells during culture. A fluorinated polyimide, CP2, synthesized from 2,2’‐Bis (3,4‐
dicarboyxphenyl) hexafluorpropane dianhydride (6FDA) and 1,3‐bis(4‐aminophenoxy)
benzene (APB) was included to compare to PVDF due to its fluorinated backbone. [209]
Chemical structures of PVDF and CP2 are illustrated in Figure 5.1.
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(a)

(b)

Figure 5.1: Chemical structure of a) PVDF and b) CP2 polyimide.

The architecture of the scaffold is another factor that plays a key role during in
vitro investigations. Providing a 3D environment that mimics the features in vivo has a
direct influence on cell shape which has been implicated in cell fate determination as
discussed earlier. [132] A multilayer fiber scaffold that provides a 3D environment yet
still promotes cell‐cell contact and communication has been designed for this study.
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The role of topographical and biophysical cues on the influence of hMSC
differentiation will be determined by comparing films and fibers of the same material
composition. CP2 fluorinated polyimide does not exhibit piezoelectric or pyroelectric
properties providing a good reference for PVDF and may allow us to determine the
influence of PVDF’s intrinsic pyroelectricity during culture. A control group included
the addition of retinoic acid. Retinoic acid has been identified as a chemical agent that
induces the neuronal lineage in culture [90, 210] and we hypothesize that topographical
features may promote the differentiation into this lineage without the need for chemical
induction.

5.2 Materials and Methods
5.2.1 CP2 and PVDF Films
The polyimide film, CP2, was fabricated by casting a solution of 20% solids in
DMF onto plate glass, allowing the film to air dry in a glove box for 24 hours then curing
at 325°C for 2 hours in a forced air oven. Polyvinylidene fluoride (PVDF) poled films (28
μm) with nickel electroded surfaces were obtained from Measurements Specialties, Inc.
(MSI). The nickel electrodes were chemically stripped from the PVDF surfaces using a
solution containing one part each of hydrochloric acid, hydrogen peroxide and water by
immersing the electroded films in the solution for approximately 30 seconds and rinsing
with fresh water.
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5.2.2 Surface Roughness of Films
The surface roughness of CP2 and PVDF films used in this study were examined
using a Zygo NewView optical profilometer. A minimum of five locations were
measured and averaged to calculate the average surface roughness.

5.2.3 Contact Angle Measurements
Contact angle measurements were conducted on a First Ten Angstroms FTA
1000 contact angle goniometer with a 100 μL glass syringe and a 3 μL dispense volume.
Recording parameters were 15 images pre‐trigger at 0.2 images per second and 40
images post‐trigger at 0.5 images per second. Sample contact angles were reported as
the initial angle when the media came into contact with the surface of the material and
the equilibrium angle, as the average angle reached after the media has wetted the
surface. Each angle was calculated as an average of three different drop evaluations on
the material surfaces. Using the contact angle data, the surface energy of each film was
determined by the Grifalco, Good, Fowkes, and Young method. The surface energy was
calculated based on the equilibrium contact angle observed using Equation 5.1:

γs

(
0.5γ L (1 + cos θ )) 2
=
γL
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(5.1)

5.2.4 Mechanical Testing
PVDF poled film (34 μm) was purchased from Measurement Specialties, Inc.
Samples (25) were cut into strips 6.35 mm and 0.18 m long. One set was used for
baseline testing. The rest of the samples were placed in individual petri dishes filled
with 50 mL of PBS (Gibco) and incubated for 7‐28 days at 37°C. A set of five samples
were removed each week, rinsed thoroughly with fresh PBS and allowed to air dry for a
minimum of 72 hours prior to testing. Mechanical testing was performed on an Instron
with a 25 N load cell with a crosshead speed of 5.08 mm/min.

5.2.5 Scaffold Fabrication
Scaffolds were fabricated using the electrospinning set‐up described in Chapter
2. Nylon rings having an inner diameter of 0.8 cm were mounted to the rotating
collecting surface using double sided tape. The auxiliary electrode was positioned
centrally over the ring and the fibers were electrospun onto the ring for a period of
approximately 30 seconds. The ring was removed from the surface and remounted with
the recently spun fibers perpendicular to the auxiliary electrode. A second layer was
deposited and this was repeated two more times to yield a four layer scaffold suspended
on the ring having fibers lying in a 0/90°/+45°/‐45° orientation. The fibers were secured
to the ring using Devcon™ silicone adhesive and allowed to air dry for a minimum of 48
hours prior to culture.
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5.2.6 Human Mesenchymal Stem Cell Culture
Human mesenchymal stem cells were obtained from Tulane University. A single
male donor was used throughout the study to prevent donor‐donor variables. hMSCs
were cultured in alpha minimum essential medium (αMEM) with L‐glutamine, but
without ribonucleosides or deoxyribonucleosides (Invitrogen/GIBCO), containing 16.5%
fetal bovine serum, premium select, hybridoma qualified, not heat inactivated (FBS,
Atlanta Biologicals), 200 mM in 0.85% NaCl of L‐glutamine (Invitrogen/GIBCO), 100
units/ml penicillin and 100 μg/ml streptomycin (Invitrogen/GIBCO). Cell culture
medium was filtered through a sterile filter unit. Cells were plated at an initial density
of approximately 60 cells/cm2 in a 15 cm dish and incubated at 37°C with humidified 5%
CO2. Media was replenished every three days. Cells were passed after reaching
approximately 80% confluence by aspirating media, washing 1X with phosphate
buffered solution (PBS, Invitrogen) and lifting with 0.25% Trypsin and 1mM ethylene
diamine tetracetic acid (EDTA) in Hank’s balanced salt solution (Invitrogen/GIBCO) for
1‐3 minutes at room temperature. After incubation in Trypsin/EDTA, 5 ml of cell
culture media was added and the mixture was transferred to a 15 ml conical centrifuge
tube. The cells were centrifuged for 10 minutes at 450 x g at room temperature. The
supernatant was aspirated and the cell pellet resuspended in 1.0 ml cell culture media.
Cells were counted by adding 10 μl 0.4% Trypan Blue solution to 10 μl of cell suspension
and dispersing them onto a hemocytometer. Cells between passages 2‐5 were seeded
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onto films and scaffolds at a density of approximately 14,000 cells/cm2 and 45,000
cells/cm2, respectively. Attachment of the cells to the films and scaffolds was promoted
by seeding an initial volume of 100 μl of cell suspension on each sample and allowing it
to incubate at 37°C with humidified 5% CO2 for a minimum of one hour. After the
initial incubation period, an additional volume of 1 ml of cell culture media was added
to each well and the samples were placed back in the incubator at 37°C with humidified
5% CO2 for 7 days or 14 days. Media was replenished every three days.

5.2.7 Live/Dead Cell Viability Assay
The biocompatibility of hMSCs on CP2 films and fibers, and PVDF film was
determined using a live/dead cell viability/cytotoxicity kit (Molecular Probes). Samples
were sterilized under UV for a minimum of one hour prior to culture. hMSCs were
seeded on films at a density of 8,000 cells/cm2 and 45,000 cells/cm2 for the fibers. The
cells were cultured as described in section 4.2.2 at 37°C in humidified 5% CO2. The
media was replenished every three days. After 7 days in culture, the samples were
washed with PBS, and incubated in a mixture of 2μM calcein AM and 3μM ethidium
homodimer (EthD‐1) for 30 minutes at 37°C. The non‐fluorescent cell permeant calcein
AM is enzymatically converted, due to intracellular esterase activity, to produce a
fluorescent calcein which fluoresces green for live cells. EthD‐1 only enters cells having
damaged membranes and binds to their nucleic acids causing a 40‐fold increase in
fluorescence allowing the dead cells to be imaged in red. Following incubation, the
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samples were transferred to a coverslip pre‐wetted with cell culture media and imaged
using a Nikon fluorescent microscope.

5.2.8 RNA Isolation and Reverse Transcriptase PCR
RNA was isolated from the samples after 7 and 14 days in culture using Qiagen
RNeasy Mini Kit. Cells were lysed from the samples using 350 μl buffer RLT (without
β‐mercaptoethanol), homogenized by pipetting the lysate into a QIAshredder spin
column (Qiagen) and centrifuging for 2 minutes at full speed. A volume of 350 μl of
70% ethanol was added to the homogenized lysate and mixed well by pipetting. The
mixture was transferred to an RNeasy spin column and centrifuged for 15 s at ≥ 10,000
RPM to collect the RNA on the RNeasy membrane. The flow through was discarded
and the sample was washed by adding 350 μl buffer RW1 to the RNeasy spin column
and centrifuging for 15 s at ≥ 10,000 RPM. An on‐column DNASE digestion was
performed to eliminate genomic DNA contamination by using an RNase‐Free DNase kit
(Qiagen). A DNase I incubation mix consisting of 10 μl DNase I stock solution and 70 μl
buffer RDD was prepared and 80 μl was added directly to the RNeasy spin column
membrane. The samples were incubated for 15 minutes at room temperature then
washed with 350 μl buffer RW1 and centrifuged for 15 s at ≥ 10,000 RPM. The flow
through was discarded and the samples were washed two more times with 500 μl buffer
RPE and centrifuged after the first wash for 15 s and after the second wash for 2
minutes, both at ≥ 10,000 RPM with the flow through discarded after each wash. The
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RNeasy spin column was placed in a new collection tube and centrifuged at full speed
for 1 minute to eliminate any possible carryover of buffer RPE. To elute the RNA, the
RNeasy spin column was placed in a new 1.5 ml collection tube, 30 μl of RNase‐free
water was added to the spin column membrane and the sample was centrifuged for 1
minute at ≥ 10,000 RPM. This step was repeated and the resulting RNA concentration
was quantified using a NanoDrop ND‐1000 Spectrophotometer.
Synthesis and amplification of cDNA was performed using Qiagen One‐step RT‐
PCR kit. Thirty pair of primers (Eurofins MWG Operon) were tested and their
sequences are listed in Table 5.1. Primers were designed using the National Center for
Biotechnology Information (NCBI) database and Primer‐BLAST. Briefly, 12 μl of master
mix (5 μl 5x Buffer, 5 μl Q‐solution, 1 μl Enzyme, 1 μl dNTP) was added to each well of
a 96‐well PCR plate followed by 0.3 μl each of forward and reverse primers. Template
RNA (50 ng) and RNase‐free water were added to bring the total volume for each well to
25 μl. The RT‐PCR plate preparation was performed on ice to minimize degradation of
the components. After preparing the plate, the top was sealed with plate sealing film,
centrifuged at 5000 RPM for 1‐2 minutes and placed in a Biorad thermocycler. Twenty‐
eight cycles of PCR were carried out with annealing temperatures of 54°C, 55°C or 58°C,
depending on the melting point of the primers (~5°C less than the Tm), and an incubation
period of 30 s. Gel electrophoresis was performed on 2% aragose gels containing
ethidium bromide in Tris/borate/EDTA (TBE) buffer at 100 V for 40 minutes. Imaging
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and analysis of the gels was performed using Alpha Innotech Fluorchem Imager and
AlphaEase Fluorchem software. Gene expression was quantified by normalizing to the
housekeeping gene GAPDH.
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Table 5.1: RT‐PCR Primers for hMSCs Cells Cultured on Films and Fiber Scaffolds
Lineage

Marker Name

Neural

Nestin

Muscle

Vascular

Primer

Nes‐F
Nes‐R
MAP2
MAP2‐F
MAP2‐R
Neurofilament Light
NFL‐F
NFL‐R
Tyrosine Hydrolase
TH‐F
TH‐R
Sox‐1
Sox1‐F
Sox1‐R
Sox‐2
Sox2‐F
Sox2‐R
Glial Fibrillary
GFAP‐F
Acid Protein
GFAP‐R
Neural Cell
Ncam‐F
Adhesion Molecule
Ncam‐R
Tau
Tau‐F
Tau‐R
Noggin
Nog‐F
Nog‐R
Synaptophysin
SYP‐F
SYP‐R
Myogenin
Myog‐F
Myog‐R
Myf5
Myf5‐F
Myf5‐R
Myosin Heavy Chain α MyHa‐F
MyHa‐R
Myosin Light Chain 2V MLC2‐F
MLC2‐R
MyoD
MyoD‐F
MYoD‐R
CD34
CD34‐F
CD34‐R

Size,
(bp)
220
164
292
268
343
223
105
187
413
304
134
179
171
146
116
108
207

84

Sequence (5’‐3’)

AACAGCGACGGAGGTCTCTA
TTCTCTTGTCCCGCAGACTT
AAAGCTGATGAGGGCAAGAA
GGCCCCTGAATAAATTCCAT
GATCGAAGTGGAGGAAACCA
GGAAATGGGGGTTCAATCTT
CATCATGGTAAGAGGGCAGG
GAAGAGCAGGTTTAGCACGG
TATCTTCTGCTCCGGCTGTT
TTCCCAAGAGAAAGAAGCCA
ACACCAATCCCATCCACACT
CAAACTTCCTGCAAAGCTCC
GAAGCAGGATAGTTGCTCCG
CAGCAAGCTGACCTAGGGAC
GTGGACTCGACCAGAGAAGC
CTTTGGGGCATATTGCACTT
GTCCCTCAACTCAAAGCTCG
TGGACTTGCTTAGTCGCAGA
ACCTCATCGAACACCCAGAC
TGTAACTTCCTCCGCAGCTT
CTTTAAGCGAGGCAGAATGG
GCCTTGCTCAAGATCTGTCC
CGCTTCTATGATGGGGAAAA
TTACACACCTTACACGCCCA
TCACCTCCTCAGAGCAACCT
ATTAGGCCCTCCTGGAAGAA
ATTGCTGAAACCGAGAATGG
CGCTCCTTGAGGTTGAAAAG
GGAAACCATTCTCAACGCAT
CCTCCTCCTTGGAAAACCTC
CGACTTCTATGACGACCCGT
GAGTGCTCTTCGGGTTTCAG
ACAGGAGAAAGGCTGGGC
GCCGAGTCACAATTCGGTAT

Stemness

Oct‐4
C‐kit

C‐kit‐R
Bone Morphogenetic
Protein Receptor
Endoderm HNF4α
Albumin
Bone Morphogenetic
Protein 4
Beta 1 Integrin
Cytokeratin
Mesoderm Osteocalcein

Sox 9
ECM

Collagen IA

Control

β‐Actin
GAPDH

Oct‐4‐F
Oct‐4‐R
C‐kit‐F

BMPR‐F
BMPR‐R
HNF4‐F
HNF4‐R
ALB‐F
ALB‐R
BMP4‐F
BMP4‐R
Beta1‐F
Beta1‐R
CK19‐F
CK19‐R
OC‐F
OC‐R
Sox9‐F
Sox9‐R
Col1a‐F
Col1a‐R
β‐Actin
β‐Actin
Gapdh‐F
Gapdh‐R

416
293

224
393
166
287

145
295
140

256
214
579
288
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GTTCTTGAATCCCGAATGGA
TCTCCAGGTTGCCTCTCACT
ACAACAAAGAGCAAATCCA
TCC
AGCAGTTGCCTCAACAACCT
GCTAAAATTTGGCAGCAAGC
CTTGGGCCCTATGTGTCACT
AGACCCCACAGCCCTCAC
GCAGTGGCTTCAACATGAGA
TGGCACAATGAAGTGGGTAA
CTGAGCAAAGGCAATCAACA
GGAAGCTAGGTGAGTGTGGC
CAAACTTGCTGGGAAAGGC
TC
GCGCGGAAAAGATGAATTT
CAATTTGGCCCTGCTTGTAT
ATGAAAGCTGCCTTGGAAGA
CCTCCAAAGGACAGCAGAAG
GACTGTGACGAGTTGGCTGA
GGGAAGAGGAAAGAAGG
GTG
TACGACTACACCGACCACCA
TTAGGATCATCTCGGCCATC
CCAAATCTGTCTCCCCAGAA
TCAAAAACGAAGGGGAGATG
AGAGCTACGAGCTGCCTGAC
CACCTTCACCGTTCCAGTTT
ACAGTCAGCCGCATCTTCTT
TGGAAGATGGTGATGGGATT

5.2.9 Immunostaining
After 7 and 14 days in culture, samples were washed with PBS and fixed in 4%
paraformaldehyde for 15 minutes at room temperature. Following fixation, the samples
were washed 2x in PBS. A solution containing 0.25% Triton‐X 100, 1% bovine serum
albumin and 10% goat serum was prepared in PBS. Samples were probed for primary
antibodies including Vimentin (1:200, Sigma‐Aldrich ), F‐Actin (1:50, Molecular Probes),
TUJ1 (1:500, Covance), MAP2 (1:400, Sigma‐Aldrich), Vinculin (1:200, Sigma‐Aldrich),
Oct‐4 (1:400, Abcam), Connexin 43 (1:200, Sigma‐Aldrich) and DAPI (1:5000, Molecular
Probes) and allowed to incubate for 2 hours at room temperature. The samples were
washed 3x with PBS and secondary antibodies of Alexa‐Fluor 488 conjugated goat anti‐
mouse (1:200, Molecular Probes) and Alexa‐Fluor 594 conjugated goat anti‐rabbit (1:200,
Molecular Probes) were added and allowed to incubate for a minimum of 1 hour at
room temperature covered with aluminum foil to protect them from light. The samples
were washed 2x with PBS and mounted to coverslips using Gel‐mount (Sigma‐Aldrich).
The samples were imaged using a Zeiss 510 laser scanning confocal microscope.

5.2.10 Western Blot
5.2.10.1 Determining Protein Concentration
After 7 and 14 days in culture, protein was extracted from the cells attached to
the scaffolds by placing the dish on ice, aspirating the media, washing 1x with PBS and
adding 250 μl RIPA buffer (Pierce) containing 1:100 Halt Protease Inhibitor (PI, Pierce)
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cocktail (100 mM AEBSF∙HCI, 80 μM Aprotinin, 5mM Bestatin, 1.5 mM E‐64, 2 mM
Leupeptin, 1 mM Pepstatin A) to prevent protein degradation. The lysis buffer
containing the extracted proteins was transferred to a 2 ml microcentrifuge tube and
stored at ‐80°C until use. The protein concentration was quantified using the
bicinchoninic acid (BCA) kit (Pierce). A standard curve was generated using BSA.
5.2.10.2 Preparing, Loading and Running the Gel
The protein sample containing 2x Laemmli buffer (Sigma‐Aldrich) was heated at
95°C for 5 minutes and centrifuged briefly prior to loading. Polyacrylimide Ready Gels
(Biorad) having a range from 5‐20% and 30 μl wells were placed in the electrophoresis
chamber. The chamber was filled with 1X SDS‐PAGE running buffer consisting of Tris
base (25 mM, pH 6.8), Glycine (192 mM) and SDS (0.1%) in deionized water. The
standard was made from Precision Plus Protein Kaleidoscope Standard (Biorad) and 5.5
μl was loaded into the first well of each gel. 10 μg of protein was loaded in the gel. The
gel was run at 180 V for 55 minutes.
5.2.10.3 Transferring the Gel
The gel was removed and placed over a pre‐wetted nitrocellulose transfer
membrane. The gel and transfer membrane were assembled and placed in the chamber
with the gel facing the anode and membrane facing the cathode. An ice block was
added to the chamber and it was filled with transfer buffer consisting of Trisbase (25
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mM ), Glycine (192 mM) and Methanol (20%). The set‐up was transferred to the cold
room and run for 90 minutes at 80 V.
5.2.10.4 Adding the Primary and Secondary Antibodies
A 100 ml solution of 5% nonfat milk (Biorad) in 1x TBS (50mM Tris pH 8.0, 150
mM NaCl) containing 0.1% Tween 20 (Sigma‐Aldrich) was prepared for blocking. The
transfer membrane was removed from the chamber, stained with Ponceau S non‐specific
protein stain (Sigma‐Aldrich) and cut using a razor blade at the expected molecular
weight ranges for each protein being probed. The samples were placed in the milk
solution to block for a minimum of one hour. The primary antibody was added
according to the following dilutions: MAP2 (1:500), Nestin (1:500), GAPDH (1:200),
Actin (1:6000), MyoD (1:200), Myogenin (1:200) and GFAP (1:500). The samples were
incubated in the primary antibody overnight in the cold room on a rocker. The samples
were then washed 3x with TBS containing 0.1% Tween 20 for 5‐10 minutes each wash.
The secondary antibodies, Mouse‐HRP (horseradish peroxidase) (1:5000, Novagen) and
Rabbit‐HRP (1:3000, Biorad), were added to a 5% milk (Biorad) solution. The samples
were incubated in the secondary antibodies for a minimum of one hour. The samples
were then washed 3x with TBS containing 0.1% Tween 20 for 5‐10 minutes each wash.
5.2.10.5 Chemiluminescent Detection
The antibody detection solution was prepared by mixing component A and B in
a 40:1 ratio. The samples were prepared for imaging by placing Saran wrap over a piece

88

of cardboard and reassembling each membrane on the Saran wrap. The antibody
detection mixture was added to the membrane and allowed to incubate for 5 minutes in
the dark. The detection mixture was carefully blotted to remove any excess and Saran
wrap was placed over the top of each membrane. The membrane was exposed to the
camera without a filter for two time periods, 5 minutes and 10 minutes in the Alpha
Innotech Fluorochem Imager. The data was analyzed using the AlphaEase FluorChem
software by normalizing the protein bands to the housekeeping protein GAPDH.

5.2.11 Scanning Electron Microscopy Preparation.
hMSCs cultured on scaffolds for 7 days were fixed for 20 minutes in 4%
paraformaldehyde (Sigma‐Aldrich) in PBS then washed 2x in PBS. The samples were
dehydrated using a graded ethanol series of 30%, 50%, 70%, 95% and 100% for 10
minutes at each concentration. Chemical drying was performed using
hexamethyldisilazane (HDMS) by incubating the samples for 30 minutes in a mixture of
1:1 (Ethanol:HDMS) followed by a 100% HDMS incubation for 30 minutes. The samples
were then washed 2x in 100% HDMS and allowed to dry overnight under a fume hood.
The samples were coated with 300 nm Au/Pd using a Hummer VI (Annotech) sputter
coater and imaged using a Zeiss scanning electron microscope.
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5.3 Results: Films
5.3.1 Surface Analysis of Films
The surface of a material plays a critical role in cell attachment and spreading,
therefore, we analyzed the films for surface roughness, functional groups present, and
determined the surface energy. The average surface roughness was found to be 0.069
μm for PVDF and 0.009 μm for CP2 indicating sufficient roughness to promote adhesion
at the cellular level. The results are illustrated in Figure 5.2 via images obtained using
an optical profilometer. The linear regions associated with the CP2 film are most likely
attributed to the mechanical drawing of the doctor blade over the surface during film
casting. The PVDF film shows mixed regions of peaks and valleys indicating an overall
rougher surface due to the chemical removal of the nickel electrodes causing the surface
to be etched during the process.

a

b

Figure 5.2: Optical profilometer images illustrating the surface roughness for a) CP2
polyimide film (average Ra=0.009 μm) and b) PVDF poled film (average Ra = 0.069 μm).
The red indicates peaks on the surface and the blue valleys.
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Contact angle measurements were performed on each film surface and found to
be 67.34° for PVDF and 64.61° for CP2 at equilibrium indicating the surfaces were

)

hydrophilic. The surface energy was calculated based on the equilibrium contact angle
observed and was found to be 34.91 dynes/cm for PVDF and 30.02 dynes/cm for CP2.
These values are quite low for a hydrophilic material, however, the surface roughness is
not included in the theoretical equation although it contributes significantly to the
wettability of the surface.
The biocompatibility of electroactive PVDF and CP2 polyimide films was
verified by performing a live/dead assay and examining the metabolic activity compared
to standard tissue cultured polystyrene (TCPS). The cells demonstrated good spreading
and morphology on both film surfaces as illustrated in Figure 5.3. A WST‐1 assay
confirmed the metabolic activities of PVDF and CP2 were comparable to TCPS
indicating good biocompatibility between hMSCs and PVDF.
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a

b

Figure 5.3: Live/dead staining on the films confirms cell attachment and shows good
spreading for both materials as shown in a) CP2 polyimide film and b) PVDF poled film.
Green staining indicates live cells and red represents dead cells. No dead cells were
observed in these images.

5.3.2 Mechanical Testing
Several researchers have reported a significant reduction in electroactive
polymer properties over a period of time when exposed to in vivo conditions. [211, 212]
Therefore, a short term in vitro degradation study was performed on PVDF to ensure the
material properties were not changed as a result of exposure to the environment.
The mechanical properties were measured on five samples and averaged over
the degradation period (Table 5.2). There was very little change over the 28 day period
with 4% difference between the baseline and the last day for the ultimate stress, 7%
difference in the elongation and a 5% difference in the modulus. There was not a
reportable difference in the piezoelectric properties over the 28 day period as indicated
by the thermally stimulated current method.
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Table 5.2: Mechanical properties of PVDF poled film after incubation for 28 days in PBS
at 37°C

Ultimate Stress
(MPa)

Elongation (%)

Baseline

467.59 ± 9.72

55.16 ± 3.38

1.079 ± 0.03

Day 7

449.09 ± 13.05

45.12 ± 3.89

1.172 ± 0.03

Day 14

428.16 ± 29.68

48.55 ± 3.52

1.14 ± 0.07

Day 21

444.13 ± 28.64

46.10 ± 2.25

1.196 ± 0.07

Day 28

430.23 ± 18.77

49.20 ± 3.52

1.13 ± 0.03

Sample ID

Modulus (GPa)

5.3.3 Gene Expression
Gene expression results for hMSCs cultured on coverslip, coverslip conditioned
with retinoic acid, CP2 polyimide film and PVDF poled film after 7 days and 14 days in
culture are shown in Figure 5.4. The results were normalized to the housekeeping gene
GAPDH and plotted as a function of the integrated density value (Figure 5.5 and Figure
5.6). There were 17 genes expressed during the first 7 days in culture; c‐kit, BMP4,
BMPR, OC, Sox 9, col 1A, CD 34, β‐1 Integrin, and noggin were expressed in each of the
substrates. Upregulation of CK 19, MyoG, MLC2, Sox 1 and MAP2 was observed only
on the CP2 film and PVDF poled films. Nestin was expressed for all of the substrates
except CP2 film, MyoD was expressed for all of the substrates except the coverslip
conditioned with retinoic acid and GFAP expressed for coverslip and CP2 film. There
was a significant downregulation of genes after 14 days in culture; MyoG, MyoD, Sox 1,
MLC2, Col1A were downregulated for all of the substrates. While c‐kit expressed at a
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much lower level for coverslip conditioned with retinoic acid and CP2 film. Noggin
expressed in coverslip conditioned with retinoic acid and PVDF poled film, and CK19
for PVDF poled film. All of the substrates expressed BMPR, BMP4, OC, Sox9, β‐1
Integrin, nestin and CD 34. β‐1 Integrin had such a large expression after 14 days
compared to the rest of the genes that the scale had to be adjusted to observe all genes
present. The peak values for β‐1 integrin were 8.2 and 9.1 for coverslip and CP2 film,
respectively.
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Figure 5.4: Gene expression for hMSCs after 7 and 14 days in culture on coverslip,
coverslip conditioned with retinoic acid, CP2 film and PVDF Film. There is a clear
indication of the presence of a mixed population of cells after 7 days shifting towards
more specific lineages over time.
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Figure 5.5: Integrated density value (IDV) as a function of gene expression normalized to
the housekeeping gene GAPDH after hMSCs were cultured for 7 days on coverslip,
coverslip conditioned with retinoic acid, CP2 film and PVDF film. Twenty eight genes
were probed covering all three germ layers with seventeen genes expressed on the film
surfaces indicating a heterogeneous population after 7 days in culture.
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Figure 5.6: Integrated density value (IDV) as a function of gene expression normalized to
the housekeeping gene GAPDH after hMSCs were cultured for 14 days on coverslip,
coverslip conditioned with retinoic acid, CP2 film and PVDF film. A clear
downregulation of several genes is noted after 14 days in culture: MyoD, GFAP, MAP2,
SOX 1, MLC2, MyoG, and Myc‐α suggesting the cell population is becoming less
heterogenous and beginning to differentiate down a preferred pathway.
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5.3.4 Immunostaining
Immunostaining results from examining the cells after 7 days and 14 days in
culture indicate an advanced cell structure by the presence of intermediate filament
vimentin as illustrated in Figure 5.7 and Figure 5.8. The presence of pluripotent stem
cell marker oct‐4 was observed for cells cultured for 7 days on coverslip and CP2 film
shown in Figure 5.9. This protein was not present in the coverslip conditioned with
retinoic acid or PVDF poled film. Cells were stained for gap junction protein connexin‐
43 and focal adhesion protein vinculin as shown in Figure 5.10 and Figure 5.11 for 7 and
14 days in culture. All substrates indicated good focal adhesion and gap junctions
present with the coverslip conditioned with retinoic acid showing the strongest presence
of gap junctions. The focal adhesions appear to be aligned for the PVDF film after 14
days in culture. A strong presence of beta III tubulin (TUJ1), an early stage neuronal
marker, is present for all of the materials and MAP2 was present in the group
conditioned with retinoic acid and PVDF as illustrated in Figure 5.12 and Figure 5.13.

5.3.5 Protein Expression
Western blot analysis showed the protein MAP2 was present in each of the
samples as illustrated in Figure 5.14. Protein content was quantified by normalizing to
the housekeeping protein GAPDH. The results are shown in Figure 5.15. MAP2 is
downregulated on the CP2 film after 14 days in culture and remaining fairly steady for
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the coverslip and PVDF poled film. However, MAP2 is upregulated on the coverslip
conditioned with retinoic acid after 14 days in culture.
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Figure 5.7: Fluorescence micrograph illustrating a well formed cytoskeleton: F‐actin,
intermediate filament protein vimentin and the nucleus for hMSCs after 7 days in
culture for a) Coverslip and b) Coverslip conditioned with retinoic acid; and after 14
days in culture for a) Coverslip and b) Coverslip conditioned with retinoic acid. Scale
bar 50 μm.
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Figure 5.8: Fluorescence micrograph illustrating a well formed cytoskeleton: F‐actin,
intermediate filament protein vimentin and the nucleus for hMSCs after 7 days in
culture for a) CP2 polyimide film and b) PVDF poled film; and after 14 days in culture
for c) CP2 polyimide film and d) PVDF poled film. Scale bar 20 μm.
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Figure 5.9: Fluorescence micrograph illustrating focal adhesion protein vinculin,
transcription factor oct‐4 and the nucleus for hMSCs after 7 days in culture for a)
Coverslip b) Coverslip conditioned with retinoic acid c) CP2 polyimide film and d)
PVDF poled film. Scale bar 20 μm.
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Figure 5.10: Fluorescence micrograph illustrating focal adhesion protein vinculin, gap
junction protein connexin 43 and the nucleus for hMSCs cultured for 7 days a) Coverslip
and b) Coverslip conditioned with retinoic acid; and after 14 days in culture for c)
Coverslip and d) Coverslip conditioned with retinoic acid. Gap junctions show a strong
presence after only 7 days in culture for coverslip conditioned with retinoic acid while
they are only beginning to form for the coverslip. Scale bar 20 μm.
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Figure 5.11: Fluorescence micrograph illustrating focal adhesion protein vinculin, gap
junction protein connexin 43 and the nucleus for hMSCs cultured for 7 days a) CP2
polyimide film and b) PVDF poled film; and after 14 days in culture for c) CP2
polyimide film and d) PVDF poled film. Gap junction formation is much stronger on
the PVDF film after only 7 days in culture compared to coverslip and CP2 film. Scale bar
20 μm.
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Figure 5.12: Confocal microscopy illustrating neuronal marker beta‐tubulin III (TUJ1),
microtubule associated protein (MAP2) and the nucleus for hMSCs cultured for 7 days
a) Coverslip b) Coverslip conditioned with retinoic acid ; and after 14 days c) Coverslip
and d) Coverslip conditioned with retinoic acid. MAP2 shows expression early for
coverslip conditioned with retinoic acid. Scale bar 50 μm.
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Figure 5.13: Confocal microscopy illustrating neuronal marker beta‐tubulin III (TUJ1),
microtubule associated protein (MAP2) and the nucleus for hMSCs cultured for 7 days
a) CP2 polyimide film and b) PVDF poled film; and after 14 days in culture for c) CP2
polyimide film and d) PVDF poled film. MAP2 expression shows a strong presence
after 7 days in culture for PVDF film and can be seen expressing for both films after 14
days. Scale bar 50 μm.
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Figure 5.14: Western blot gel images illustrating protein expression after 7 and 14 days
for hMSCs cultured on PVDF film, CP2 film, coverslip and coverslip conditioned with
retinoic acid.
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Figure 5.15: Protein expression of MAP 2 isoforms: MAP2a (239kDa), MAP2d (100kDa)
and MAP2c (72kDa) for hMSCs after 7 and 14 days in culture on coverslip, coverslip
conditioned with retinoic acid, CP2 polyimide film, and PVDF film. The data presented
is normalized to the housekeeping gene GAPDH. MAP2a is upregulated for coverslip,
coverslip conditioned with retinoic acid and CP2 film after 7 days in culture and
downregulated by day 14. MAP2d and MAP2c are upregulated after 14 days in culture
for all films showing an increase in upregulation from day 7.
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5.4 Results: Fibers
5.4.1 Biocompatibility
To determine the effect of PVDF fibers on the culture of hMSCs, scaffolds were
manufactured from both CP2 polyimide and PVDF. An SEM micrograph showing a
dehydrated cell attached to a CP2 fiber is illustrated in Figure 5.16. Initial studies
examined the effect of this architecture by performing live/dead assays on fiber scaffolds
manufactured from CP2. The results are illustrated in Figure 5.17. It is apparent from
the red color, indicating dead cells, that the nonwoven scaffold either did not allow the
appropriate nutrients to diffuse through the scaffold or the cells could not penetrate the
scaffold for proper attachment. The aligned fibers, although quite auto‐fluorescent,
provided a good environment for cell culture as observed by the cell attachment along
the length of the fibers and throughout the multiple layers.

Figure 5.16: SEM micrograph showing a hMSC attached to a CP2 fiber after 7 days in
culture. Scale bar = 5 μm.
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Figure 5.17: Optical microscopy images of scaffolds fabricated from CP2 polyimide and
their corresponding fluorescent microscopy live/dead cell images for hMSCs after 7 days
in culture: a) optical image of 4 layer aligned fibers (mag. 10x) b) live/dead assay results
on aligned fibers c) optical image of nonwoven fibers (mag. 10x) and d) live/dead assay
results on nonwoven fibers. Live cells are stained green and red staining represents
dead cells. There are no dead cells on the aligned fiber scaffold while the nonwoven
scaffold indicates the presence of several dead cells.
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5.4.2 Gene Expression
Gene expression results for hMSCs cultured on CP2 and PVDF fibers after 7 days
and 14 days in culture are shown in Figure 5.18. The results were normalized to the
housekeeping gene GAPDH and plotted as a function of the integrated density value
(Figure 5.19 and Figure 5.20). There were eleven genes expressed during the first 7 days
in culture; c‐kit, BMP4, BMPR, OC, col 1A, CD 34, β‐1 Integrin, nestin and noggin were
expressed in each of the substrates. The expression of sox 9 and CK 19 was observed for
the PVDF fibers. The results after 14 days in culture showed an increase in expression
for BMP4, sox9, and nestin for CP2 and PVDF fibers. The mesenchymal stem cell
marker c‐kit was downregulated after 14 days and there was a decrease in expression of
CD 34, CK 19, OC, BMPR, and β‐1 Integrin, and a slight decrease in the expression of
noggin. The expression of col 1A remained about the same for both time points.
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Figure 5.18: RT‐PCR gel images showing gene expression for hMSCs cultured on CP2
and PVDF fibers after 7 and 14 days.
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Figure 5.19: Integrated density value (IDV) as a function of gene expression normalized
to the housekeeping gene GAPDH after hMSCs were cultured for 7 days on CP2 and
PVDF fibers. Twenty eight genes were probed covering all three germ layers with
eleven genes expressed on the fibers after 7 days in culture.
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Figure 5.20: Integrated density value (IDV) as a function of gene expression normalized
to the housekeeping gene GAPDH after hMSCs were cultured for 14 days on CP2 and
PVDF fibers. Twenty eight genes were probed covering all three germ layers with ten
genes expressed on the fibers after 14 days in culture.
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5.4.3 Immunostaining
Immunostaining results from examining the cells after 7 days and 14 days in
culture on CP2 and PVDF fibers indicate an advanced cell structure by the presence of
intermediate filament vimentin as illustrated in Figure 5.21. Cell‐cell contact across the
fibers can be seen in Figure 5.22. The presence of pluripotent stem cell marker oct‐4 was
observed for cells cultured for 7 days on both scaffolds as shown in Figure 5.23. Cells
were stained for gap junction protein connexin‐43 and focal adhesion protein vinculin as
shown in Figure 5.24 for 7 and 14 days in culture. Both scaffolds indicated good focal
adhesion and gap junctions present with an increase in gap junction formation after 14
days. Cell‐cell communication was observed by the formation of gap junctions
suspended between two fibers as illustrated in Figure 5.25. A strong presence of beta III
tubulin (TUJ1), an early stage neuronal marker, is present for both scaffolds and showed
advanced formation after 14 days as illustrated in Figure 5.26. The intermediate
filament protein and neuronal marker, MAP2, was present for both CP2 and PVDF
fibers after only 7 days with an increase in expression after 14 days in culture.
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Figure 5.21: Confocal microscopy illustrating F‐actin, and intermediate filament protein
vimentin for hMSCs after 7 days in culture for a) CP2 electrospun fibers b) PVDF
electrospun fibers; and after 14 days in culture for c) CP2 electrospun fibers d) PVDF
electrospun fibers.

116

cell‐cell contact

Figure 5.22: Confocal microscopy image of cell‐cell contact occurring across PVDF fibers
for hMSCs after 7 days in culture. Immunostaining of intermediate filament vimentin,
F‐actin and the nucleus.
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Figure 5.23: Confocal microscopy image illustrating focal adhesion protein vinculin,
transcription factor oct‐4 and the nucleus for hMSCs after 7 days in culture for a) CP2
electrospun fibers and b) PVDF electrospun fibers. Scale bar 50 μm.
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Figure 5.24: Confocal microscopy image illustrating focal adhesion protein vinculin, gap
junction protein connexin 43 and the nucleus for hMSCs cultured for 7 days a) CP2
electrospun fibers b) PVDF electrospun fibers; and after 14 days in culture for c) CP2
electrospun fibers d) PVDF electrospun fibers. Scale bar = 20 μm.
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cell‐cell communication

Figure 5.25: Fluorescence micrograph illustrating cell‐cell communication via gap
junction protein connexin‐43 across PVDF fibers after 14 days in culture.
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Figure 5.26: Confocal microscopy image illustrating neuronal marker beta‐tubulin III
(TUJ1), microtubule associated protein (MAP2) and the nucleus for hMSCs cultured for
7 days a) CP2 electrospun fibers b) PVDF electrospun fibers; and after 14 days in culture
for c) CP2 electrospun fibers d) PVDF electrospun fibers.
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5.4.4 Protein Expression
Western blot analysis showed the protein MAP2 was present in both scaffolds as
illustrated in Figure 5.27. Protein content was quantified by normalizing to the
housekeeping protein GAPDH. The results are shown in
Figure 5.28. There was a 1.6 and 1.4 fold increase in the expression of MAP2 72
kDa and 100 kDa protein for CP2 fibers. PVDF fibers showed upregulation of MAP2 72
kDa by 2.3 fold and MAP2 100 kDa by 2.9 fold. CP2 fibers downregulated MAP2 239
kDa protein after 14 days.

Figure 5.27: Western blot gel images illustrating protein expression after 7 and 14 days
for hMSCs cultured on CP2 and PVDF fibers. Both materials show an increase in
MAP2c expression after 14 days.
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Figure 5.28: MAP 2 protein expression for hMSCs after 7 and 14 days in culture on CP2
and PVDF fibers showing the upregulation for both materials. CP2 had a 1.6 and 1.4
fold increase for the 72kDa and 100kDa isoforms, respectively. PVDF had a 2.3 and 2.9
fold increase for the 72kDa and 100kDa isoforms, respectively. CP2 showed expression
of the 239 kDa isoform after 7 days with downregulation by day 14. The data presented
is normalized to the housekeeping gene GAPDH.

5.5 Discussion
There are several factors that influence the differentiation of hMSCs as discussed
in Chapter 1. This study examined the influence of two new polymer systems as
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scaffold materials and topographical influence by comparing films and fibers. The first
part of the study focused on the films. There were seventeen genes expressed during the
first 7 days in culture with seven of those downregulated by day 14. This is not
alarming due to the heterogenous population present in hMSCs. It is indicative of
multipotent stem cells with lineage preference being determined during the culture
period based on the cues provided by the in vitro culture conditions.
In part 2, fibers fabricated from CP2 and PVDF were analyzed under the same
culture conditions. After 7 days, there were eleven genes expressed compared to
seventeen for the film surfaces. Nestin was upregulated by 1.4 fold for CP2 fibers and
1.2 fold for the PVDF fibers. In contrast, the film surfaces downregulated this protein.
Nestin is an intermediate filament protein found predominantly during neural tube
formation and early developing cells. Several groups have reported nestin expression
during hMSC culture with differentiation into the neuronal lineage using neuronal
induction media. [25, 26, 213‐215] Chondrocyte marker, sox 9, was upregulated by 1.2
fold for the PVDF fiber after 14 days in culture while downregulation occurred on the
PVDF film. However, when comparing the PVDF film and fibers after 7 and 14 days in
culture, PVDF film showed expression of sox 9 that was 1.5 fold over the fiber form with
a reduction to 1.2 fold after day 14 in culture. This indicates that topography has a
significant influence on the expression of sox 9. Extracellular matrix protein col 1A was
expressed for all of the substrates after 7 days in culture with downregulation occurring
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on the film surfaces while very little change was observed on the fibrous scaffolds.
These effects may be due to the topographical features the fibrous scaffold offers
compared to the film surface. Chang et al. [216] observed an increase in the expression
of sox 9 and col 1A when cultured on pellet and reported no change in the expression of
sox 9 when cultured in collagen gel, however, col 1A was downregulated when cultured
in the collagen gel suggesting topography and architecture play a role in sox 9 and col
1A gene expression. The CP2 and PVDF fiber scaffolds upregulated BMP4 by 1.9 and
1.5 fold, respectively. All of the film surfaces showed a 2.2 fold upregulation of BMP4
with the PVDF film slightly lower at 1.8 fold. BMP4 is a member of the TGF‐β
superfamily and has been shown play a key role in the differentiation of stem cells down
the neuronal pathway. [214, 217, 218] The expression of noggin for the PVDF film and
both fiber scaffolds may be inhibiting the upregulation of BMP4 since the polypeptide
secreted by this gene binds and inactivates members of the TGF‐β super family signaling
proteins. In a study performed by Moon et al. [217] BMP4 was blocked using noggin
and reactivated, or mimicked, by adding valproic acid. This may explain the more than
2 fold increase observed for the coverslip conditioned with retinoic acid, despite a strong
presence of noggin, since valproic acid and retinoic acid have both been used to induce
neuronal differentiation [219], they may be activating the same signaling pathway. A
deeper investigation into this effect would be worth exploring.
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Several proteins were examined using confocal microscopy in this study. F‐actin
demonstrated cell‐cell contact in the fiber scaffolds by connections formed across fibers
while intermediate filament protein vimentin aligned along the fibers. The focal
adhesion protein, vinculin, appears to align along the PVDF film suggesting the
pyroelectric charge being emitted may be influencing its organization. Both fiber
scaffolds showed the focal adhesions aligning along the fibers. Focal adhesions play a
critical role in cell growth and proliferation by providing the point of interaction
between extracellular matrix molecules and cell‐surface matrix receptors or integrins.
[220] Since they are linked directly to the cytoskeleton and serve as the termination
point for actin filaments, it would be worthwhile to stain for actin simultaneously to
verify this organization in our materials.
There has been a great deal of debate over pluripotent marker oct‐4 and its
expression in hMSCs. Immunostaining of oct‐4 on all of our surfaces revealed it was
present at a very low level for all of the materials with CP2 film showing the strongest
presence. While oct‐4 is one of the primary regulators of pluripotency for human
embroyonic stem cells, it resides in these cells precisely within the nucleus. In hMSCs,
the protein is expressed in the cytoplasm, and occasionally the nucleus, indicating it may
serve a different function. A study performed by Izadpanah et al. [221] reported the
expression of pluripotent gene oct‐4 in MSCs and adipose derived stem cells for both
human and non‐human primates after more than 10 passages. [221] Their results
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showed oct‐4 present in the nucleus suggesting oct‐4 may be partially responsible for the
plasticity obervered in hMSCs. Lengner et al. [222] have argued the expression of oct‐4
in any cell line other than hESCs or tumors is an artifact. They concede however, that
the physical environment during in vitro culture may reactivate oct‐4 in somatic cells
causing the expression of this gene although its role in hMSCs remains unclear. There is
a great deal of research ahead to determine whether hMSCs multipotency has any
relationship to pluripotent gene oct‐4 and in what context.
Gap junctions form between the plasma membranes of cells when they are in
close proximity and directly connect their cytoplasms providing cell‐cell communication
and the transport of intracellular signaling molecules. [220] Connexin‐43 is the gap
junction protein stained for in all of our samples. It showed good gap junction
formation and demonstrated cell‐cell communication across the PVDF fibers. A strong
presence was observed after 7 days in culture for coverslip conditioned with retinoic
acid and PVDF film suggesting pyroeletricity may be influencing its expression. The
presence of gap junction proteins may indicate the existence of an excitable cell
precursor. [136] Further research into this area would be worthwhile particularly with
the interesting results obtained on the PVDF films and fibers.
Neuronal marker MAP2 was observed in this study for both films and fibers as
illustrated in the fluorescence micrographs. It began forming extensions for the
coverslip conditioned with retinoic acid after 7 days in culture. This was also observed
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for the PVDF film most likely due to the pyroelectricity of the material providing a slight
charge to the cells during culture. The CP2 film showed expression of the protein in a
globular form. Western blot analysis confirmed these findings. Results showed MAP2
protein upregulated more than 2 fold on the PVDF fibers compared to the PVDF film for
both the 72 kDa and 100 kDa molecular weights whereas little change was observed in
protein expression on the CP2 fibers compared to the CP2 film. Downregulation of the
protein was occurring at a slow rate for the other film forms with little change observed
for the coverslip conditioned with retinoic acid. Since retinoic acid has been shown to
induce and facilitate neuronal differentiation in vitro, we expected to see a strong
expression on the coverslip conditioned with retinoic acid. Topography has been shown
to promote neuronal differentiation of hMSCs [90] which may explain the favorable
results obtained on the fiber scaffolds. Determining the contribution of pyroelectricity
would be an exciting area worthy of future investigation.

5.6 Conclusions
The influence of topographical cues during the culture of hMSCs over 7 and 14
days proved to be important in guiding their differentiation. This was demonstrated by
studying films and fibers from the same material. The results indicated the films
maintained a more heterogeneous population after 7 days and began to downregulate
several genes by day 14 indicating they were beginning to differentiate. The fibers
maintained the same gene expression over the 14 days with the exception of the
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downregulation of mesenchymal stem cell marker c‐kit although upregulation and
downregulation was observed for all of them. These findings suggest the topographical
cues provided by the fibrous scaffolds played a role in the early stages guiding the
differentiation of the cells.
The influence of pyroelectricity was observed on PVDF films and fibers showing
an impact on the expression of MAP2 and connexin‐43 similar to retinoic acid induced
control samples. These results combined with the alignment of vimentin observed on
PVDF film indicate this stimuli may play a role in cytoskeleton organization and
intermolecular signaling.
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6 Elucidate the Influence of Electroactivity in Synergy
with 3-D Architecture and Topography on hMSC
Phenotype Development

Summary
This study demonstrates preliminary results on a novel scaffold designed to
incorporate biophysical, biochemical and bioelectrical stimuli in a 3D environment
during in vitro culture. The scaffold was fabricated from PVDF electroactive polymer
fibers. hMSCs cultured on the electrically stimulated scaffold showed enhanced
proliferation compared to TCPS, with 33% EdU‐positive cells compared to 23% for
TCPS. Expression of MAP2 was upregulated by 14 fold compared to the non‐stimulated
counterparts indicating the possibility of early stage neuronal‐like phenotype
development. The cell morphology of hMSCs on the stimulated scaffold differed from
that on the non‐stimulated and TCPS controls with a more prominent expression of the
intermediate filament vimentin and significant elongation and alignment. The results of
this study show promise in being able to deliver a wide range of stimuli during in vitro
cell culture through a single scaffold system.
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6.1 Introduction
Creating a biomimicking environment during in vitro cell culture requires the
incorporation of all of the cues cells are exposed to in vivo. Chapter 4 discusses the
influence of topography, architecture and mechanical stimuli on the formation of the
extracellular matrix and its role in promoting proliferation and differentiation.
Electrical stimulation has been implicated in three key areas on the cellular level
including the physical environment, growth factors and signal transduction cascade.
[223] However, incorporating electrical stimuli during cell culture has been virtually
overlooked until recently.
Much of the current research stems from the desire to mimic the in vivo
environment in order to differentiate cells with excitable phenotypes. [136, 137, 142, 224]
Yamada et al. [137] reported favorable results in their attempt to induce a neuronal
lineage in hESCs by culturing under mild electrical stimulation. Kawahara et al. [136]
applied electrical stimulation during the culture of rat myoblasts and were able to
demonstrate functional contractile muscle fibers. Others applied electrical stimuli to
enhance osteogenic formation [141] and differentiate hMSCs into cardiomyocytes. [143]
In 1968, Fukada reported the presence of piezoelectricity in polymers and
biological materials. [225] He measured the pyroelectric coefficient of bone and tendon
to be 2‐4 x 10‐13 Coulomb/cm3 ∙°C between 35°C ‐ 60°C which is on the order of what was
observed at 37°C for PVDF. These findings suggest PVDF may be an ideal scaffold
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material capable of mimicking in vivo conditions due to its intrinsic properties. The
objective of this study is to design and fabricate a scaffold capable of delivering
biophysical and bioelectrical stimuli during in vitro cell culture. Building on the
previous Chapters, the scaffold configuration used to study topographical influences is
also used in this study with the added feature of electrical stimulation.

6.2 Materials and Methods
6.2.1 Design
Several factors were considered in the design of the 3‐D scaffold in order to
apply electrical and mechanical stimulation. These include the geometry, substrate,
electroding, adhesive, clamp fixture and fiber deposition. A 3‐D scaffold was designed
such that PVDF fibers could be electrospun directly onto a pre‐electroded (Figure 6.1)
surface to minimize the danger of shorting by electroding the fibers post‐processing.
The plan was to manufacture four layers independently, placed them in a 0/90/+45/‐45
configuration (Figure 6.2) and retained them with a specially designed clamp. This
would allow for the direct stimulation of each layer independently. The four‐layer
assembly would mimic the architecture of the previous work with the fibers
manufactured onto rings in order to allow for a more direct comparison. Cell culture
studies could be performed on the scaffolds with the application of voltage to each layer.
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6.2.1.1 Substrate
Each layer was fabricated using Kapton™ polyimide (DuPont) by laser cutting a
28 μm sheet of film according to the dimensions determined in section 6.2.1.
6.2.1.2 Electroding
Gold electrodes were evaporated on each substrate according to the design detail
in section 6.2.1. Gold was chosen as the electrode material due to its inert properties and
excellent biocompatibility.
6.2.1.3 Adhesive
Devcon™ silicon adhesive was used to glue the electrospun fibers to the
electroded substrates. Each layer was fabricated separately, glued and allowed to air
dry for a minimum of 48 hours. The four separate layers were joined together using the
silicon adhesive and allowed to dry for a minimum of 48 hours prior to cell culture.

Figure 6.1: Single layer design for stimulation of cells using PVDF fibers.
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Figure 6.2: Design of stimulating multiple layers of the PVDF scaffold.
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6.2.1.4 Clamp
A clamp was designed (Figure 6.3) to hold the four layer scaffold construct
together and keep it suspended from the bottom surface and allow for each layer to be
stimulated independently or simultaneously. The grooved portion provided space for
the flexible leads to extend outside of the culture area and the top piece secured the
scaffold together by fitting snugly into the grooved piece. The clamp was fabricated
from acrylic polymer resin using the stereolithography rapid protyping process.

Figure 6.3: Clamp designed to hold multilayer electroactive scaffold.
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6.2.2 Cell Culture
Human mesenchymal stem cells were obtained from Tulane University. A single
male donor was used throughout the study to prevent donor‐donor variables. hMSCs
were cultured in alpha minimum essential medium (αMEM) with L‐glutamine, but
without ribonucleosides or deoxyribonucleosides (Invitrogen/GIBCO), containing 16.5%
fetal bovine serum, premium select, hybridoma qualified, not heat inactivated (FBS,
Atlanta Biologicals), 200 mM in 0.85% NaCl of L‐glutamine (Invitrogen/GIBCO), 100
units/ml penicillin and 100 μg/ml streptomycin (Invitrogen/GIBCO). Cell culture
medium was filtered through a sterile filter unit. Cells were plated at an initial density
of approximately 350 cells/cm2 in a 15 cm dish and incubated at 37°C with humidified
5% CO2. Media was replenished every three days. Cells were passaged after reaching
approximately 80% confluence by aspirating media, washing 1X with phosphate
buffered solution (PBS, Invitrogen) and lifting with 0.25% Trypsin and 1mM ethylene
diamine tetracetic acid (EDTA) in Hank’s balanced salt solution (Invitrogen/GIBCO) for
1‐3 minutes at room temperature. After incubation in Trypsin/EDTA, 5 ml of cell
culture media was added and the mixture was transferred to a 15 ml conical centrifuge
tube. The cells were centrifuged for 10 minutes at 450 x g at room temperature. The
supernatant was aspirated and the cell pellet resuspended in 1.0 ml cell culture media.
Cells were counted by adding 10 μl 0.4% Trypan Blue solution to 10 μl of cell suspension
and dispersing them onto a hemocytometer. Cells were seeded onto scaffolds between
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passages 2‐5 at a density of approximately 125,000 cells/cm2. Attachment of the cells to
the scaffold was promoted by seeding an initial volume of 250 μl of cell suspension on
each scaffold and allowing it to incubate at 37°C with humidified 5% CO2 for a
minimum of one hour. After the initial incubation period, an additional volume of 3‐4
ml of cell culture media was added to each well and the scaffold were placed back in the
incubator at 37°C with humidified 5% CO2 for 7 days. Media was replenished every
three days. Electrical leads clamped to the flexible leads of the scaffold were attached to
a power supply and a 9 mV/cm stimulus was applied to each scaffold layer after
approximately 24 hours post‐seeding at a frequency of 500 mHz.

6.2.3 Live cell calcium imaging
In order to determine the minimum voltage required to cause an effect on the
calcium channels, a preliminary calcium imaging experiment was performed using a
Fluo‐4 NW (no wash) assay (Molecular Probes). PVDF and CP2 polyimide films were
examined. Films were laser cut to provide a flexible lead and Au electrodes were
evaporated on the surface in order to attach wires to the substrates. hMSCs were seeded
on PVDF and CP2 films at a density of 5000 cells/cm2 and allowed to incubate for 24
hours at 37°C in humidified 5%CO2. A 250 mM stock solution of probenicid was
prepared by adding 1mL of assay buffer to probenicid and vortexing until dissolved.
The dye loading solution was prepared by adding 10 mL assay buffer and 100 μL
probenicid stock solution to Component A and vortexing for 1‐2 minutes. A 1 μM
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acetylcholine (AcH) (Sigma‐Aldrich) sample was prepared in buffer. To prepare for
imaging, media was removed from the wells and the samples were washed 2x with PBS.
A volume of 1 mL of dye loading solution was added to each sample and the samples
were incubated at 37°C in humidified 5% CO2 for 30 minutes. The samples were placed
under an upright fluorescent microscope (Zeiss AxioObserver) fitted with a heated
stage. Wires were attached to the flexible electrodes protruding outside of the chamber.
The voltage supply (Keithley) was monitored using an oscilloscope (Wavetek). Data
were recorded for a period of 2 minutes prior to the application of stimuli. AcH was
added after several minutes of baseline data collection and served as a positive control.
Power was applied to the substrate and recorded for several minutes. Data was
obtained and post‐processed using Metamorph software (Zeiss). The average
fluorescence intensity for a minimum of 7 cells was plotted as a function of time.

6.2.4 Proliferation Assay
The proliferation was analyzed using EdU Click‐iT™ Imaging Kit (Invitrogen).
Cell culture was performed as described in section 6.2.2. Briefly, hMSCs were seeded on
scaffolds and in a 6 well tissue culture dish at a density of 200,000 cells. After 24 hours
in culture, EdU was added to the media at a concentration of 10 μM. After 3 days in
culture, media was replenished with fresh media containing 10 μM of EdU. After 7
days, the samples were removed, fixed with 4% PFA (Sigma‐Aldrich) for 15 minutes at
room temperature then washed 2x with PBS containing 3% bovine serum albumin (BSA,
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Sigma‐Aldrich). After the wash was removed, the samples were incubated for 20
minutes at room temperature in 0.5% TritonX‐100 in PBS. The reaction cocktail was
prepared by mixing 1.8 mL 1X Click‐IT reaction buffer, 80 μL CuSO4, 5 μL Alexa Fluor
azide, and 200 μL reaction buffer additive. The permeabilization buffer was removed
and the samples were washed 2x with PBS containing 3% BSA. The wash was removed
and the Click‐iT reaction cocktail was added to each sample. The samples were
incubated for 30 minutes at room temperature protected from light. The reaction
cocktail was removed and the samples were washed with PBS containing 3% BSA. Each
sample was washed with PBS prior to DNA staining. A Hoechst 33342 (1:2000) was
added to each sample and incubated for 30 minutes at room temperature protected from
light. The samples were washed 2x in PBS and mounted to coverslip with gel mount
(Invitrogen). The samples were imaged using confocal microscopy. A minimum of 400
cells were counted.

6.2.5 Immunostaining
After 7 days in culture, samples were washed with PBS and fixed in 4%
paraformaldehyde for 15 minutes at room temperature. Following fixation, the samples
were washed 2x in PBS. A solution containing 0.25% Triton‐X 100, 1% bovine serum
albumin and 10% goat serum was prepared in PBS. Samples were probed for primary
antibodies including Vimentin (1:200, Sigma‐Aldrich ), F‐Actin (1:50, Molecular Probes),
TUJ1 (1:500, Covance), MAP2 (1:400, Sigma‐Aldrich), and DAPI (1:5000, Molecular
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Probes) and allowed to incubate for 2 hours at room temperature. The samples were
washed 3x with PBS and secondary antibodies of Alexa‐Fluor conjugated goat anti‐
mouse (1:200) and goat anti‐rabbit (1:200) were added and allowed to incubate for a
minimum of 1 hour at room temperature covered with aluminum foil to protect them
from light. The samples were washed 2x with PBS and mounted to coverslips using Gel‐
mount (Invitrogen). The samples were imaged using laser scanning confocal
microscopy.

6.2.6 Western Blot
6.2.6.1 Determining Protein Concentration
After 7 and 14 days in culture, protein was extracted from the cells attached to
the scaffolds by placing the dish on ice, aspirating the media, washing 1x with PBS and
adding 250 μl RIPA buffer (Pierce) containing 1:100 Halt Protease Inhibitor (PI, Pierce)
cocktail (100 mM AEBSF∙HCI, 80 μM Aprotinin, 5mM Bestatin, 1.5 mM E‐64, 2 mM
Leupeptin, 1 mM Pepstatin A) to prevent protein degradation. The lysis buffer
containing the extracted proteins was transferred to a 2 ml microcentrifuge tube and
stored at ‐80°C until use. The protein concentration was quantified using the
bicinchoninic acid (BCA) kit (Pierce). A standard curve was generated using BSA.
6.2.6.2 Preparing, Loading and Running the Gel
The protein sample containing 2x Laemmli buffer (Sigma‐Aldrich) was heated at
95°C for 5 minutes and centrifuged briefly prior to loading. Polyacrylamide Ready Gels
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(Biorad) having a range from 5‐20% and 30 μl wells were placed in the electrophoresis
chamber. The chamber was filled with 1X SDS‐PAGE running buffer consisting of Tris
base (25 mM, pH 6.8), Glycine (192 mM) and SDS (0.1%) in deionized water. The
standard was made from Precision Plus Protein Kaleidoscope Standard (Biorad) and 5.5
μl was loaded into the first well of each gel. 10 μg of protein was loaded in the gel. The
gel was run at 180 V for 55 minutes.
6.2.6.3 Transferring the Gel
The gel was removed and placed over a pre‐wetted nitrocellulose transfer
membrane. The gel and transfer membrane were assembled and placed in the chamber
with the gel facing the anode and membrane facing the cathode. An ice block was
added to the chamber and it was filled with transfer buffer consisting of Trisbase (25
mM ), Glycine (192 mM) and Methanol (20%). The set‐up was transferred to the cold
room and run for 90 minutes at 80 V.
6.2.6.4 Adding the Primary and Secondary Antibodies
A 100 ml solution of 5% nonfat milk (Biorad) in 1x TBS (50mM Tris pH 8.0, 150
mM NaCl) containing 0.1% Tween 20 (Sigma‐Aldrich) was prepared for blocking. The
transfer membrane was removed from the chamber, stained with Ponceau S non‐specific
protein stain (Sigma‐Aldrich) and cut using a razor blade at the expected molecular
weight ranges for each protein being probed. The samples were placed in the milk
solution to block for a minimum of one hour. The primary antibody was added
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according to the following dilutions: MAP2 (1:500), Nestin (1:500), GAPDH (1:200),
Actin (1:6000), MyoD (1:200), Myogenin (1:200) and GFAP (1:500). The samples were
incubated in the primary antibody overnight in the cold room on a rocker. The samples
were then washed 3x with TBS containing 0.1% Tween 20 for 5‐10 minutes each wash.
The secondary antibodies, Mouse‐HRP (horseradish peroxidase) (1:5000, Novagen) and
Rabbit‐HRP (1:3000, Biorad), were added to a 5% milk (Biorad) solution. The samples
were incubated in the secondary antibodies for a minimum of one hour. The samples
were then washed 3x with TBS containing 0.1% Tween 20 for 5‐10 minutes each wash.
6.2.6.5 Chemiluminescent Detection
The antibody detection solution was prepared by mixing component A and B in
a 40:1 ratio. The samples were prepared for imaging by placing Saran wrap over a piece
of cardboard and reassembling each membrane on the Saran wrap. The antibody
detection mixture was added to the membrane and allowed to incubate for 5 minutes in
the dark. The detection mixture was carefully blotted to remove any excess and Saran
wrap was placed over the top of each membrane. The membrane was exposed to the
camera without a filter for two time periods, 5 minutes and 10 minutes in the Alpha
Innotech Fluorochem Imager. The data was analyzed using the AlphaEase FluorChem
software by normalizing the protein bands to the housekeeping protein GAPDH.
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6.3 Results
6.3.1 Design
The final design of the scaffold is illustrated in Figure 6.4 and Figure 6.5. The
multilayer PVDF fibers resided at the center of the construct. The fabricated sample
matched the design concept well. Adhering the layers together was one modification
made in order to remove the sample for immunostaining without disrupting the
individual layers and cellular connections made between them. The clamp had a
tendency to float causing the top layer of the scaffold to be deprived of media. The
scaffold was submerged in media using Kapton tape to hold the clamp in place. The
Kaption tape was secured to an external petri‐dish to prevent contact with the culture
area. Three layers of dishes were used in the set‐up. A single 6‐well dish held the
scaffold in the clamp. This was placed inside of another petri dish to prevent media
from overflowing onto the electrodes. A 15 cm petri dish was used to hold the
electrodes. The electrodes were taped to the dish after clamping to prevent the scaffold
from being pulled out of the dish and prevent contact with the other electrodes. This
location was also used to secure the tape used to keep the clamp submerged.
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Figure 6.4: Image of the multilayer PVDF scaffold used in the stimulation study. The
gold electrodes surround the PVDF layers where the hMSC are seeded.
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Figure 6.5: Top view illustrating the final set‐up of the PVDF stimulated scaffold fixed in
the clamp with the electrodes attached. The center is the location of cell seeding. The
clamp is submerged with Kapton tape secured to an outer layer petri‐dish to prevent
contact with the culture area.
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6.3.2 Live cell calcium imaging
Results from the live cell calcium imaging study indicated that application of
9mV/cm of a direct current electric field was sufficient to elicit a response in the cells.
The addition of AcH is illustrated in Figure 6.6. It shows a peak intensity of about 600
while the CP2 film with 9 mV/cm direct current electric field applied (Figure 6.7) had an
intensity of around 1100, nearly two times the results obtained with AcH. The PVDF
film peaked around 625, similar to the results obtained using AcH to stimulate the Ca+
channels as illustrated in Figure 6.8. Spontaneous Ca+ signals were observed in the
PVDF film prior to the application of 9 mV/cm direct current electric field.

Figure 6.6: CP2 film with the addition of AcH to illustrate excitation of the calcium
channels for hMSCs.
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Figure 6.7: CP2 film with the application of 9 mV/cm direct current electric field applied
to demonstrate the opening of calcium channels.

Figure 6.8: PVDF film with the application of 9 mV/cm direct current electric field to
demonstrate the opening of calcium channels.
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6.3.3 Proliferation Assay
Proliferation results for the PVDF fiber stimulated scaffold and TCPS are shown
in Figure 6.9. Results indicated the stimulated scaffold had 10% greater incorporation of
EdU compared to TCPS, with 33% EdU‐positive cells in the stimulated fiber scaffold
compared to 23% on TCPS.

6.3.4 Immunostaining
Immunostaining results from examining the cells after 7 days in culture on PVDF
fibers stimulated with 9 mV/cm direct current applied field indicate advanced
differentiated cell morphology by the presence of intermediate filament vimentin as
illustrated in
Figure 6.10. The cells attached to multiple layers of the scaffold with the nuclei
highly aligned along the fibers . Vimentin appeared to be forming a network across the
fibers similar to what was observed in the culture on CP2 and PVDF fibers. Neuronal
markers MAP2 and TUJ1 were evident as illustrated in Figure 6.11.
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Figure 6.9: EdU incorporation into hMSCs after 7 days in culture for coverslip and PVDF
fibers stimulated with 10 mV applied voltage. Figure a) represents the percentage of
EdU incorporated for each surface; 23% incorporated for the coverslip and 33%
incorporated on the PVDF stimulated fibers. Fluorescence images showing the
incorporation of EdU into the nucleus for b) coverslip and c) PVDF fibers stimulated
with 9m V/cm direct current applied field. Scale bar = 50 μm.
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Figure 6.10: Confocal microscopy images showing an elongated and aligned cell
morphology forming on PVDF fibers with an applied electrical simulation of 9 mV/cm
for hMSCs after 7 days in culture. Vimentin, F‐actin, and DAPI.
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Figure 6.11: Confocal microscopy images showing the expression of MAP2, TUJ1 and
DAPI for hMSCS after 7 days in culture on PVDF fibers stimulated with 9 mV/cm direct
current electric field.

6.3.5 Protein Expression
Western blot analysis showed the expression of MAP2 (72 kDa) protein in
stimulated PVDF fibers as illustrated in Figure 6.12. Protein content was quantified by
normalizing to the housekeeping protein GAPDH. Figure 6.13 compares the results
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with those obtained in the previous chapter for CP2 and PVDF fibers. There was much
lower expression of MAP2 (72 kDa) protein for both the CP2 and PVDF fibers compared
to PVDF stimulated fibers.

Figure 6.12: Western blot gel images illustrating protein expression after 7 days for
hMSCs cultured on PVDF stimulated fibers, CP2 fibers and PVDF fibers. A strong band
in the 72 kDa range is present for PVDF stimulated fibers with both CP2 and PVDF
fibers showing strong bands at 72 kDa and 100 kDa. Faint bands can be seen at 239 kDa
for CP2 fibers.
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Figure 6.13: MAP 2 (72kDa) protein expression for hMSCs after 7 days in culture on
stimulated PVDF fibers compared to CP2 and PVDF fibers showing upregulation for all
of the materials with the stimulated PVDF fibers showing a 14 fold increase. The data
presented is normalized to the housekeeping gene GAPDH.

6.4 Discussion
Culturing hMSCs on a scaffold designed to provide electrical stimulation
showed promising results as evidenced by the formation of an organized cytoskeleton.
Contrary to what we observed, Titushkin et al. [140] report that the application of 2 V/cm
direct current electrical stimuli to hMSCs resulted in membrane detachment from the
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cytoskeleton. There are several possible reasons for the differences observed. The field
applied in our design is much lower at 9 mV/cm compared to Titushkin’s. Furthermore,
the field applied to the PVDF fibers is used by the PVDF fibers to stimulate the dipoles
in its crystalline structure resulting in an indirect effect on the cells. One could think of
this as the PVDF fibers absorbing the voltage resulting in a mechanical strain on the
fibers. Although this electric field is substantially lower than what is required to elicit a
mechanical response in the PVDF based on current knowledge, any movement in the
molecular structure most likely can be felt by the cells due to their highly sensitive
nature. Unfortunately, equipment limitations prevent the measurement of excitation in
the fibers at this level. Another issue that needs to be addressed in future work is the
possibility of current leaking into the media. Although this would be quite low, perhaps
even in the pico amps, it may have an effect on the cells.
The proliferation results indicate the stimulated PVDF fibers incorporated 10%
more EdU than the TCPS. Previous studies investigating the proliferation of hMSCs
when cultured on nanotopography show a decrease in the proliferation compared to
TCPS due to the influence topographical cues have on the differentiation of the cells.
[226] One explanation for our results may be due to the 3D architecture of the scaffold.
The cells attached to the multiple layers may have had access to more surface area for
proliferation compared to a 2D environment. A high seeding density may have also
caused reduced proliferation in TCPS since hMSCs are contact inhibited cells, i.e. they

153

stop dividing when they reach confluence. It would be worth repeating the experiment
at different seeding densities to determine the influence of this parameter.
The results obtained for protein expression indicate the stimulated PVDF fibers
are producing MAP2 protein. Immunostaining for this protein confirms the presence
although at a low level. MAP2 has several isoforms associated with it resulting in
expression at different molecular weights, 72 kDa (MAP2c), 100 kDa (MAP2d) and 239
kDa (MAP2a). The PVDF stimulated fibers expressed a wide band at 72 kDa but no
presence of the other isoforms was detected. This may indicate the differentiation
process is occurring at a much slower rate which correlates well with the enhanced
proliferation observed. CP2 and PVDF fibers showed strong bands for the isoform at
100 kDa and all materials showed very weak or no presence at 239 kDa. The precise role
of each isoform has been described by Kavallaris et al. [227] as having distinct cellular
functions. They explain that in the early stage of development and differentiation, lower
molecular weight isoforms MAP2c and MAP2d form. The higher molecular weight
isoforms, MAP2a and MAP2b, are found exclusively in dendrites of neuronal cells with
MAP2a being the highest molecular weight found in late stage development and MAP2b
present in embryonic and adult stages. MAP2d is expressed as alternative splicing of
MAP2, is developmentally regulated and found in neuronal cell bodies. MAP2c has
been expressed in dendrites, axons and glial cells and has been found to express at high
levels during early brain development. This isoform is typically replaced by higher
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molecular weight isoforms, however, it has been found to remain in the olfactory system
and the retina. Since MAP2c is found in all cell compartments, it is necessary to
determine the molecular weight corresponding to the presence of MAP2 to associate the
findings with its isoform to help understand the gene expression observed. The
presence of several isoforms for the CP2 and PVDF fibers suggest the protein is being
expressed in dendrites and the cells are assuming a neuronal lineage.

6.5 Conclusions
Preliminary results have shown the application of a direct current electric field to
stimulate PVDF fibers during hMSC culture to be promising. The design developed
was successful though further studies are necessary to determine the precise parameters
(i.e. electric field, frequency, time at initial voltage application, duration) to elicit the
desired response. The possibility that an applied electric field can enhance proliferation
while still supporting differentiation is exciting and requires further investigation. The
incorporation of electrical stimuli in a 3D scaffold by employing an electroactive
polymer, PVDF, provides another level of stimuli during in vitro culture and brings us
closer to mimicking in vivo conditions.
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7 Conclusions
Stem cell therapy and tissue engineering hold great promise at providing relief to
people suffering from untreatable diseases or organ failure. Developing an in vitro
platform to facilitate stem cell differentiation and advance tissue engineering is crucial to
the success of these therapies. Several parameters are necessary for an optimized
scaffold system to mimic in vivo conditions; material selection, 3D architecture,
topographical, biochemical, mechanical and electrical cues. In this work, we developed
a scaffold system capable of providing an all encompassing environment that more
closely mimics in vivo conditions. We began by selecting an electroactive material,
PVDF, with unique intrinsic properties that could provide additional stimuli during in
vitro cell culture.
To fabricate a 3D scaffold, electrospinning was employed. The process was
modified to focus the electric field by incorporating an auxiliary electrode in the
experimental set‐up. The incorporation of an auxiliary electrode allowed us to obtain
highly aligned polymer fibers and produce 3D scaffolds with controlled porosities. This
was shown by electrospinning CP2 polyimide and polyglycolic acid (PGA), with
features in the micrometer and nanometer range, and creating multilayer mats. A
simple experimental model was developed to predict the deposition of electrospun
fibers. Future work advancing this model would be beneficial for creating multilayer
scaffolds with predictable porosities.
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The electrospinning set‐up allowed us to electrospin α‐phase PVDF into highly
aligned polar β‐phase fibers. The crystalline structure was systematically characterized
by XRD, FTIR, PLOM, and DSC to show transformation to the polar β‐phase. The
electrospun PVDF fibers demonstrated a polarization peak at 80°C using TSC,
confirming the β‐phase transition. The results proved electrospinning produced highly
aligned PVDF fibers that were poled in‐situ during processing.
As part of our investigation, we confirmed that topography played a critical role
in the differentiation and proliferation of hMSCs through comparative experiments
between PVDF film and fibrous scaffold. Gene expression was influenced by
topographical cues as evidenced by the upregulation of nestin, MAP2 and sox9 on CP2
and PVDF fibers and downregulation on films. We were able to demonstrate that cell‐
cell communication was enhanced on PVDF film compared to other film surfaces, which
may be attributed to its intrinsic pyroelectricity. Gap junction formation across fibers
was shown by the expression of connexin‐43 demonstrating communication in a 3D
environment. This is an important aspect in scaffold design and would be worth
exploring to determine porosity limits in the scaffold.
A major objective of this study was to establish whether electrical stimulation of
the PVDF scaffold would have any influence on the differentiation and proliferation of
hMSCs. The polar β‐phase PVDF fibers, fabricated into a multilayer scaffold, rendered
possible the application of electrical stimuli to the seeded cells. Experimental evidence
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confirmed that electrical stimulation not only drove differentiation towards the
neuronal‐like lineage by upregulation of MAP2, but appeared to enhance proliferation
as well. This was demonstrated by a 10% greater incorporation of EdU in hMSC
compared to those cultured on TCPS.
The development of a new cell culture platform that can be electrically
stimulated intrinsically and externally, opens the door to new approaches to optimize
tissue engineering in vitro and in vivo. Future studies may include stimulating the layers
individually in an asynchronous mode, applying varying time steps, frequencies and
voltages to the fibers, and mechanically stimulating the fibers by applying a cyclic force
to each layer. In addition, longer time‐points may be investigated and microarray
analysis used to assess whether the gene expression is affected by the intrinsic and
applied stimuli.
In summary, we have developed an exciting new biomaterial and cell culture
platform through electrospinning of PVDF into a 3D macroporous scaffold that can
potentially deliver topographical, mechanical, and electrical cues in a synergistic manner
for optimal tissue engineering.
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