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ABSTRACT OF THE DISSERTATION
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Muscle Tissue Engineering
By DANIEL PATRICK BROWE
Dissertation Director:

Joseph W. Freeman, Ph.D.

Current treatments for large volume deficiencies in skeletal muscle tissue have
significant drawbacks, and patients suffering from these defects would greatly benefit
from a superior solution. Tissue engineers seek to develop a three-dimensional matrix
that can serve as a scaffold for muscle cells to regenerate lost tissue. Although substantial
progress has been made in growing myoblasts on various scaffolds and promoting fusion
into myotubes, plenty of hurdles remain before these scaffolds can be considered the new
gold standard treatment. Principally, current scaffolds fail to produce myotubes that are
optimally organized and fully differentiated, leading to limited force production. Despite
the fusion of myoblasts into myotubes, the tissue lacks some form of stimulation which
occurs in the native in vivo environment. This stimulation may be provided by
supplementing muscle force with artificial muscles, which are capable of actuation and
force production with similar contractile stress to native muscle tissue.

The goal of this project is to utilize a specific type of artificial muscle, called ionic
electroactive polymers, to provide electrical and mechanical stimulation to developing
myoblasts on a fibrous, conductive scaffold that can provide topographical guidance
cues. Thus, this contractile, composite scaffold would seek to closely mimic the in vivo

environment of developing skeletal muscle, producing highly organized and



differentiated muscle tissue. This project has the following aims: 1) Develop and
characterize a biocompatible, ionic electroactive polymer which actuates in an electric
field; 2) Develop, characterize, and evaluate the ability of a conductive, fibrous scaffold
to promote the organization and differentiation of myoblasts into myotubes; 3)
Characterize the in vitro response and evaluate the effect on myoblast differentiation of
combined electrical and mechanical stimulation provided by the contractile, composite
scaffold resulting from the first two aims.

The movement speed and contractile force of hydrogels made from poly(ethylene
glycol) diacrylate and acrylic acid were optimized, but the maximum contractile stress
produced fell short of the estimated contractile stress of native muscle fibers. The
biocompatibility of the hydrogels was boosted through the addition of a fibrous scaffold
synthesized from a copolymer of polycaprolactone (PCL) and polypyrrole (PPy). Cell
studies indicated that myoblasts have a clear preference for scaffolds with PPy-PCL
compared with scaffolds made from only PCL. Myoblasts exhibited higher attachment,
more proliferation, higher numbers of myotubes formed, and a higher fusion index on
scaffolds made with PPy-PCL as compared with scaffolds made of PCL. The developed
composite scaffold was seeded with myoblasts, and electrical stimulation was applied
while the myoblasts were developing. The electrical stimulation patterns seemed to have
a net negative effect on the survival of myoblasts, and there was no difference in the
progress of differentiation between groups exposed to electrical stimulation and the
control groups which received no stimulation. Further experiments are needed to fully
control for the complexity of the stimulation patterns use, but this project provides a

framework for evaluating the effects of combined stimulation on myoblast development.
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CHAPTER 1: BACKGROUND AND INTRODUCTION

Note: Part of this chapter has been reproduced with permission from the authors as an
academic work from the following publication [1]:
Brown JL, Kumbar SG, Banik BL. Bio-Instructive Scaffolds for Musculoskeletal Tissue
Engineering and Regenerative Medicine. Elsevier Inc: Academic Press; 2017. Chapter 8:
Bio-Instructive Scaffolds for Skeletal Muscle Regeneration: Conductive Materials.
Freeman JW, Browe DP. ISBN: 978-0-12-803394-4.
1.1 Skeletal Muscle Anatomy and Physiology

Skeletal muscle accounts for roughly 35-45% of total body mass in adult humans
and is responsible for voluntary body movements and the maintenance of posture [2].
Skeletal muscle is composed of muscle fibers, also called myocytes, which are created
during the fusion of individual myoblasts [3]. These muscle fibers are arranged in a
hierarchical organization, as shown in Figure 1.1 (below) [4]. Individual muscle fibers,
with endomysium between them, are wrapped in connective tissue, called perimysium,
and packaged into fascicles. These fascicles together make the whole muscle, which is
sheathed in epimysium [4]. Muscles exert their force on the skeletal system through
tendons, which connect muscles to bone. Blood vessels and nerves are intertwined
throughout muscle between the fascicles. This hierarchical organization allows for
precise, voluntary control of movement, since different nerve signals can potentially be

sent to each individual fascicle [2, 3].
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Figure 1.1: Anatomy of skeletal muscle tissue. Based on a figure from Shier and
coworkers [4].

Each muscle fiber is made up of many myofibrils which contain sarcomeres, or
the basic contractile unit of muscle [2, 3]. Sarcomeres have thin filaments, actin, and
thick filaments, myosin, which allow contraction and relaxation by controlled binding of
myosin heads to actin filaments. When a muscle is at rest, troponin and tropomyosin
molecules interact with actin to prevent it from binding to myosin. Upon the excitation of
skeletal muscle, motor neurons release acetylcholine across neuromuscular junctions,
resulting in the depolarization of muscle tissue. The sarcoplasmic reticulum of each
muscle fiber then releases ionic calcium (Ca®") into the sarcoplasm (muscle cytoplasm),
which binds to troponin and leads to a conformational change in the protein. Finally, this
refolding of troponin moves tropomyosin and exposes actin for myosin to bind. This
entire process initiates the ATP-dependent cross-bridge cycling of actin and myosin
filaments and contraction of the entire muscle on the macroscale [2, 3].

After minor injury, skeletal muscle is capable of rapidly regenerating and

avoiding the loss of muscle mass [5]. Figure 1.2 (below) illustrates the stages of muscle



regeneration after a shearing injury [6]. Initially, necrosis occurs at the site of damaged
fibers, and the inflammatory response is activated. During this phase, adult satellite cells
become active and travel to the injury site. These muscle progenitor cells proliferate,
differentiate, and fuse at the site of injury, closing the gap between fiber ends. Depending
on the size of the injury, some scar tissue may remain between the newly reformed fiber
ends, but for most exercise induced injuries, the entire contractile apparatus is
reconstituted and functional [5, 6]. However, in the case of large volume injuries to
skeletal muscle, which may be caused by trauma or aggressive tumor ablation, this
regeneration process is insufficient to fully restore function [7, 8]. Satellite cells, which
only comprise roughly 2-7% of all cells in adult muscle, do not have the capability to fill
large voids [9, 10]. Instead, large amounts of scar tissue are formed, which interferes with

muscle function.
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Figure 1.2: Muscle injury response. The regeneration process after a myofiber tear.
Progressive images show the healing process from the initial tear, to satellite cell
proliferation, differentiation to myoblasts, and fusion to the damaged fiber ends. Based
on a figure from Jérvinen, et al [6].

1.2 Epidemiology of Major Skeletal Muscle Injury and Current Treatment Methods

Major skeletal muscle injuries and deficiencies arise from three main sources,
including traumatic injury, aggressive surgical tumor ablation, and a range of myopathies.
Estimating the prevalence of major injuries to skeletal muscle due to trauma and tumor
ablation is difficult because these types of injuries often result in limb amputations, which

may or may not be labeled as the result of skeletal muscle injury only. Thus, using limb



amputations as an estimate of skeletal muscle injury will result in an overestimate, but it
may be the best way to assess the incidence of these injuries.

In the United States alone, about 185,000 people must have a major amputation of
an upper or lower limb each year [11]. The contributing factors to this number include
diabetes mellitus, dysvascular disease, malignant tumors in bones, and trauma [12]. It is
estimated that about 45% of these amputations are due to trauma, which amounts to about
83,000 amputations per year [12]. It is not known exactly what percentage of these
amputations are due solely to skeletal muscle deficiencies, but this number still provides
a reasonable estimate of skeletal muscle defects resulting from trauma.

Muscular dystrophies are a set of genetically inherited diseases distinguished by a
gradual atrophying of skeletal muscle and replacement of muscle tissue by fat and
fibrosis [13]. Two of the most common types of muscular dystrophy are Duchenne
muscular dystrophy and Becker muscular dystrophy, which primarily affect males and
have a prevalence of 1 in 3,500 male births and 1 in 18,518 male births, respectively [14,
15]. Given the population and birthrate in the United States, there are approximately 700
individuals born with these diseases each year in the United State alone [16, 17].

The current gold standard of care for large volume deficiencies in skeletal muscle
is autologous transfer of muscle tissue from the donor. These can be free flaps of muscle
tissue or pedicle flaps in the original blood supply is left intact while the tissue is
transplanted. Good outcomes and functional recovery have been described in the forearm
and elbow, but the prognosis is poor for larger defects in muscles the support the body
while standing, walking, and running [18, 19]. Further, any autologous graft carries the

risk of donor site morbidity and increased infection rate due to longer surgical time. For



muscular dystrophies, there are currently no viable treatments, although physical therapy
and medications can slow the progression of the diseases. Thus, there is a great need for
better treatment options for large volume defects in skeletal muscle tissue.
1.3 Progress of Skeletal Muscle Tissue Engineering

Tissue engineering has the potential to provide a superior treatment for large
volume defects in skeletal muscle without the need for autologous tissue transfer. The
field of tissue engineering focuses on regenerating tissues and organs through a process
that mimics neoorganogenesis [20]. Although the ideal process is not agreed upon, the
general tissue engineering paradigm is illustrated in figure 1.3 (below) [21]. First, a small
quantity of muscle tissue is taken from the donor for the purpose of muscle progenitor
cell isolation and expansion in culture. These cells are then seeded on some three-
dimensional scaffold designed to fill the void existing in the patient. While the cells are
proliferating, a variety of stimulation can be applied to the graft with the goal of
providing the cells with the necessary cues to differentiate, proliferate, and organize into
mature muscle tissue. Finally, the scaffold/tissue construct is implanted back into the

patient to restore function [21].
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Figure 1.3: Tissue engineering paradigm. The tissue engineering paradigm for
regenerating skeletal muscle tissue. Several variations on this theme exist. Based on a
figure from Seidi and coworkers [21].

Regardless of the exact process used, skeletal muscle tissue engineers must meet
several criteria for engineered muscle tissue [22]. The scaffold/graft must contain or
facilitate the formation of a parallel alignment of muscle fibers with functioning
sarcomeres. These muscle fibers must have ample intracellular calcium storage and
functioning acetylcholine receptors for innervation. The de novo tissue must not invoke a
host immune response, must integrate with surrounding muscle tissue, and needs to have
functioning vasculature and peripheral nerves [22, 23]. To be considered a fully
functional replacement, the new tissue must reproduce the contractile stress of native
skeletal muscle and regenerate after minor, exercise-induced injuries. Although a
scaffold/graft that meets all of these criteria has yet to be produced, researchers have

made significant progress in meeting a subset of these criteria.



Myotubes have been grown into three-dimensional constructs as early as 1988,
when primary avian myoblasts were seeded within a collagen gel matrix and fused into
myotubes over the course of 3-4 weeks [24]. Many subsequent researchers have utilized a
similar cells-in-gel technique in which myoblasts are embedded within a solution of
extracellular matrix, typically ether collagen | or Matrigel, and then set within a mold
[25-27]. Although the resulting tissue was thicker than a simple monolayer of cells, the
center of the construct became necrotic when the diameter was greater than 500 um due
to limited diffusion of waste and nutrients [25]. Further, none of these constructs have
been able to create measureable force when electrically stimulated [22]. This may have
been due to the stiffness of the set gels or the relatively low concentration of mature
myotubes.

The organization and structure of the extracellular matrix (ECM) plays an
important role in the attachment, proliferation, alignment, and differentiation of
myoblasts [28, 29]. Thus, many researchers have investigated aligned, fibrous scaffolds
which attempt to duplicate the parallel alignment of muscle fibers in native skeletal
muscle fascicles. Many studies have shown that aligned fibrous meshes are capable of
providing topographical guidance cues for developing myoblasts [30-34]. Multiple
studies have shown improved myoblast alignment and myotube formation on aligned
fibers of various materials as compared to randomly aligned fibers of the same material
[32, 33]. Significantly higher myotube alignment and length have been seen on composite
collagen/poly(e-caprolactone) meshes with aligned fibers as opposed to randomly aligned
fibers [32]. Furthermore, a study utilizing composite, fibrous scaffolds of conductive

polyaniline and poly(e-caprolactone) showed enhanced myotube formation and



maturation on scaffolds of aligned polyaniline/poly(g-caprolactone) fibers compared to
both randomly aligned scaffolds and aligned poly(e-caprolactone) scaffolds [33]. This
indicates that electrical cues provided by conductive materials also influences myoblast
differentiation. However, these studies fail to measure the contractile stress produced
upon excitation of the resulting tissue. Similar studies that measure contractile stress in
tissue engineered constructs found that these constructs can only produce about 1% of the
contractile stress produced in adult muscle tissue [35, 36]. Thus, it seems that these
constructs lack some form of stimulation which allows the resulting tissue to develop into
more mature muscle tissue capable of greater contractile stress.

An exciting and complex area of current research in skeletal muscle tissue
engineering involves investigating the application of various forms of stimulation to
developing skeletal muscle tissue in vitro. Various mechanical stretch protocols have
been examined for their effect on myoblast differentiation [37-39]. It seems that
developing myoblasts are very sensitive to mechanical stretch, since many studies report
negative effects on myoblast differentiation [38, 39]. However, it has been reported that a
stretch protocol of 10% cyclic uniaxial strain at a frequency of 1 Hz for 24 hours has
promoted myogenic differentiation on bone marrow-derived human mesenchymal stem
cells [37]. Electrical stimulation has also been explored as a means of promoting
myoblast differentiation with much success [40, 41]. High frequency stimulation of
approximately 100 Hz with voltages of up to 50 V has been shown to increase the rate of
protein production in C2C12 myoblasts, as well as improve force production and
excitability [41]. In another study, lower frequency stimulation of about 1 Hz was shown

to speed the production of sarcomeres, but they were unable to replicate the results at
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higher frequencies (10 Hz) [40]. Continuing research focuses on finding the ideal
chemical, mechanical, and electrical stimulation protocol for optimal muscle fiber
differentiation and maximal force production.

1.4 Artificial Muscles: Non-Surgical Treatments for Skeletal Muscle Deficiencies

For the purposes of this document, the term “artificial muscle” refers to a group of
electroactive polymers that are capable of functioning as soft actuators (actuators that
have a relatively low density). Electroactive polymers respond to electrical stimulation by
changing in size or shape [42]. Thus, they have potential to serve as both sensors and
artificial muscles. Although there are many different types of electroactive polymers with
different mechanisms of action, this project will consider only ionic electroactive
polymers. Furthermore, the two subtypes of ionic electroactive polymers that will be
discussed are electroactive hydrogels (EAHSs) and ionic polymer-metal composites
(IPMCs).

Both EAHs and IPMCs have a similar pattern and mechanism of movement when
placed in an electric field (figure 1.4, below) [43]. Inside of the ionic polymer, or
hydrogel, there are fixed negative charges that are attached to the polymer backbone.
When swelled with water, positively-charged cations associate with water molecules by
hydrogen bonds and are evenly dispersed through the hydrogel. When an electric field is
applied, the positively-charged cations and associated water molecules move towards the
negative electrode, causing one side of the hydrogel to swell. This swelling leads to an
overall bending actuation in the construct [44]. The only difference between an EAH and
an IPMC is that the IPMC has the electrodes attached directly to the ionic

polymer/hydrogel while an EAH relies on external electrodes to apply the electric field.
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The actuations produced by both are reversible by reversing the electric field, and the
movements are repeatable [42].

lonic electroactive polymers, especially IPMCs, have been researched for their
potential to supplement muscle force in patients with skeletal muscle deficiencies.
Electroactive polymers can obtain contractile forces in the range of 0.1 — 40 MPa, which
is sufficient to mimic adult muscle tissue [42]. In addition, IPMCs have a low power
requirement, with actuation occurring under an applied voltage as low as 1 V [42].
However, ionic electroactive polymers have a few hurdles to overcome before they can
be clinically relevant. IPMCs and EAHSs each suffer from the following drawbacks: a lack
of consistent processing, the bending mode of actuation doesn’t perfectly mimic
contraction, and it will be difficult to scale-up current experimental models (typically 1-

10 mm wide) to the relevant size for prosthetics [42].
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of an electric field causes the flow of free ions and water towards the oppositely charged

electrode, swelling one side of the hydrogel more than the other and leading to a bending

actuation. Taken from a paper by Huang and coworkers with permission from the authors
to reuse in an academic work [43].

1.5 Merging Artificial Muscles with Tissue Engineering

The potential application of artificial muscles within the field of skeletal muscle
tissue engineering has not yet been explored. lonic electroactive polymers function in
much the same way as native muscle tissue; in both cases, the flow of ions in solution
caused by some external source of depolarization or potential leads to conformational
changes and actuation (bending or contraction). Given these similarities, there is plenty of
potential for integrating ionic electroactive polymers with tissue engineered constructs.

In order to utilize ionic electroactive polymers to simultaneously deliver electrical
and mechanical stimulation, this proposal aims to develop a biocompatible IPMC that can
support cell growth while actuating in response to an electric field. The concept for this
contractile, composite scaffold is illustrated in figure 1.5 below. Conductive fibers will
act as electrodes in the device, and an external power source will supply the potential
needed for contraction. Cells can be seeded on the conductive fibers, and the entire
device can operate in culture. Thus, a combination of electrical and mechanical
stimulation can be applied simultaneously to developing myoblasts while they develop in

vitro.
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Figure 1.5: Proposed composite scaffold. Mechanism of movement in the proposed
biocompatible, electroactive hydrogel. A) This composite scaffold works in a similar
manner to the ionic polymer-metal composites described earlier, but the electrodes have
been replaced by conductive polymer fibers, which can be seeded with cells and operated
in vitro. B) This variation of the composite scaffold illustrates how the orientation of the
electroactive hydrogel component can be adjusted to achieve different forms of
movement upon electrical stimulation.

The central hypothesis of this project is that the electrical and mechanical
stimulation provided by this scaffold will promote the proliferation, fusion,
differentiation, and maturation of myoblasts into mature muscle fibers. A successful
implementation of this project will lead to a highly novel method for applying coupled
electrical and mechanical stimulation to cells in vitro, and will advance the field of
skeletal muscle tissue engineering. Furthermore, when this contractile, composite
scaffold is eventually implanted in vivo, it can immediately supplement muscle force

production by utilizing an external power source. Although the process of designing and
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optimizing the function of this composite device will be somewhat complex, there is
ample literature on the construction of each scaffold component, and there are vast
potential benefits to the field of tissue engineering and individuals suffering from skeletal
muscle deficiencies.

1.6 Project Goal and Specific Aims

The overall goal of this project is to develop and characterize a contractile,
composite scaffold for skeletal muscle regeneration that provides simultaneous electrical
and mechanical stimulation and topographical cues for the purpose of facilitating
differentiation and organization of muscle progenitor cells into mature muscle fibers. To
accomplish this goal, this project will be divided into the following specific aims:

Specific Aim 1: Develop and characterize a biocompatible, electroactive
hydrogel which actuates in an electric field. We hypothesize that an electroactive
hydrogel composed of a biocompatible polymer can mimic the amount and speed of
actuation of other electroactive hydrogels and provide a biocompatible environment for
cells. We will test this hypothesis using crosslinked copolymers of poly(acrylic acid)
(PAA) and poly(ethylene glycol) (PEG).

Specific Aim 2: Develop, characterize, and evaluate the ability of a
conductive, nanofibrous scaffold to promote the organization and differentiation of
myoblasts into myotubes. We hypothesize that a fibrous scaffold made with a
conductive polymer will function as a synthetic extracellular matrix that will facilitate the
differentiation of myoblasts into aligned myotubes. We will test this hypothesis using

electrospun scaffolds made of a copolymer of poly(e-caprolactone) (PCL) and

polypyrrole (PPy).
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Specific Aim 3: Characterize the in vitro response and evaluate the effect on
myoblast differentiation of combined electrical and mechanical stimulation
provided by the contractile, composite scaffold. We hypothesize that the combination
of a biocompatible, electroactive hydrogel and a conductive, fibrous scaffold will create a
contractile composite scaffold that will further enhance the differentiation of myoblasts
by providing electrical, mechanical, and topographical cues. We will test this hypothesis
by combining the scaffold components developed in the first two aims and performing a
variety of in vitro assays.
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CHAPTER 2: THE DEVELOPMENT AND CHARACTERIZATION OF A
BIOCOMPATIBLE, IONIC ELECTROACTIVE POLYMER WHICH
ACTUATES IN AN ELECTRIC FIELD

Note: This chapter has been reproduced in its entirety (with some modifications to the

introduction) with permission as an academic work from the following publication [1]:

Browe DP, Wood C, Sze MT, White KA, Scott T, Olabisi RM, Freeman JW.
Characterization and optimization of actuating poly(ethylene glycol) diacrylate/acrylic
acid hydrogels as artificial muscles. Polymer 2017; 117: 331-341.
2.1 Introduction

lonic electroactive polymers (iEPs) are capable of moving when exposed to an

electric field due to the flow of ions throughout a hydrogel layer [2]. Both iEPs and

IPMCs have a very similar mechanism of movement, as shown in figure 2.1 below [3].

When an electric field is applied, free ions in the hydrogel portion move toward the
oppositely charged electrode, which leads to asymmetric swelling [2]. This creates an

overall bending actuation in the construct.
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Figure 2.1: Mechanism of IPMC actuation. The electric field causes mobile ions in
solution to aggregate on one side of the construct leading to asymmetric swelling of the
gel, which causes a bending actuation. Taken from a paper by Huang and coworkers with
permission from the authors to reuse in an academic work [3].

Hydrogels are commonly used in a variety of biomedical applications because
they provide an environment that is similar to the extracellular matrix of many tissues due
to their permeable and highly hydrated structure. In addition, their material properties
have enormous flexibility depending on their composition and method of preparation.
Electroactive polymers, a type of stimuli-responsive hydrogel, respond to an electric field
by changing in size or shape. These polymers have been investigated for use as artificial
muscles, biosensors, and other applications [4, 5]. lonic electroactive polymers are
typically hydrogels which have been swelled with an ionic solution. When an electric
field is applied, the ions in solution will move towards the oppositely charged electrode

and pull water molecules in the same direction. This rearrangement of ions and water
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leads to a conformational change in the polymer chains of the material, which results in a
bending movement [6]. The mechanical response to the movement of ions can be similar
to muscle contraction in native tissue. In addition, these polymers are relatively light-
weight and can produce contractile stresses comparable to native muscle tissue [2]. Thus,
ionic electroactive polymers may provide a favorable environment for muscle cell
development by mimicking the electro-mechanical environment of developing muscle.

In an attempt to develop a biocompatible ionic electroactive polymer, we have
explored the use of poly(ethylene glycol) diacrylate (PEGDA) and poly(acrylic acid)
(PAA) in crosslinked networks. PEGDA and PAA have been used together in
biocompatible hydrogels for a variety of applications including drug carriers [7] and
actuators [8]. Previous experiments in our laboratory have found reversible and
repeatable movement in hydrogels incorporating PAA [9]. PEGDA has been heavily used
in biomedical research, and it allows for precise control of the exact chemical structure of
the resulting material [10]. The combination of PEGDA and PAA has the potential to
produce a biocompatible actuating hydrogel with immense potential for future
modification.

We hypothesize that reproducing the environment of developing muscle tissue in
a cell culture system will produce mature muscle tissue, which will result in a muscle
graft that can be used to replace large voids in muscle tissue. In this study, we investigate
and characterize the ability of hydrogels made of PEGDA and acrylic acid (AA) to
actuate in an electric field. In an attempt to optimize the extent and speed of actuation, we
investigated the following parameters for their effect on hydrogel movement in

rectangular prism samples: molecular weight of PEGDA, ratio of PEGDA to AA, overall



polymer concentration, and sample geometry (thickness). Further, we gauged the
biocompatibility of these samples by measuring the proliferation and morphology of
C2C12 mouse myoblasts seeded on hydrogel samples with various ratios of PEGDA to

AA.
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2.2 Materials and Methods
2.2.1 Hydrogel Crosslinking and Swelling

Poly(ethylene glycol) diacrylate (PEGDA) samples with molecular weights of
1000 Da, 4000 Da, and 10,000 Da were purchased from Monomer-Polymer and Dajac
Labs (an MPD Chemicals Company). Acrylic acid (AA) monomer (anhydrous), 2,2-
Dimethoxy-2-phenylacetophenone, and 1-Vinyl-2-pyrrolidinone were purchased from
Sigma Aldrich. All phosphate buffered saline (PBS) used in this study was made with the
following formulation per 1 L of deionized water: 8.765 g/L sodium chloride; 2.455 g/L
sodium phosphate dibasic heptahydrate; 0.138 g/L monosodium phosphate. The pH of all
PBS was adjusted to 7.4 using 1 M hydrogen chloride. A photo-initiator solution of 300
mg/mL of 2,2-Dimethoxy-2-phenylacetophenone in 1-Vinyl-2-pyrrolidinone was
prepared using a vortex mixer.

All hydrogel solutions were prepared by dissolving PEGDA and AA in PBS using
a vortex mixer. The photo-initiator solution described above was added to the hydrogel
solutions at a concentration of 50 uL of photo-initiator solution per 1 mL of hydrogel
solution (5% v/v) just prior to applying UV radiation. The mixture of hydrogel solution
and photo-initiator solution was then injected into a glass mold with pre-measured
dimensions in the shape of a rectangular prism, and UV radiation at a wavelength of 365
nm was applied using a 3UV™ Lamp (UVP: Ultra-Violet Products S/N 100306-001, P/N
95-0343-01; 8 Watt. Upland, CA, USA). UV radiation was applied in 30 second intervals
until the solution solidified and failed to flow. Free radical polymerization occurred,

which created a random 3-dimensional polymer network, as shown in Figure 2.2.
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Figure 2.2: PEGDA and AA crosslinking reaction. PEGDA and acrylic acid (AA)
react in the presence of photo-initiator solution (2,2-dimethoxy-2-phenylacetophenone in
1-vinyl-2-pyrrolidinone) with UV radiation (365 nm). The resulting polymer network of

PEGDA and AA is random, but the unit structure shown is representative of the whole
network. The potential locations for additional crosslinks are marked.
Immediately after UV radiation was applied, the length, width, and thickness of
the hydrogel samples were measured, and the samples were allowed to soak in PBS
solution. After 3 days in PBS, the samples had reached their final size, and the
dimensions of the sample were measured again. Table 2.1 below shows all of the samples
that were used in this study and the abbreviations that will be used from this point

forward.
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Group Abbreviation Molecular Weight Concentration of Concentration of AA Thiclmes-s n.f Mold for
of PEGDA (Da) | PEGDA (g¢/mL of PBS) (g/'mL of PBS) Crosslinking (mm)
100% PEGDA 4000 0.1 0 0.75
1:4 PEGDA:AA 4000 0.1 0.4 0.75
1:3 PEGDA:AA 4000 0.1 0.8 0.75
1:12 PEGDA:AA 4000 0.1 1.2 0.75
1:16 PEGDA:AA 4000 0.1 1.6 0.75
0.9 o/mL 4000 0.1 0.8 0.75
1.8 g/mL 4000 0.2 1.6 0.75
2.7 g/mL 4000 0.3 24 0.75
3.6 g/mL 4000 0.4 32 0.75
1000 Da 1000 0.1 0.8 0.75
4000 Da 4000 0.1 0.8 0.75
10,000 Da 10,000 0.1 0.8 0.75
0.3 mm 4000 0.1 0.8 0.25
0.7 mm 4000 0.1 0.8 0.5
1.0 mm 4000 0.1 0.8 0.75
1.4 mm 4000 0.1 0.8 1.0
1.7 mm 4000 0.1 0.8 1.25
2.1 mm 4000 0.1 0.8 1.5

Table 2.1: Electroactive hydrogel sample identification. The abbreviations,
composition, and geometry of all of the hydrogel samples used in this study. The
abbreviations for the groups are meant to emphasize the differences in composition and
structure that are being investigated in each experiment.

In order to calculate crosslinking density and equilibrium volumetric swelling
ratio, the following procedure was performed. Hydrogel samples were fabricated as
previously mentioned and allowed to swell in PBS for at least 3 days. The samples were
weighed to determine the swelled mass (Ms) and frozen then lyophilized overnight to
obtain the dry mass (Mg). The equilibrium volumetric swelling ratio (Q) was calculated

using the following equation:

0=1+ ppoly(%_l)
Psotv d




25

where ppoly is the density of the polymer solution and psoyy IS the density of the solvent.
The cross-linking density (px) was calculated using an adjusted form of the Flory-Rehner

equation (neglecting chain ends) as shown below [11, 12]:

-1 (In(1—vy) + v, + xv,°
vpt/3 — (1/2)v,

p =
* Vsolv

where Vg is the molar volume of the solvent, y is the solvent-polymer interaction
parameter, and vy, is the equilibrium polymer volume fraction (1/Q). The value of  was
taken from the literature to be 0.426 [11, 13].
2.2.2 FTIR Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy was used to characterize the
hydrogels and verify the presence of specific functional groups. FTIR spectra were
collected in the range of 4000 and 500 cm™ (Thermo Scientific, Nicolet iS10). Samples
were prepared by lyophilization before being placed in the machine and 32 scans were
acquired at 2 cm™ resolution with the subtraction of background (air).
2.2.3 Mechanical Testing

Hydrogel samples were cut into 2 cm x 5 cm strips for mechanical testing (n = 4).
All samples were soaked in PBS prior to being placed in the soft tissue grips of an Instron
5869 mechanical testing machine. The gauge length was 3.0 cm, and the samples were
strained at a rate of 1.5 mm/min (5% strain/minute) until failure. The elastic modulus and
ultimate tensile stress for each sample were calculated from the generated stress vs. strain
graph. The elastic moduli and ultimate tensile stresses are reported as an average with a
standard deviation for each group.

2.2.4 Actuation Testing
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Hydrogel samples were cut into 20 mm x 4 mm strips for actuation testing (n = 4).
The strips were suspended in the device depicted in Figure 2.3 to measure the response to
an electric field (view from above). The device consisted of a small well filled with PBS
and two platinum electrodes submerged in the PBS at a distance of 3.0 cm apart. Each
platinum electrode consisted of four twisted platinum wires (99.5% pure, 0.20 mm
diameter). The sample was held up using two small pegs in the middle of the electrodes
to prevent the sample from translating in the well. A DC voltage of 20 V, equivalent to
6.67 V/cm, was applied for 1 minute at a time using an Agilent Dual Output DC Power
Supply (E3646A Agilent Technologies, Santa Clara, CA, USA). The DC voltage was
applied to the hydrogel strips two times in each direction, with each application lasting 1
minute. Thus, 4 total minutes of stimulation were applied to each hydrogel strip. All
actuation tests were recorded with a digital camera in video mode, and the videos were
replayed and analyzed to determine the angular movement and speed of the hydrogel
strip for each movement. The data are reported as an average for the movement in each

direction (forward and reserve) with the standard deviation.

Electrodes

Figure 2.3: Actuation apparatus. Design of device used for actuation testing (view
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from above). 20 V of DC voltage was applied to the hydrogel strips in a PBS bath across
two platinum electrodes that were 3.0 cm apart (6.67 VV/cm). A) The sample was held up
by two small pegs in the middle of the electrodes which prevented the sample from
translating. B) When the voltage is applied, the sample will bend towards the negative
electrode. C) When the he polarity of the voltage is reversed, the sample will bend in the
opposite direction.

When testing longevity of actuation, the same hydrogel strips were tested using
the above procedure at time-points of 1 week, 4 weeks, 8 weeks, and 12 weeks after
initial crosslinking (n = 4). In between testing, the hydrogel strips were kept at room
temperature in PBS solution, which was changed every week. If necessary, the hydrogel
strips were trimmed to maintain a 20 mm x 4 mm size prior to the actuation tests.

2.2.5 Contractile Strength

Hydrogel samples were cut into 20 mm x 4 mm strips for evaluating their
contractile strength (n = 4). The mechanism of measuring the contractile strength is
shown in Figure 2.4 (view from the side). Hydrogel strips were suspended in a vertical
bath of PBS between two platinum electrodes each consisting of four twisted platinum
wires (99.5% pure, 0.20 mm diameter) that were 3.0 cm apart. A DC voltage of 20 V
(6.67 V/cm) was applied for up to 1 minute using the same Agilent Dual Output DC
Power Supply. Increasing aluminum foil weights were added to the bottom of the
samples until an applied voltage no longer resulted in movement of the weight. If the
bottom of the sample increased in height by at least 5 mm, then the hydrogel strip was

deemed to have lifted the weight.
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Figure 2.4: Contractile strength measurement method. Contractile strength

measurements in a PBS bath (side view). A) Prior to the application of voltage, the
hydrogel sample hangs vertically with an aluminum weight at the end. B) After
application of the voltage, the sample starts to bend towards the negative electrode, lifting
the aluminum weight in the process. The hydrogel sample is outlined for visibility.
The contractile stresses of the hydrogel strips were calculated using the equation
below where a¢ontraction= CONtractile stress, my= mass of hydrogel strip, m,4;= mass of
aluminum, V= volume of hydrogel strip, V,,= volume of aluminum, py, o= density of
water, g = acceleration due to gravity, and A= cross-sectional area of the hydrogel strip.

This equation accounts for the buoyancy of the hydrogel samples and aluminum weights.

[(mH +my) — (Vy + VAl)pHZO]g
Ocontraction = Ay

2.2.6 C2C12 Cell Study

Hydrogel samples were cut to fit inside a 24-well plate and sterilized by briefly
rinsing in ethanol and applying UV radiation for 30 minutes on each side (n = 4). The
hydrogel samples were then washed with sterile PBS before soaking overnight in DMEM
media with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). Each

hydrogel sample was seeded with approximately 50,000 C2C12 mouse myoblast cells
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(25,000 cells/cm?), which were purchased from the American type culture collection
(ATCC). Blank wells (tissue culture plastic, TCP) served as a positive control and were
subjected to the same conditions as the hydrogel samples. For the first three days, all
wells were fed daily with DMEM media with 10% FBS and 1% P/S to encourage
proliferation. For the next seven days, all wells were fed daily with DMEM media with
1% FBS and 1% P/S to encourage differentiation.

Metabolic activity and cellular attachment were assessed using a PrestoBlue® cell
viability assay on day 3, day 6, and day 10 after cell seeding according to the
manufacturer’s instructions (n = 4). Briefly, the media from all wells was removed and
replaced with PrestoBlue® cell viability reagent diluted 1:10 with media for a 1 hour
incubation. At the end of the incubation period, the absorbance was read on a plate reader
at 570 nm. The absorbance value was proportional to the metabolic activity of the cells.
On day 10 after cell seeding, the cells were fixed with a 4% paraformaldehyde solution
and prepared for staining to visualize cell morphology. Cells were stained with
NucBlue® fixed cell ReadyProbes® reagent (Thermo Fisher Scientific) for DNA and
Fluorescein Phalloidin (Thermo Fisher Scientific) for F-actin.

2.2.7 Statistics

The average and standard deviation of the data for each group were calculated.

All data were evaluated with a one-way ANOVA with a Tukey’s post-hoc test and

significance was set at o = 0.05 (denoted by *).



30

2.3 Results
2.3.1 Hydrogel Crosslinking and Swelling

After application of UV radiation, the hydrogel solutions changed from a liquid to
a solid state. Immediately after crosslinking, the samples were generally transparent with
some appearing a semi-opaque white color. After swelling in PBS solution for a period of
3 days, all the hydrogel samples became transparent and maintained their aspect ratio as
they increased in volume.

Swelling was proportional to AA concentration, as shown in Figure 2.5A.
Hydrogel samples without AA barely swelled in the PBS, but samples with a 1:16 ratio of
PEGDA to AA swelled to more than 200% of their original size. Increasing the overall
concentration of polymer in the hydrogel solutions from 0.9 g/mL to 1.8 g/mL caused a
significant increase in swelling as shown in Figure 2.5B. However, further increasing the
concentration of polymer resulted in a decrease in swelling.
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Figure 2.5: Hydrogel swelling ratio. Percent change in swelling of hydrogel samples
after crosslinking (n = 6). A) Different ratios of PEGDA to AA. B) Different overall

polymer concentrations. (* indicates a statistically significant difference with p < 0.05)
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The cross-linking density and equilibrium volumetric swelling ratio were
calculated for the 1:4 PEGDA:AA and 1:16 PEGDA:AA groups to approximate the
ranges of these parameters in this paper, as shown in Table 2.2 (n = 6). Cross-linking
density increased with increasing concentration of AA. When increasing the ratio of AA
to PEGDA from 1:4 to 1:16 (a four-fold increase), the cross-linking density increased
nearly three-fold. The equilibrium volumetric swelling ratio was almost twice as high for
the 1:4 PEGDA:AA group as the 1:16 PEGDA:AA group. The lower cross-link density

in the 1:4 PEGDA:AA group likely allowed these samples to swell more than the 1:16

PEGDA:AA group.
Cross-linking | Equilibrium volumetric
Hydrogel Sample |Density (mmol/L) swelling ratio
1:4 PEGDA:AA 41+2 19.0£05
1:16 PEGDA:AA 113+£15 11.4+07

Table 2.2: Crosslinking density and swelling ratio. The cross-linking density (mmol/L)
and equilibrium volumetric swelling ratio are shown for the 1:4 PEGDA:AA and 1:16
PEGDA:AA groups. Data are shown as average + standard deviation (n = 6).

2.3.2 FTIR Spectroscopy

The FTIR spectra for 1:4 PEGDA:AA, 1:16 PEGDA:AA, and 100% PEGDA
shown in Figure 2.6 verify the structure of the resulting hydrogels. The peaks for alkane
C-H bonds and ether C-O bonds are found in all three spectra. However, peaks for
carboxylic acid O-H bonds and C=0 bonds are found only in the 1:4 PEGDA:AA and
1:16 PEGDA:AA groups. This verifies that AA is being incorporated into the structure of

the hydrogel.
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Figure 2.6: FTIR spectra. The FTIR spectra of A) 1:4 PEGDA:AA, B) 1:16

PEGDA:AA, and C) 100% PEGDA. Important peaks are labeled.
2.3.3 Mechanical Testing
After applying tensile stress to the hydrogel samples to failure, the elastic moduli

and ultimate tensile stresses were calculated from the resulting stress-strain graphs as
shown in Table 2.3. The samples generally failed in the mid-substance, but some samples
failed right on the edge of the clamps. The elastic moduli of the hydrogel samples ranged
from 65 kPa to 219 kPa for all samples, and the ultimate tensile stresses ranged from 16
kPa to 77 kPa. There were no significant differences in the elastic moduli from the groups
with different ratios of PEGDA to AA; however, the elastic modulus increased with
increasing overall polymer concentration. The 2.7 g/mL and 3.6 g/mL groups produced

significantly higher moduli than the 0.9 g/mL and 1.8 g/mL groups. The 100% PEGDA



33

group had a significantly lower ultimate tensile stress than groups with different ratios of
PEGDA to AA, but there were no other significant differences in ultimate tensile stress

based on overall polymer concentration.

Hydrogel Sample |Elastic Modulus (kPa) |Ultimate Tensile Stress (kPa)
100% PEGDA 96.3 +18.7 26.0+5.6*
1:4 PEGDA:AA 784+73 56.2+4.5
1:8 PEGDA:AA 89.1 £8.8 47.0+11.2
1:12 PEGDA:AA 90.0+13.4 61.4+13.7
1:16 PEGDA:AA 77.8+7.0 449+9.5
0.9 g¢/mL 67.3 £4.3*% 22.7+8.7
1.8 g/mL 96.2+6.1% 23.0+39
2.7 g/mL 191.8+20.3 36.6 3.4
3.6 g/mL 213.6+7.0 42.9+23.0

Table 2.3: Mechanical properties of electroactive hydrogels. Mechanical properties
data including elastic modulus (kPa) and ultimate tensile stress (kPa) with n = 4. Samples
are grouped by the ratio of PEGDA to AA and by the overall concentration for statistical

comparisons. (* indicates a statistically significant difference with p < 0.05)
2.3.4 Actuation Testing

All actuation tests showed that the hydrogel samples exhibited reversible and
repeatable movement when exposed to an electric field. The samples always bent towards
the negative electrode, although at different speeds. The forward and reverse movements
were roughly the same for all samples tested.

The relationship between movement and the molecular weight of the PEGDA
molecule used is shown in Figure 2.7. Although the 4000 Da group produced the most

angular movement, there were no significant differences in the movement between the
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three different molecular weights of PEGDA. The average angular movement was

between 74 and 93 degrees for all groups, and samples moved roughly the same in the

forward and reverse directions. A maximum movement speed of 1.9 degrees/s was

obtained by a sample in the 4000 Da group.
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Figure 2.7: Actuation: PEGDA molecular weight. Effect of molecular weight of

PEGDA on angular movement (n = 4). The movements in the forward and reverse

directions are shown for each group.

The relationship between angular movement and the thickness of the hydrogel

samples is shown in Figure 2.8. The results show a bell-shaped curve with movement

increasing as thickness increases from 0.3 mm to 1.4 mm and movement decreasing as

thickness increases from 1.4 mm to 2.1 mm. The 0.3 mm group produced the lowest
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angular movement with 17.1 and 14.4 degrees of average forward and reverse movement,
respectively. The 1.4 mm group produced the greatest angular movement with 113.2 and
114.5 degrees of average forward and reverse movement respectively, which was over 6
times the movement seen in the 0.3 mm group. The 1.4 mm group also produced the
maximum movement speed at 2.1 degrees/s. The thickest group tested (2.1 mm)

produced only 37.7 and 42.1 degrees of forward and reverse movement, respectively.
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Figure 2.8: Actuation: Aspect ratio. Effect of hydrogel sample thickness on angular
movement (n = 4). The movements in the forward and reverse directions are shown for
each group. (* indicates a statistically significant difference from the corresponding
movements in other groups with p < 0.05; # indicates statistically significant from the

corresponding movement in the 0.3 mm, 0.7 mm, and 2.1 mm groups with p < 0.05).
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The relationship between angular movement and the overall hydrogel

concentration in the hydrogel samples is shown in Figure 2.9. The 0.9 g/mL group

produced significantly lower angular movement than the other three groups. There were

no statistically significant differences between the 1.8 g/mL, 2.7 g/mL, and 3.6 g/mL

groups. A maximum movement speed of 2.4 degrees/s was obtained by a sample in the

3.6 g/mL group.
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Figure 2.9: Actuation: Overall concentration. Effect of overall polymer concentration
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The relationship between movement and the ratio of PEGDA to AA in the
hydrogel samples is shown in Figure 2.10. The forward and reverse movements in the 1:4
PEGDA:AA group were significantly lower than the corresponding movements in the
other three groups. Although the amount of angular movement generally increased with
increasing AA concentration, there were no significant differences between the 1:8
PEGDA:AA, 1:12 PEGDA:AA, and 1:16 PEGDA:AA groups. A maximum movement
speed of 1.6 degrees/s was obtained by a sample in the 1:16 PEGDA:AA group. The

100% PEGDA group is not shown because it did not produce any movement.
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Hydrogel samples with various ratios of PEGDA to AA were able to actuate in an
electric field for up to 12 weeks after crosslinking, as shown in Figure 2.11. For all
groups tested, the greatest angular movement was recorded 4 weeks after the hydrogel
samples were crosslinked. The least angular movement was recorded 12 weeks after the
hydrogel samples were crosslinked. Further, there was a greater drop in the angular
movement from week 4 to week 12 for the groups with a higher concentration of AA. For
instance, the angular movement in the 1:4 PEGDA:AA group dropped 51% from week 4
to week 12, but the angular movement in the 1:16 PEGDA:AA group dropped 71%

across the same time period.
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in the forward direction are shown. (* indicates a statistically significant difference from
the time-points in same group with p < 0.05)
2.3.5 Contractile Strength
Hydrogel samples were tested for their ability to move aluminum weights in a

submerged system, and the resulting contractile stress measurements are shown in Table
2.4. The contractile stresses ranged from 297 Pa and 821 Pa for all hydrogel samples
shown. There were no significant differences in contractile stress between the four
hydrogel sample groups with different overall polymer concentrations. Contractile stress
generally increased with increasing concentration of AA; the 1:12 PEGDA:AA and 1:16
PEGDA:AA groups produced significantly higher contractile stress than the 1:4
PEGDA:AA and 1:8 PEGDA:AA groups. Data for the 100% PEGDA samples is not

shown because these samples produced no contractile stress.

Hydrogel Sample |Contractile Stress (Pa)jHydrogel Sample [Contractile Stress (Pa)
1:4 PEGDA:AA 347 £43 0.9 g/mL 536 £ 152
1:8 PEGDA:AA 461 + 88 1.8 g/mL 699 + 131
1:12 PEGDA:AA 594 £ 71% 2.7 g/mL 612 + 88
1:16 PEGDA:AA 592 +47* 3.6 g/mL 646 £ 111

Table 2.4: Contractile Stress. Contractile strength of hydrogel samples with n =4,
Samples are grouped by the ratio of PEGDA to AA and by the overall concentration for
statistical comparisons. (* indicates a statistically significant difference when compared

to the 1:4 PEGDA:AA and 1:8 PEGDA:AA groups with p < 0.05)
2.3.6 C2C12 Cell Study
C2C12 cells were seeded on hydrogel samples with different ratios of PEGDA to
AA, and the cells survived and were metabolically active through 10 days, as shown in

Figure 2.12. Tissue culture polystyrene (TCP) was used as a positive control. The cells
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seeded on TCP and the 1:4 PEGDA:AA hydrogel sample had significantly higher
metabolic activity than all other groups at all time-points. There was a trend of decreasing
metabolic activity with increasing concentration of AA at all time-points. While most
groups had relatively constant or increasing metabolic activity throughout the study
period, the 100% PEGDA group had decreasing metabolic activity over time with the

lowest metabolic activity occurring on day 10.

Metabolic Activity Over Time on Hydrogel Samples
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Figure 2.12: Metabolic activity on hydrogel samples. Metabolic activity data with
C2C12 cells as measured by a PrestoBlue® cell viability assay n = 4. (* indicates a
statistically significant difference from the corresponding movements in other groups
with p < 0.05; # indicates statistically significant from the 100% PEGDA, 1:8
PEGDA:AA, 1:12 PEGDA:AA, and 1:16 PEGDA:AA groups at the same time-point

with p < 0.05).
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Cellular attachment and morphology were assessed by staining the cells for actin
and DNA on day 10, as shown in Figure 2.13. Cells were present on all hydrogel
samples, although intracellular matrix production varied widely between groups. On the
100% PEGDA samples, the cells seemed to stick together and not expand much on the
hydrogel (Figure 10A). The 1:4 PEGDA:AA samples had the highest level of
intracellular matrix production and attachment (Figure 10B). In addition, there was some
evidence of cell fusion, but it was difficult to find myotubes, or immature muscle fibers,
that were both distinct and linear. From the 1:8 PEGDA:AA sample to the 1:16
PEGDA:AA sample, there was a trend of decreasing intracellular matrix production and

lower cell attachment.
.

Figure 2.13: Actin and DNA staining on hydrogel samples. Cells were stained with

phalloidin for actin (green) and DAPI for DNA (blue) and imaged at 10x magnification.
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A) 100% PEGDA. B) 1:4 PEGDA:AA. C) 1:8 PEGDA:AA. D) 1:12 PEGDA:AA. E)

1:16 PEGDA:AA. The scale bars are all 100 pm.
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2.4 Discussion

Despite comparisons of electroactive polymers to muscles, there has been
relatively little research on the implementation of electroactive polymers in skeletal
muscle tissue engineering. In this paper, we developed and characterized a biocompatible
ionic electroactive polymer made of PEGDA and AA in a chemically crosslinked
network with the ultimate goal of providing a unique stimulus to developing muscle cells.
In order to measure the extent of actuation in an electric field, we devised a highly
precise method of applying electrical stimulation and measuring the resulting angular
displacement. This method was used to investigate multiple parameters for their effect on
the angular movement of hydrogel samples in the shape of rectangular prisms. Finally,
we utilized a 10 day cell study with C2C12 mouse myoblasts to judge the
biocompatibility of these hydrogel samples with various ratios of PEGDA to AA.

Hydrogels made of various compositions of PEGDA and AA were crosslinked
using a photo-initiator solution of 2,2-Dimethoxy-2-phenylacetophenone in 1-Vinyl-2-
pyrrolidinone and UV radiation with a wavelength of 365 nm. The resulting hydrogel
samples were swelled in PBS and retained their original aspect ratio. Overall, the
percentage increase in volume after swelling was proportional to AA concentration, as
shown in Figure 2.4A. The carboxyl groups of the AA monomers have a high polarity
compared to the ether groups present in PEGDA, and the high polarity of the carboxyl
groups draws water into the crosslinked polymer network. Predictably, the 100% PEGDA
group swelled very little. However, there may be a limit to how much acrylic acid can be
packed into a given volume, as suggested by Figure 2.4B. At higher overall polymer

concentrations, the amount of swelling actually decreased as compared to lower overall
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polymer concentrations. This may be due to a high chemical crosslink density and a
larger number of physical entanglements in the 2.7 g/mL and 3.6 g/mL hydrogel samples
which prevents additional water molecules from penetrating the polymer network.
Tensile testing to failure was completed by subjecting hydrogel samples to 5%
strain/min, as shown in Table 2.2. Hydrogel samples with a greater overall polymer
concentration were able to form more crosslinks with the surrounding molecules when
subjected to UV radiation. Thus, both elastic modulus and ultimate tensile stress were
proportional to overall polymer concentration. The ultimate tensile stress of the hydrogel
samples was fairly variable, which was likely due to the tendency of some samples to fail
within the grips and the variation in the exact structure of the hydrogel polymer network.
It was expected that the samples with a higher concentration of AA would produce higher
elastic moduli and ultimate tensile stresses, but there were no significant differences in
these parameters between any of the groups with different ratios of PEGDA to AA. This
trend may be explained by fewer crosslinks being formed in hydrogel samples with a
higher concentration of AA. Even though there were was more opportunity for crosslinks
in the hydrogel samples with a higher concentration of AA, a lower percentage of
available crosslinking sites were activated by the UV radiation due to competition
between crosslinking sites. Overall, the elastic moduli found in the hydrogel samples
compare favorably to the elastic modulus of native muscle tissue. The elastic modulus of
rat vastus lateralis muscle has been reported as 51.27 + 28.48 kPa, and the elastic
modulus of pig medial muscle has been reported as 141.12 + 42.34 kPa [14]. These
values overlap with the values that we found for most hydrogel groups with various ratios

of PEGDA to AA and various overall concentrations, respectively (Table 2.2). Thus,
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hydrogel samples made of PEGDA and AA are capable of reproducing the mechanical
environment of native muscle tissue with respect to elastic modulus.

The response of the hydrogel samples to an electric field of 6.67 VV/cm in PBS
was measured as an angular displacement. All actuation tests were performed in PBS
because PBS approximates the ion concentrations in the extracellular fluid of the human
body. The data show that this angular movement is reversible, consistent in both
directions, and repeatable. We investigated the effect of various parameters on the
actuation response including PEGDA molecular weight, thickness of hydrogel samples,
overall polymer concentration, and ratio of PEGDA to AA. It was found that the
molecular weight of PEGDA had little effect on the actuation response. This may be due
to the fact that the relative concentration of ethylene glycol and AA monomers was
roughly the same between groups. In contrast, the thickness of hydrogel samples, overall
polymer concentration, and the ratio of PEGDA to AA were all found to significantly
affect the actuation response. It was found that the relationship between hydrogel sample
thickness and actuation response formed a bell curve. Very thin hydrogel samples had a
low number of polar carboxyl groups, which bring in a low amount of water and ions,
leading to a small actuation response. However, in very thick hydrogel samples, the
stiffness of the sample impeded the actuation response. Thus, with samples that were
roughly 1.4 mm thick, the balance of low stiffness and high number of polar carboxyl
groups produced the optimal actuation response. For both overall polymer concentration
and the ratio of PEGDA to AA, we saw a similar trend in the actuation data. Initially, the
actuation response increased with both increasing AA concentration and increasing

overall polymer concentration. However, the actuation response reached a plateau at a 1:8
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ratio of PEGDA:AA and an overall polymer concentration of 1.8 g/mL. This
phenomenon may be explained by the interplay between concentration of water and ions
in the samples and the stiffness of the samples. As the overall polymer concentration and
AA concentration increase, the number of polar carboxyl groups per unit volume
increases, which initially brings in more water and ions. The mechanism of movement in
these samples is powered by the movement or ions, so a greater concentration of ions
inside the hydrogel should lead to more movement. However, after a certain point, there
are diminishing returns in terms of bringing in more water and ions because a more
densely packed hydrogel sample has less room for water and ions to permeate. In
addition, the increasing stiffness of hydrogel samples with a higher overall concentration
or higher AA concentration eventually impedes movement. Thus, the actuation response
was not improved by adding more AA beyond a ratio of PEGDA to AA of 1:8 or
increasing the overall polymer concentration above 1.8 g/mL.

The degradation of the actuation response over time in hydrogel samples with
various ratios of PEGDA to AA was measured by repeating the actuation tests at 1, 4, 8,
and 12 weeks after initial crosslinking. A reversible actuation response was recorded at
all time-points for all groups. It was expected that there would be a gradual decrease in
the actuation response over time, and that is what was observed from week 4 through
week 12. This decreased angular movement in response to an electric field was likely due
to the gradual degradation of the hydrogel samples, which did not hold as high of a
concentration of water and ions as freshly crosslinked samples. However, an unexpected
increase in the actuation response was observed from 1 week to 4 weeks after

crosslinking. This may be due to increased swelling in the samples over time prior to
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eventual degradation that occurs after 4 weeks. These results suggest that altering the
swelling conditions of the hydrogel samples may improve the actuation response. In any
case, these results show that the hydrogel samples will provide some movement in
response to an electric field for at least 12 weeks after crosslinking in a simulated in vitro
environment.

The contractile stress of a range of hydrogel samples was measured by applying
increasing aluminum weights to the end of the samples as they bent against gravity. The
contractile stress measurements were collected with samples submerged in PBS and
exposed to 20 V. Because the measurements were collected underwater, the buoyancy of
the system was taken into account. Although there was no significant difference between
groups with different overall polymer concentrations, the 1.8 g/mL group produced the
highest contractile stress. When comparing samples with different ratios of PEGDA to
AA, a higher concentration of AA produced greater contractile stress due to the presence
of a greater concentration of polar carboxyl groups. The values of contractile stress
measured in these experiments (297 Pa to 821 Pa) are lower than the contractile stress of
native muscle tissue, which is estimated at around 60 kPa to 380 kPa [15-18]. The
contractile stress of these hydrogel samples may increase with increasing voltage, but
high levels of voltage are detrimental to cell growth. Indeed, 20 V is well above the
threshold for electrolysis to occur, which creates a harsh environment for cells. However,
in some preliminary actuation experiments in which hydrogel samples were exposed to
voltages as low as 1 V (below the threshold for electrolysis), angular movement was still
observed, and this mechanical response may provide a beneficial stimulus for developing

muscle tissue.
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To test the biocompatibility of the developed hydrogel samples, C2C12 mouse
myoblast cells were seeded on hydrogel samples with various ratios of PEGDA to AA.
The cell study was designed to have a period of cell proliferation, where the C2C12 cells
divided until they were confluent on the hydrogel samples, and a period of cell
differentiation, where the cells fused together to form myotubes, or immature muscle
fibers. Metabolic activity, which can be used as an approximation of relative cell number,
was measured at the end of the proliferation phase and at two points in the differentiation
phase — 3 and 7 days after differentiation media was first applied. The metabolic activity
on the 1:4 PEGDA:AA group was just as high as the TCP control at all time-points, but
all other groups were significantly lower than TCP at all time-points. These findings can
be explained by considering the functional groups on the hydrogel samples and their
effect on the acidity of the surrounding media. On the 100% PEGDA samples, the
presence of ether groups did not affect the pH of the media, but they did not provide
adequate sites for cellular attachment. Thus, the cells seemed to form clusters together
rather than spreading out on the samples (Figure 2.11A). On the 1:4 PEGDA:AA
samples, the presence of carboxyl groups provided polar functional groups to facilitate
cell attachment and spreading. However, as the concentration of AA increased, the pH of
the media decreased, which created an increasingly hostile environment for cells. Pre-
soaking the hydrogel samples in media likely improved cell attachment by allowing
proteins in the media to associate to the surface of the samples. However, the C2C12
cells failed to form long, linear myotubes on any of the hydrogel groups, and the
hydrogels in this study did not provide optimal sites for cell attachment. This may be

caused by a lack of guidance cues on the surface of the hydrogel samples to provide
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support for attachment and fusion. In future experiments, linear guidance cues will be
patterned or attached to the surface of the hydrogel samples to improve both cell
attachment and alignment of developed myotubes. These cues may be physical channels
and nanofibers or the use of hydrogel actuation to create strain in the substrate and on the

cells.
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2.5 Conclusion

In this study, we produced biocompatible, actuating hydrogels made of PEGDA
and AA. It was found that the mechanical properties of these hydrogels are in the same
range as skeletal muscle, which may provide a beneficial mechanical environment for
developing cells. The actuation response was reversible and repeatable, and was found to
depend on sample thickness, overall polymer concentration, and ratio of PEGDA to AA.
The actuation response decreased over time, but angular movement occurred in a range of
samples at 12 weeks after initial crosslinking. Although the contractile stress of these
hydrogel samples was below that of native muscle tissue, this system can still be used to
apply mechanical stress to cells in an in vitro environment. Cells attached and
proliferated on hydrogel samples with a range of ratios of PEGDA to AA, but the 1:4
PEGDA:AA group produced the highest metabolic activity and matrix deposition. In the
future, we will produce these hydrogel samples with guidance cues on the surface in the
form of electrospun nanofibers and also investigate the effect of hydrogel movement on
cellular behavior. The combination of fibrous guidance cues to a strain-inducing,
electroactive scaffold should provide beneficial stimulation in the form of electrical,
mechanical, and topographical cues. This system has the potential to produce a scaffold
that reproduces the environment of developing muscle tissue in vitro, which will then

result in a highly mature graft to be used to replace large voids in muscle tissue.
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CHAPTER 3: THE PROCESS OF ELECTROSPINNING CONDUCTIVE
NANOFIBERS IN A HIGHLY ALIGNED ORIENTATION: MORPHOLOGY
AND BIOLOGICAL RESPONSE
Note: At the time of submission of this dissertation, this chapter had been submitted in its
entirety to the journal, ‘Journal of Biomedical Materials Research Part A’, and was under

review.
3.1 Introduction

The fields of tissue engineering and biomaterials have the potential to provide a
scalable solution to the problem of large volume defects in skeletal muscle. Tissue
engineers and biomaterials scientists aim to develop mature skeletal muscle tissue using a
combination of biomaterials, cells, and a variety of stimuli including growth factors,
mechanical stretching, and electrical pulses to promote differentiation of the tissue [1, 2].
The paradigm followed by researchers usually involves isolating some type of muscle
progenitor cell (satellite cells or mesenchymal stem cells), expanding the cells in culture,
allowing them to attach to some biomaterial scaffold, and administering the proper
stimulation (chemical, mechanical, electrical, etc.) to differentiate the cells. Satellite cells
are the closest precursor cells to muscle, and C2C12 mouse myoblasts are a common
satellite cell line used by researchers [3, 4]. Numerous biomaterial scaffolds have been
shown to facilitate the development of C2C12 cells into myotubes, the early stage of
muscle fibers [5-7]. However, previous scaffold research falls short of aiding the
development of highly mature muscle tissue capable of contracting with the same force
as native muscle tissue. Part of addressing this gap involves determining the

characteristics of an ideal scaffold for regenerating skeletal muscle. Researchers have
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posited that the properties of the ideal scaffold include a fibrous architecture, a highly
aligned orientation of those fibers, and a biodegradable and conductive substrate among
others [3-7].

Previous research has focused on the role of conductivity in promoting cell
attachment and differentiation on muscle scaffolds. Chen and coworkers utilized
polyaniline, a conductive polymer, to demonstrate that C2C12 myoblasts will mature to a
greater extent on electrically conductive scaffolds than non-conductive scaffolds even
when guidance cues are constant [6]. Jun and coworkers also used polyaniline to
investigate whether the level of conductivity impacted the differentiation of satellite cells,
but they found that the scaffolds with two different concentrations of polyaniline
produced roughly the same myotube number, length, and area [7]. However, this study
also found that polyaniline increased the Young’s modulus of the scaffolds. Other studies
have used Gold nanoparticles, multi-walled carbon nanotubes, and other conductive
polymers have usually increased conductivity at the expense of increasing mechanical
properties [8-10]. Given that other studies have found that the mechanical properties of a
substrate can have a large impact on the myogenic potential of progenitor cells [11-12], it
is possible that the extent of C2C12 differentiation could be improved by accounting for
the mechanical properties of the scaffold while increasing conductivity.

Our goal is to find a combination of materials that can be fabricated into a
biocompatible, biodegradable, fibrous, conductive scaffold which has mechanical
properties similar to native muscle tissue. We have previously determined that
electrospun scaffolds made of polycaprolactone (PCL) have similar mechanical

properties to rat muscle tissue [9]. In addition, PCL has been used extensively in tissue
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engineering research as a biocompatible and biodegradable polymer [9, 13-15]. Since
PCL is not conductive, we sought to increase the conductivity of the resulting scaffolds
through the use of a conductive polymer. Polypyrrole (PPy) is a biocompatible,
biodegradable, conductive polymer that has been used as a biomaterial for nerve tissue
electrodes [16]. In addition, PPy has previously been polymerized with PCL to form a
copolymer [17]. Thus, in an attempt to arrive at a suitable material to increase
conductivity without significantly increasing mechanical properties, we have synthesized
a copolymer of PPy and PCL (PPy-PCL) to use in the fabrication of fibrous scaffolds for
skeletal muscle regeneration via electrospinning.

Electrospinning has been utilized extensively for fabricating scaffolds for tissue
engineering. The basic set-up for electrospinning is shown below in figure 3.1. First, the
polymer solution inside of a syringe with a metal needle is placed within a syringe-pump
aimed at a collection plate or spinning mandrel [18]. While the syringe-pump expels the
solution, a voltage potential between the metal needle and the collection device drives the
solution through the air in a spinning pattern, which draws the solution into a thin fiber.
After collection, the solvent evaporates and leaves a fibrous scaffold of polymer. A

spinning mandrel may be used to collect fibers in a highly aligned orientation [18].
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Figure 3.1: Electrospinning diagram. Basic diagram of the electrospinning process for
producing aligned scaffolds on a spinning mandrel.
The objective of this paper is to fabricate and characterize an electrospun PPy-

PCL scaffold and evaluate its potential as a scaffold for skeletal muscle regeneration.
After synthesizing a PPy-PCL copolymer, solutions with three different blends of PCL
and PPy-PCL copolymer (at different concentrations) plus a control solution of pure PCL
are electrospun into fibrous scaffolds with an aligned and random orientation. These
scaffolds are evaluated for their conductivity, mechanical properties, and morphology on
the nano-scale. Further, we evaluate the ability of the scaffolds to promote the
attachment, proliferation, and differentiation of C2C12 myoblasts. Through these
experiments, we seek to provide insight on the optimal properties of a scaffold for

skeletal muscle regeneration.
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3.2 Materials and Methods
3.2.1 Synthesis of Polypyrrole-Polycaprolactone (PPy-PCL) Copolymer

A copolymer of polycaprolactone (PCL) and polypyrrole (PPy) was synthesized
in a similar manner to Nguyen and coworkers [17]. All chemicals were purchased from
Sigma-Aldrich (St. Louis, MO) and used as received. PCL diols (27.8 g) having an
average molecular weight of 2000 Daltons were purged with nitrogen for 10 minutes then
dissolved in 100 mL of anhydrous tetrahydrofuran (THF). The solution was cooled with
an isopropanol/liquid nitrogen bath, and then butyl lithium (2.5 M, 10 mL) was added
drop-wise. After addition of the butyl lithium, the bath was removed, and the reaction
mixture was stirred for 20 minutes. A solution of 2-(trichloroacetyl)pyrrole (5.9 g) in 30
mL of anhydrous THF was mixed in a separate container. After allowing the lithiated-
Capa (PCL diols in THF treated with butyl lithium) to cool within the isopropanol/liquid
nitrogen bath, the 2-(trichloroacetyl)pyrrole solution was added drop-wise to the reaction
flask. The bath was removed after all of the solution was added, and the reaction mixture
was stirred for 1 hour at room temperature. The reaction was then quenched with cold 1M
HCI solution to lower the pH to 7. Under vacuum, the THF was removed and the organic
residue was extracted with dichloromethane with two washings. The combined extracts
were washed with 5% NaHCOj three times, then with deionized water two times to
achieve a pH of 7. The organic layer was dried over anhydrous MgSO, and the solvent
was removed under vacuum. The intermediate product (Polycaprolactone2000diPyrrole)
was verified with 'H NMR analysis.

Iron (111) p-toluenesulfonate (Fe[PTS]s, 23.67 g) and acetonitrile (300 mL) were

mixed in a 1 L round bottom flask by an overhead stirrer for 5 minutes. Pyrrole (1.2 g)
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and Polycaprolactone2000diPryrrole (2.4 g) in acetonitrile (300 mL) were added to the
reaction flask. The copolymerization mixture was stirred for 2 days. During this time, the
conducting copolymer aggregated and flocculated to form a black particulate suspension.
The reaction mixture was centrifuged at 5000 RPM for 25 minutes to isolate the product.
The supernatant was removed and the precipitate, a black gel, was washed with ethanol
and centrifuged an additional three times. The final product, polypyrrole-co-
polycaprolactone (PPy-PCL), was dried and verified with *H NMR analysis.
3.2.2 Solution Preparation and Electrospinning

Solutions were prepared by sonicating the PPy-PCL copolymer component in
solvent before adding the appropriate amount of pure PCL (MW 70,000 — 90,000
Daltons) to achieve the proper viscosity for electrospinning. For all solutions, the solvent
was a 1:1 (volume:volume) mixture of dichloromethane (DCM) and dimethylformamide
(DMF). . The PPy-PCL component was sonicated in the DCM/DMF solution using a
Branson Digital Sonifier 450 (Danburg, CT, USA) prior to adding the PCL component.
Solutions were sonicated for a total of 6:00 minutes at 20% amplitude using pulses that
lasted 2 seconds with 3 seconds between pulses. The PCL component was added
immediately after sonicating, and the final solution was rotated for at least 12 hours to
mix homogenously. The total concentration of polymer in the solution was 20%
(weight/volume), and the relative ratio of PCL and PPy-PCL was adjusted to obtain
scaffolds with different relative concentrations.

The solution was electrospun in a similar method to McKeon-Fisher and
coworkers [8-9]. A diagram of the electrospinning set-up can be seen in Figure 3.2. A

fibrous scaffold was formed at an extrusion rate of 0.50 mL/hour or 0.25 mL/hour and a
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distance of 12 cm between the needle and the collection device. A negative voltage of -10
kV and a positive voltage in the range of 10-25 kV was used to obtain a stable stream of
solution. The aligned scaffolds were collected on a spinning mandrel with a 9 cm
diameter rotating at 3,000 RPM (x 100 RPM), as seen in Figure 3.2A. The random
scaffolds were collected on a flat plate, as seen in Figure 3.2B. The abbreviations for all

of the groups used in this paper along with the electrospinning parameters can be found

in Table 3.1.
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Figure 3.2: Influence of collection method on electrospinning. Schematic of the two
set-ups for electrospinning. A) A spinning mandrel (3,000 RPM) is used to collect fibers
in an aligned orientation. B) When fibers are collected on a flat plate, a random

orientation results.
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- Ratio PPy-PCL . o Collection Flow Rate

Group Name copolvmer (%) Ratio PCL (%) Method (mL/hour)
PCL-R 0% 100% Flat Plate 0.5 mL /hour
PCL-A 0% 100% sp:;mm% ;;afg | 0.5 mLhour
10% PPy-PCL -R 10% 90% Flat Plate 0.5 mL /hour
10% PPy-PCL - A 10% 90% Spg“nm% ;;afg | 0.5 mLhour
20% PPy-PCL -R 20% 80% Flat Plate 0.5 mL /hour
20% PPy-PCL -A 20% 80% Spgmm% ;;afg 1 0.5 mLihour
40% PPy-PCL -R 40% 60% Flat Plate 0.25 mL/hour
40% PPy-PCL - A 40% 60% Spgmm% ;;afg 1 0.25 mLhour

Table 3.1: Copolymer scaffold sample identification. The different scaffold groups
fabricated for this study with the relevant electrospinning parameters. The two main fiber
orientations are random (R) and aligned (A).

3.2.3 Scanning Electron Microscopy (SEM) and Morphological Characterization

All fibrous scaffolds were examined under a Scanning Electron Microscope
(SEM) [Zeiss Sigma Field Emission SEM with Oxford INCA PentaFETx3 EDS system
(Model 8100)] and evaluated for their fiber morphology using ImageJ software [version
1.46r/Java 1.6.0_25 (32-bit)]. Fiber orientation was quantified by measuring the angle
formed by the fibers from each scaffold group relative to the vertical axis of each image
(n = 105). The fiber angles were normalized to an average value of O degrees for each
scaffold group and plotted in histograms. Fiber diameter was quantified by measuring the
width of the fibers perpendicular to the long axis of each fiber and comparing to the scale
bar for each image (n = 25).

3.2.4 Conductivity Measurements
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Each of the aligned scaffold groups was cut into 1 cm x 1 cm squares to test their
conductivity under a DC voltage of 20 V (n = 4). The voltage was applied and the current
output was measured with an E3646A dual output DC power supply (Agilent
Technologies, Santa Clara, CA). The conductivity of each sample was determined with
the equation, C = L/[(V/I) x A], where C is the conductance of the scaffold, L is the
length of the scaffold, V is the voltage, | is the current, and A is the cross-sectional area
of the scaffold (width x thickness).

3.2.5 Mechanical Testing

Scaffold samples were cut into 1 cm x 4 cm strips for mechanical testing in
tension (n = 4). Samples were secured in the soft tissue grips of an Instron 5869
mechanical testing machine. The gauge length was 2.0 cm, and the samples were pulled
in tension at a rate of 2.0 mm/min (10% strain/minute) until failure. A stress versus strain
graph was used to calculate the elastic modulus and ultimate tensile stress for each
sample.

3.2.6 Cell Studies with C2C12 Myoblasts, Measuring Metabolic Activity, and
Fluorescence Imaging

Scaffold samples were cropped to the size of a 24-well plate (ultra low
attachment) and sterilized by soaking in ethanol for 30 minutes and administering UV
radiation for 30 minutes on both sides (n = 8). The samples were washed with sterile
phosphate buffered saline (PBS) before soaking in DMEM media with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (P/S) for 12 hours. The scaffold samples
were seeded with C2C12 mouse myoblasts at a density of 25,000 cells/cm? (purchased

from ATCC). Tissue culture plastic (TCP), i.e. blank wells, served as a positive control.
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During the proliferation phase (day 0 to day 3), all samples were fed with DMEM media
with 10% FBS and 1% P/S every other day. During the differentiation phase (day 4 to
day 10), all samples were fed with DMEM media with 1% FBS and 1% P/S once per day.

The metabolic activity of the cells on the scaffold samples was measured using a
PrestoBlue® cell viability assay on day 1, day 3, and day 7 after applying the
differentiation media using the instructions provided by the manufacturer (n = 8). Briefly,
the media from the wells was aspirated, and PrestoBlue® cell viability reagent diluted to
a ratio of 1:10 with differentiation media was applied for a 1 hour incubation period. The
reagent-media mixture was removed at the end of the incubation period, and the
absorbance was analyzed by a plate reader at a wavelength of 570 nm. After subtracting a
blank control, the absorbance value produced by this assay is directly proportional to the
metabolic activity of the cells on each sample.

On day 10, the cells on the scaffold samples were fixed with a 4%
paraformaldehyde solution to prepare for staining (n = 4). Cells were stained with
NucBlue® fixed cell ReadyProbes® reagent (Thermo Fisher Scientific) for DNA (Blue)
and Fluorescein Phalloidin (Thermo Fisher Scientific) for F-actin (Green).

3.2.7 Morphological Analysis of Fluorescent Images

A representative sample of five images for each group was used to quantify the
morphology of the cells on the scaffold groups. ImageJ software [version 1.46r/Java
1.6.0_25 (32-bit)] was used to quantify the total number of nuclei, the total number of
myotubes, and the number of nuclei inside of myotubes for each image. Myotubes were
defined as clearly distinguishable, linear structures which contained two or more nuclei.

These parameters were used to calculate the fusion index (nuclei inside of myotubes/total
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number of nuclei) and the average number of nuclei per myotubes (nuclei inside of
myotubes/total number of myotubes).
3.2.8 Quantitative Polymerase Chain Reaction (qPCR)

Expression of myogenic markers was evaluated using quantitative polymerase
chain reaction (QPCR) on day 10 (n = 4). Total RNA was isolated and filtered by spin
protocol using a RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s protocol. The RNA concentrations were quantified using a ND100
spectrophotometer (Thermo Fisher Scientific, Cambridge, MA, USA). The total RNA
was normalized across all groups before being reverse transcribed to obtain the cDNA
library using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems,
Foster City, CA, USA) according to the manufacturer’s protocol. The cDNA was
subjected to gPCR using a SYBR Green PCR Master Mix (Applied Biosystems, Foster
City, CA, USA) on a Real-time PikoReal™ PCR Detection System (Thermo Fisher, St
Louis, MO, USA). All primers used in this paper are listed in Table 3.2. The relative gene
expression was determined using the AACT method and normalized to glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) as the endogenous control (housekeeping gene).
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Primer Ab::;:::ion Forward Sequence| Reverse Sequence | PrimerBank ID
gﬁg;{j‘;ﬁ;‘jﬁ AGG TCG GTG | GGG GTCGTT
GAPDH TGAACG GAT GAT GGC AAC 126012538c1
phosphate TTG A
dehydrogenase
Mﬂm CGG GACATA | TCGAAA CAC
. . MyoD GAC TTGACA GGG TCATCA 170172578cl
Differentiation 1 e GGC TAG A““‘“‘WWW
(MyoD1)
Mus Musculus | GAG ACA TCC GCT CAG TCC
Myogenin Myogenin | CCCTATTTC | GCTCATAGC | 13654247al
\\\\\\\\\\\\\\ TAC CA c
Mus Musculus TGTCAATGC | GCATATCCT
Myosin, Heavy Chain MHC TGCTTTACC GAA AGG CAC | 261245015¢c1
15 (Myh15) TCAA GAT

Table 3.2: List of primer sequences. All primer sequences were taken from the Harvard

3.2.9 Statistical Analysis

PrimerBank.

The fiber orientation data are expressed in histograms, and all other data are

expressed as averages with the error bars corresponding to the standard deviation.

Significance between groups was evaluated using a one-way ANOVA with a Tukey’s

post-hoc test. Significance was set at a = 0.05 (denoted by * unless otherwise noted).
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3.3 Results
3.3.1 Solution Preparation and Electrospinning

The electrospinning procedure was successful for all groups, but different
parameters were required for each group. In general, a higher voltage difference between
the metal needle and the collection device was needed for solutions with a higher
concentration of PPy-PCL copolymer. In addition, for solutions with a higher
concentration of PPy-PCL, the Taylor cone and stream of polymer were less stable and
required more fine tuning to keep the process going. The pure PCL solutions produced
the most stable electrospinning processes, and resulted in a white scaffold. The scaffolds
got darker in color with increasing concentration of PPy-PCL. The 40% PPy-PCL
solutions made the electrospinning process difficult to stabilize, so a change to a slower
flow rate (0.25 mL/hour) was implemented. All scaffolds were removed from the
collection devices without much labor; although, the scaffolds with PPy-PCL seemed to
stick to the collection device to a greater extent.
3.3.2 Scanning Electron Microscopy (SEM) and Morphological Characterization

Representative SEM images of the eight scaffold groups are shown in Figure 3.3.
Beading, or the tendency of the polymer stream to pool instead of depositing in a clear
fiber, was more common on the random scaffolds than the aligned scaffolds. In addition,
beading increased in frequency with an increase in the concentration of PPy-PCL. There
is a clear distinction in the orientation of the fibers between the scaffolds collected on the
spinning mandrel (aligned) and the scaffolds collected on the flat plate (random). A
quantification of the fiber orientation is shown in the histograms of fiber angle shown in

Figure 3.4. The aligned scaffolds had 62.9% of their fibers within 20 degrees of the mean
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direction on average, and the random scaffolds had only 32.6% of their fibers within 20
degrees of the mean direction on average (a statistically significant difference). The fiber
diameter data for all groups are shown in Figure 3.5. The 40% PPy-PCL — A group
produced a significantly higher average fiber diameter than the groups. However, the
average fiber diameter for all groups fell between 0.5 um and 2.5 um.

PCL 10% PPy-PCL 20% PPy-PCL 40% PPy-PCL
= ¥ = 3 3 oot ] X

Random

Aligned

Figure 3.3: Scaffold SEM images. Representative SEM images of the different

scaffolds. The scale bar in each image represents a length of 50 um.

PCL 10% PPy-PCL 20% PPy-PCL 40% PPy-PCL
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Figure 3.4: Histograms of fiber orientation. Histograms of the distribution of fiber

angles for the different scaffolds (n = 105).



68

Fiber Diameter

e
| %

L
1

b3
1

Diameter (Micrometers)

[a—y
|

,.»-”f,
.

Figure 3.5: Copolymer scaffold fiber diameter. Fiber diameters of the different
scaffolds (n = 25; * denotes statistical significance with p < 0.05).
3.3.3 Conductivity Measurements and Mechanical Testing
The conductivity data and the values for elastic modulus and ultimate tensile

stress calculated from the mechanical testing experiments are shown in Table 3.3. The
only scaffolds with a measureable conductivity were the 40% PPy-PCL scaffolds, which
produced a conductivity of 1.1 mS/cm. All other scaffold groups did not post a
measurable conductivity when tested. The highest elastic modulus was obtained with the
PCL — A group, but there was no significant difference between any of the groups for
elastic modulus. The PCL — A group produced a significantly higher ultimate tensile

stress than the other groups, but there was no difference in ultimate tensile stress between



any of the groups with PPy-PCL. Only the aligned scaffolds were tested for their

conductivity and mechanical properties.
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Group Name Elastic Modulus Ultimate Tensile Conductivity
(kPa) Stress (kPa) (mS/cm)
PCL-A 10422 = 2364 3367 £1131° 0.0=0.0
10% PPy-PCL-A 1433 £ 1502 1788 = 159 0.0 = 0.0
200 PPy-PCL-A 8500 £ 1304 1809 = 465 0.0=0.0
40% PPy-PCL-A 8685 £ 1397 1574 = 370 11+02*

Table 3.3: Copolymer scaffold mechanical properties and conductivity. The elastic
modulus, ultimate tensile stress, and conductivity of the different scaffolds (n = 4; *
denotes statistical significance with p < 0.05).

3.3.4 Cell Studies with C2C12 Myoblasts, Measuring Metabolic Activity, and
Fluorescence Imaging

The metabolic activity data for three time-points are shown in Figure 3.6. Cells on
the PCL-R and PCL-A groups produced significantly lower metabolic activity than all
scaffold groups containing PPy-PCL and the positive control (TCP) at all time-points. On
day 1, four other groups (10% PPy-PCL — A, 20% PPy-PCL — R, 20% PPy-PCL — A,
40% PPy-PCL — A) produced significantly lower metabolic activity than the control. By
day 3, only one group with PPy-PCL (20% PPy-PCL — A) produced metabolic activity
lower than the control, and none of the groups with PPy-PCL were below the control on
day 7. The metabolic activity on the 40% PPy-PCL — R group was significantly higher
than the control on day 7. Overall, metabolic activity gradually increased in the cells on
scaffolds with PPy-PCL, and metabolic activity gradually decreased in cells on the pure

PCL scaffolds.
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Figure 3.6: Metabolic activity on copolymer scaffolds. Metabolic activity of C2C12

cells seeded on the different scaffolds as measured by a PrestoBlue® cell viability assay

on days 1, 3, and 7 of the differentiation protocol (n = 8; * denotes significantly different

from all other groups at that time-point with p < 0.05; # denotes significantly different

from the TCP control group at that time-point with p < 0.05).

Representative fluorescence images of the cells on the scaffolds are shown in

Figure 3.7 for day 10 in culture. In general, there was less matrix deposition and cell

adherence on the PCL scaffolds than on the scaffolds with any concentration of PPy-

PCL. Although some myotubes formed on the random scaffolds, there were more

myotubes on the corresponding aligned scaffolds, and the myotubes were much closer to

parallel on the aligned scaffolds than the random scaffolds. In addition, the fluorescence
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images of the aligned scaffolds were clearer and in better focus than the images of the

random scaffolds.

10% PPy-PCL 20% PPy-PCL  40% PPy-PCL

Random

Aligned

Figure 3.7: Actin and DNA staining on copolymer scaffolds. Representative
fluorescence images taken to illustrate cell morphology on day 10. Actin is stained in
green with Fluorescein Phalloidin, and DNA is stained in blue with NucBlue® fixed cell
ReadyProbes® reagent.

3.3.5 Morphological Analysis of Fluorescent Images

The results of the morphological analysis are shown in the four parts of Figure
3.8. All scaffolds with randomly aligned fibers produced significantly lower numbers of
nuclei and myotubes than the TCP control and all aligned groups with PPy-PCL (Figure
3.8A and 3.8B). There were no significant differences between any of the aligned groups
for the number of nuclei or myotubes. The data for fusion index are shown in Figure
3.8C. The fusion index of the TCP control was significantly higher than all other groups.
Generally, the aligned scaffold facilitated a greater fusion index than the corresponding

random scaffold. All of the randomly aligned scaffolds also had a significantly lower
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fusion index than the 10% PPy-PCL — A, 20% PPy-PCL — A, and 40% PPy-PCL — A
groups. The 10% PPy-PCL — A and 40% PPy-PCL — A groups produced a significantly
higher fusion index than the PCL — A and 20% PPy-PCL — A groups. The number of
nuclei per myotube was higher in the aligned scaffolds than the corresponding random
scaffolds except for the pure PCL groups where there was no significant difference
(Figure 3.8D). As with the fusion index, the 10% PPy-PCL — A and 40% PPy-PCL — A
groups had the highest average number of nuclei per myotube, and both of these groups

were comparable to the positive control.
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Figure 3.8: Myotube morphological analysis. Morphological analysis of the
fluorescence images with the A) number of nuclei, B) number of myotubes, C) fusion

index, and D) number of nuclei per myotube (n = 5; * denotes significantly different from
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the TCP control, 10% PPy-PCL — A, 20% PPy-PCL — A, and 40% PPy-PCL — A groups
with p < 0.05; # denotes significantly different from the TCP control, 10% PPy-PCL — A,
and 40% PPy-PCL — A groups with p < 0.05).
3.3.6 Quantitative Polymerase Chain Reaction (qPCR)
The relative gene expression data for MyoD, MHC, and Myogenin on day 10 are

shown in Figure 3.9. For the expression of MyoD, shown in Figure 3.9A, there was a
small trend of the random scaffolds producing higher levels of MyoD expression than the
corresponding aligned scaffolds. The highest MyoD expression was found in the PCL — R
group, which was significantly higher than three other groups (20% PPy-PCL — A, 40%
PPy-PCL — R, and 40% PPy-PCL — A). The relative Myogenin expression is shown in
Figure 3.9B. The 20% PPy-PCL-A and 40% PPy-PCL-A groups produced significantly
lower Myogenin expression than the control. Otherwise, Myogenin expression was fairly
consistent between groups. The expression of Myosin Heavy Chain (MHC) was also
fairly consistent across all groups (Figure 3.9C). The highest expression of MHC was
found in the 10% PPy-PCL — A group, and the lowest MHC expression was found in the

PCL — R group, but these differences were not significant.
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Figure 3.9: gPCR of C2C12 cells on copolymer scaffolds. Relative gene expression
normalized to GAPDH expression on the TCP control for A) MyoD, B) Myogenin, and
C) MHC on day 7 after differentiation (n = 4; * denotes significantly different from the

TCP control group with p < 0.05, and brackets are used to specify differences between

groups).
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3.4 Discussion

There is still debate on what scaffold properties are optimal to aid in regenerating
skeletal muscle tissue. This study has investigated the use of a conductive copolymer to
enhance scaffold conductivity without significantly increasing mechanical properties.
Several versions of the resulting scaffolds were characterized and evaluated for their
ability to promote myoblast attachment and differentiation using C2C12 myoblasts as a
model of muscle progenitor cells. In the process, this paper also provides information on
how to incorporate more complex materials, such as copolymers and composites, into
scaffolds using existing fabrication techniques like electrospinning.

When fabricating the scaffolds, sonication was used to disperse the PPy-PCL
copolymer homogenously within solution prior to electrospinning. We utilized this
approach since we were unable to find a solvent that dissolves both the PPy-PCL
copolymer and PCL. Sonication only disperses particles for a limited period of time, but
it was long enough to successfully incorporate the PPy-PCL copolymer into an
electrospun scaffold. However, the electrospinning process itself was somewhat
complicated by the addition of PPy-PCL. In general, a greater voltage difference between
the metal needle and the collection device was needed for greater concentrations of PPy-
PCL, and it was difficult to obtain a stable flow of solution for the 40% PPy-PCL groups.
We previously had difficulty with electrospinning another conductive polymer, poly(3,4-
ethylenedioxythiophene) (PEDOT), that was dispersed using sonication and combined
with PCL [19]. While sonication allows particles to be dispersed in solution for
electrospinning, we have found that there is a limit to the concentration of particles that

will stay dispersed without affecting the electrospinning procedure. We were unable to
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perform the electrospinning procedure with solutions with a concentration of greater than
40% copolymer. Other studies dispersing conductive elements in solution have also
found difficulty with electrospinning at higher concentrations [9, 20-21]. Part of this
difficulty may be a result of partially charged areas on the PPy-PCL molecules (or
conductive particles in general) interacting strongly with the applied voltage and
disrupting the electrospinning process. We suspect that using conductive copolymers
which are fully soluble in a solvent that is compatible with electrospinning may avoid
these issues by avoiding sonication as a dispersal method.

The SEM images and subsequent morphological characterization show that
collecting fibers on a spinning mandrel had a large impact on the final orientation of the
fibers as compared to the flat plate. There was no discernable pattern to how the
concentration of PPy-PCL copolymer affected the orientation of the fibers. However,
there seemed to be a greater incidence of beading, or the tendency for the collecting
solution to pool instead of forming a fiber, with a higher concentration of PPy-PCL. It is
possible that the higher conductivity of the solutions with a higher concentration of PPy-
PCL makes the stream more sensitive to the electric field. In this case, the solution leaves
the electrospinning needle faster and travels to the collection device faster, not allowing it
to dry as quickly as the less conductive solutions. This phenomenon was especially
evident with the scaffolds that were collected on a flat plate. It is possible that the
spinning mandrel facilitated fiber formation by allowing solvent to evaporate more
quickly than the fibers collected on the flat plate, reducing the frequency of beading in
scaffolds collected on a spinning mandrel. The average fiber diameter for all groups fell

between 0.5 um and 2.5 um, and there were some notable trends. First, the fibers formed
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from solutions with PPy-PCL had a greater standard deviation in fiber diameter than the
fibers formed from solutions with pure PCL. Second, the 40% PPy-PCL-A scaffolds had
fibers that were larger than the other groups. Both of these trends can be attributed to
greater variability in the electrospinning process caused by the addition of PPy-PCL,
which may have caused the solution stream to travel faster during the electrospinning
process. Previous studies that electrospun conductive particles have obtained similar fiber
diameters [19, 22-23]. As we have found in our previous work, the addition of conductive
particles may destabilize the electrospinning process [19], but it did not prevent a fibrous
scaffold from being formed

A measureable conductivity was recorded for only the 40% PPy-PCL scaffolds.
Part of the reason that the 10% PPy-PCL and 20% PPy-PCL groups did not register any
conductivity can be attributed to the limitations of our machine. Our voltage supply can
give a maximum Voltage of 20 V and can only measure a resulting current down to 1
mA. Therefore, it is possible that these scaffolds were weakly conductive, but it fell
outside of the range of our machine. Based on a conservative calculation, the machine
can only measure conductivities as low as 0.5 mS/cm for scaffolds with similar
dimensions as those used in this study. It is also possible that the concentrations of PPy-
PCL in the 10% PPy-PCL and 20% PPy-PCL scaffolds were below the percolation
threshold needed to exhibit any measurable conductivity. The conductivity measured
from the 40% PPy-PCL scaffolds in this study (1.1 £ 0.2 mS/cm) was significantly lower
than the conductivity values from scaffolds in some comparable studies. Our previous
studies with PEDOT/PCL fibers produced average conductivities in the range of 20-67

mS/cm [19]. In studies utilizing polyaniline as a conductive element, Chen and coworkers
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reported average conductivities in the range of 16.2-63.6 mS/cm [6], and Jun and
coworkers reported average conductivities in the range of 160-296 mS/cm [7]. The lower
conductivity reported in this study as compared to other studies is likely explained by the
fact that the copolymer itself was mostly PCL and that the copolymer was further diluted
with pure PCL in order to provide the proper viscosity for electrospinning. On the other
hand, some other studies have reported conductivity values in the same range or lower
than the measured value for the 40% PPy-PCL scaffold. Sirivisoot and coworkers
reported average conductivities in the range of 0.09-1.53 mS/cm for polyurethane
scaffolds with single-walled or multi-walled carbon nanotubes [5]. Jeong and coworkers
reported conductivites of 1.5 mS/cm up to 13.8 mS/cm for poly(L-lactide-co-¢-
caprolactone) scaffolds combined with polyaniline [24]. All of these studies provide
useful points of comparison for the impact of a specific value of conductivity on the
resulting cell response.

Previous studies have found that substrate mechanical properties can have a large
impact on the myogenic potential of muscle progenitor cells [11-12]. Further, myoblasts
may require a scaffold stiffness typical of normal muscle in order to differentiate
optimally into striated muscle tissue [11]. Reports of the passive Young’s modulus of
muscle tissue vary and include 51.27 + 28.48 kPa for rat vastus lateralis muscle [9],
151.83 + 50.30 kPa for pig medial muscle [9], 5-15 kPa for various types of muscle [25],
and around 11,200 kPa for activated skeletal muscle [26]. The average Young’s modulus
in this study ranged from 7,433 to 10,422 kPa, which puts these scaffolds near the upper
range for skeletal muscle Young’s modulus. Perhaps more importantly, the addition of

the conductive particles, PPy-PCL copolymer molecules, did not increase the modulus of
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the scaffolds in this study. Other studies which design conductive fibrous scaffolds
achieve a high conductivity at the expense of significantly increasing scaffold stiffness
[5-9, 27]. Furthermore, the PPy-PCL copolymer used in this study can be incorporated
into different versions of PCL with various molecular weights, allowing the scaffold
stiffness to be tuned to the appropriate level for various types of muscle.

The scaffolds were tested for their biocompatibility and ability to promote
myoblast differentiation using a protocol in which C2C12 myoblasts are seeded on the
scaffolds, fed with proliferation media for the first few days, and then fed with
differentiation media for the remainder of the study. The C2C12 cells attached and
differentiated to some degree on all scaffolds. The PrestoBlue® viability assay, which is
an indirect measure of cell attachment, shows that cells attached and proliferated more on
scaffolds with PPy-PCL than the pure PCL scaffolds even from an early time point.
However, the metabolic activity was generally not significantly different between random
versus aligned scaffolds, and the scaffolds with three different concentrations of PPy-
PCL did not significantly differ in metabolic activity. Thus, it seems that the orientation
of the fibers does not affect how cells attach and proliferate nearly as much as the
composition of the fibers, and there may be a critical concentration of PPy-PCL, around
10% or lower, that causes a significant increase in cell attachment over PCL alone. The
differences between aligned and random scaffolds are brought to light when considering
the morphological analysis of the fluorescent images. There were significant differences
in number of myotubes, fusion index, and number of nuclei per myotube between the
random and aligned scaffolds, and these findings are corroborated by previous research

[6]. The morphological analysis also provides evidence for the superiority of PPy-PCL
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scaffolds over scaffolds with PCL alone. While the number of myotubes was roughly the
same between the aligned scaffolds made of PCL and those made of PPy-PCL, the fusion
index and average number of nuclei per myotube were generally greater on aligned
scaffolds with PPy-PCL than scaffolds with only PCL. Fusion index and number of
nuclei per myotube are indicators of myoblast differentiation, so the presence of PPy-
PCL seems to cause more myoblast differentiation, but the effect does not seem to be
concentration dependent. Fusion index and average number of nuclei per myotube were
roughly equal in the 10% PPy-PCL — A group and the 40% PPy-PCL — A group. The
20% PPy-PCL — A group was lower for both of these parameters while remaining higher
than all random groups. Previous studies seem split on the ideal concentration of
conductive particles (conductivity) for myoblast differentiation. Some studies show a
proportional response between conductivity and myoblast differentiation parameters [5,
24], but other studies show no difference in myoblast differentiation between scaffolds of
different conductivities as long as some conductive elements are present [7, 19, 23, 28].
This study provides more evidence for the latter group, and we suspect that chemical
moieties which promote initial cell attachment may be the more important factor than
scaffold conductivity when explaining differences in myoblast differentiation. Although,
there are some theories which may explain how the conductive particles are promoting
superior initial cell attachment. It is possible that a slight positive charge on the surface of
conductive scaffolds attracts the negatively charged myoblast membrane, which results in
a higher rate of cell attachment [29]. Also, the electrostatic charges on the scaffold

surface may alter protein adsorption and improve cell attachment in the process [30].
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Overall, the gPCR data did not show large differences in gene expression between
the different groups. The relative expression of MyoD was higher in the PCL — R group
than in three other groups, but there were no other significant differences in MyoD
expression. The expression of MyoD is increased at the onset of myogenesis and the
commitment of satellite cells to fuse into myofibers, so the higher expression of MyoD in
the PCL — R group at a later time-point may indicate that cells are still trying to begin the
fusion process. Jun and coworkers observed no differences in MyoD expression between
cells on conductive and non-conductive scaffolds [7]. The largest difference in relative
gene expression was seen for Myogenin, which is a marker of cell fusion. Expression of
Myogenin was significantly lower on the 40% PPy-PCL-A and 20% PPy-PCL-A
scaffolds than the TCP control. Myogenin expression may have been lower on these
scaffolds due to the timing of the collection of MRNA for qPCR. By day 10 of the cell
study, which was 7 days after differentiation media was first applied, the cells had plenty
of opportunity to differentiate into myotubes. The myoblasts on the aligned scaffolds
likely differentiated and fused into myotubes more quickly than the myoblasts on random
scaffolds. The expression of Myogenin is highest when cells are actively fusing, and
expression drops off after cell fusion is complete. Because the data were collected on day
10, the expression of Myogenin was much lower on the aligned scaffolds since those
cells had already differentiated and fused whereas the cells on random scaffolds may
have still been attempting to fuse. The lack of significant differences between groups for
MHC may also be explained by the time-point that was used. The cells were no longer
actively differentiating by this time, so relative expression levels of key genes were not in

a state of flux. In contrast to these findings, Jun and coworkers found significantly higher
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expression of Myogenin and MHC on conductive scaffolds compared with non-
conductive scaffolds at 8 days in culture [7]. Our results seem to suggest that the media
serum concentration had a larger effect on the expression of key myogenic genes than the

scaffold, whereas the scaffold had a larger effect on the resulting cell morphology.
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3.5 Conclusion

In this study, fibrous scaffolds made of a conductive copolymer, PPy-PCL, were
fabricated via electrospinning, characterized, and evaluated for their ability to promote
skeletal muscle regeneration. The addition of PPy-PCL to scaffolds with a base of pure
PCL led to an increase in scaffold conductivity without increasing scaffold stiffness. It
was found that the presence of aligned guidance cues and PPy-PCL were key factors in
improving the attachment and differentiation of C2C12 myoblasts. However, there were
not many significant differences in cell attachment or differentiation between scaffolds
with three different levels of conductivity (resulting from three different concentrations
of PPy-PCL). This study confirms previous research on scaffolds for skeletal muscle
tissue engineering, but the results suggest that conductivity may not be a key factor in
promoting myoblast differentiation. Instead, it seems that chemical moieties which
promote cell attachment may explain the differences in myoblast growth and
differentiation between conductive and non-conductive scaffolds. Future studies will
further investigate the relationships between material choice, conductivity, mechanical
properties, and myoblast attachment and differentiation in an effort to discover the

optimal properties for regenerating skeletal muscle.
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CHAPTER 4: CHARACTERIZING THE IN VITRO RESPONSE AND
EVALUATING THE EFFECT ON MYOBLAST DIFFERENTIATION OF
COMBINED ELECTRICAL AND MECHANICAL STIMULATION PROVIDED
WITH A CONTRACTILE, COMPOSITE SCAFFOLD

4.1 Introduction

The previous aims of this project have developed and optimized the two main
components of a composite scaffold for regenerating skeletal muscle tissue while
applying simultaneous electrical and mechanical stimulation. In the first aim, an ionic
electroactive polymer was synthesized from poly(ethylene glycol) diacrylate and acrylic
acid. This hydrogel actuator exhibited reversible and repeatable movement in an electric
field and supported some myoblast cell growth. In the second aim, a conductive, fibrous
scaffold was fabricated by electrospinning a mixture of polypyrrole-polycaprolactone
copolymer and polycaprolactone. This fibrous scaffold provided a biocompatible
environment for developing myoblasts, and the aligned guidance cues facilitated the
development of myotubes, or immature muscle fibers. In this aim, the separate
components previously developed are combined into a single composite scaffold. The
hydrogel actuator component will expose cells to a cyclic stretch and elongation when
electrical stimulation is applied. The fibrous scaffold will provide a highly biocompatible
environment which will guide the formation of aligned muscle fibers. A schematic of the

possible designs for this composite scaffold is provided in Figure 4.1.



Conductive Electroactive Deposited
Fibers (Seeded I Hydrogel I Pt Particles
with Cells)

Figure 4.1: Composite scaffold diagram. The two possible designs of the contractile,
composite scaffold. A) The conductive fibers function as the electrodes. B) Deposited
Platinum (Pt) nanoparticles function as the electrodes.

There has been plenty of research into applying electrical stimulation to
developing muscle cells and muscle tissue. Researchers have utilized electrical
stimulation to model exercise or induce differentiation in culture [1-4]. Nikolic and
coworkers applied electrical pulse stimulation to human myotubes as an in vitro model of
exercise [1]. They applied 1) high-frequency stimulation of bipolar pulses at 100 Hz for
200 ms applied every 5™ second at 30 V for 5-60 min and 2) chronic, low-frequency
stimulation of single, bipolar pulses of 2 ms with 30 V and 1 Hz continuously for the last
24 or 48 hours of the differentiation period. Both stimulation patterns were found to be an
adequate model to study the effects of exercise [1]. Fujita and coworkers employed
electric pulse stimulation to manipulate the Calcium transients and sarcomere assembly

in C2C12 myotubes [4]. They applied a stimulus of 0.667 V/mm at 1 Hz for 24 ms. They
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were able to induce significant contractile activity in C2C12 myotubes within only 2
hours of the stimulation at 1 Hz. However, they did not notice any increase in
contractility or sarcomere assembly with 10 Hz stimulation [4]. Donnelly and coworkers
developed a cost-effective muscle electrical stimulation bioreactor to permit the
application of physiologically relevant electrical stimulation patterns to monolayers and
tissue-engineered constructs in culture [3]. This bioreactor allowed for the control of
pulse amplitude, pulse width, pulse frequency, and work-to-rest ratio. They were able to
culture C2C12 myoblasts under 100 Hz with 40x 0.3 ms pulses delivered in 400 ms trains
with 3.6 s recovery for a total of 30 min per day. This resulted in a significant increase in
the rate of protein synthesis and proving that the stimulation was an anabolic signal [3].
Finally, various studies have applied electrical stimulation to induce contraction of
myotubes or thicker muscle constructs [5-9]. For instance, Dennis and coworkers
stimulated muscle constructs using a range of voltages (3-40 V) and pulse widths (0.2 —
2.0 ms) [8]. They achieved supramaximal stimulation with a single 70 V and 4 ms pulse.
They also measured the maximum isometric tetanic force by stimulating the muscle
constructs at 40 V and 40 Hz with 1.20 ms pulses for a train duration of 2 s. It was also
found that muscle construct force produced increased with increasing frequency from 5
Hz to 70 Hz [8]. These studies provide a useful reference for the electrical stimulation
pattern employed in this set of experiments.

External mechanical stimulation of myoblasts and muscle tissue in culture has
been studied comparatively less frequently than external electrical stimulation, and the
results have been mixed. On a positive note, Haghighipour and coworkers were able to

induce the differentiation of human mesenchymal stem cells into a myogenic lineage
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using cyclic uniaxial stretch [10]. They applied a 10% cyclic uniaxial strain at 1 Hz to
human mesenchymal stem cells grown on collagen-coated silicon membranes for 24
hours. The levels of MyoD and Myogenin mRNA increased significantly on cyclically
loaded cells as compared to the unloaded control. These results showed that cyclic strain
IS a possible mechanism to induce myogenic differentiation [10]. However, other studies
have shown negative results for externally applied mechanical stimulation [11, 12].
Akimoto and coworkers found that a cyclic mechanical stretch of 20% for 24 hours
served as a down-regulatory signal for differentiation of C2C12 myoblasts [11]. In
another case, Boonen and coworkers utilized a 2% uniaxial ramp stretch and intermittent
dynamic stretch of 4% on C2C12 myoblasts in both 2D and 3D environments [12]. It was
found that this protocol had a negative effect on cell differentiation and maturation in all
cases as demonstrated by lower expression of differentiation markers, lower production
of sarcomere proteins, and longer time to form cross striations [12]. Thus, it seems that
externally applied mechanical stress is less tolerated by C2C12 cells than externally
applied electrical stimulation. It may be the case that mechanical stimulation must be
associated, or coupled, with electrical stimulation in order to bring about positive
changes.

Combined external electrical and mechanical stimulation on developing
myoblasts has rarely been studied. De Deyne built devices to study both mechanical
stretch and electrical stimulation, but did not employ them simultaneously [13]. It was
found that the application of passive uniaxial stretch had little effect on sarcomere
structures either in a beneficial or detrimental way. However, electrical stimulation of

400 mV/mm with a field pulse of 2 ms and a frequency of 0.1 Hz increased sarcomere
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assembly significantly [13]. Liao and coworkers investigated the effects of
electromechanical stimulation on differentiation of skeletal myoblasts seeded on aligned
polymer fibers [14]. They utilized a mechanical stimulation protocol of 5% cyclic strain
applied 2 days post-differentiation and an electrical stimulation protocol of 20 V at 1 Hz
applied 7 days post-differentiation. The synchronized stimulation profile significantly
increased the amount of striation and the production of contractile proteins compared to
unstimulated cells. However, the benefit of combined stimulation over single stimulation,
either electrical or mechanical, was unclear [14]. This study provides proof of concept for
the idea that combined electrical and mechanical stimulation can enhance the
differentiation of muscle tissue. Interestingly, the timing of stimulation applied in this
study was different for the mechanical and electrical portions, and the two types of
stimulation were independent. In contrast, developing muscles are exposed to
simultaneous and coupled electrical and mechanical stimulation. It may be possible to
further enhance tissue maturation by exposing developing tissue to the proper coupled
stimulation.

The purpose of this set of experiments is to provide proof of concept for using a
composite scaffold while applying simultaneous electrical and mechanical stimulation to
enhance myoblast differentiation. The electrical stimulation pattern chosen for this study
was based on a combination of the previously mentioned results from the literature and
the preliminary actuation experiments described in the methods section. The goal was to
find an electrical stimulation pattern that would simultaneously cause hydrogel actuation
and provide a beneficial stimulus to myoblasts (or at least not kill myoblasts). The

parameters of the individual components of the composite scaffold have been optimized
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in the earlier aims. Thus, hydrogel samples had a 1 to 4 ratio of poly(ethylene glycol)
diacrylate to acrylic acid, and a 40% polypyrrole-polycaprolactone scaffold with aligned
fibers was used. The main goals of this set of experiments were to 1) evaluate the
feasibility of seeding myoblasts on the composite scaffold and measuring their
proliferation and differentiation; and 2) provide a preliminary roadmap for future
experimentation with this system by identifying favorable stimulation parameters.
Finally, to aid in achieving the previously mentioned objectives, a reporter cell
line is developed to aid in the quantification of myoblast differentiation. Reporting of
myosin light chain through a luciferase assay was used as a simple way to quantify
differentiation. This method of quantifying differentiation is quicker and more cost
effective than quantitative polymerase chain reaction or morphological analysis of
fluorescent images. Thus, the development of this cell line significantly increases the
given work that can be accomplished in a given amount of time and money for this

experiment and for future work.
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4.2 Materials and Methods
4.2.1 Cell Line Development

A reporter cell line was developed by transducing the myosin light chain (MLC)
promoter with the luciferase gene into C2C12 cells. A plasmid was designed with the
DNA of the MLC promoter and the luciferase gene along with resistance to Blasticidin.
This plasmid was generously gifted to our lab by Dr. Emmanuel Ekwueme and Dr. Craig
Neville from Massachusetts General Hospital-Harvard Medical School. The exact DNA
sequence of the plasmid is shown in the appendix to this chapter. The plasmid was
packaged into a lenti-virus and transduced into C2C12 myoblasts with the help of 1
ug/mL Polybrene. After 3 days in culture, the transduced cells were selected using media
with 2 pg/mL Blasticidin changed every other day for a week. The surviving cells were
grown up and frozen down for later use.
4.2.2 Cell Line Validation

In order to validate the cell line development, the transduced MLC reporting
C2C12 myoblasts were seeded in 12-well plates at a density of 25,000 cells/cm?
(purchased from ATCC). Three different groups (n = 4) were compared: 1) cells
supplemented with 50 ng/mL IGF-1 meant to enhance myoblast differentiation, 2) cells
supplemented with 40 pg/mL dexamethasone meant to deter myoblast differentiation, and
3) cells fed with the base media without any additives meant as a null control. During the
initial proliferation phase (day 0 to day 2), all groups were fed with a base media of
DMEM media with 10% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin

(P/S) every other day. During the differentiation phase (day 3 to day 10), all samples
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were fed with a base media of DMEM media with 1% FBS and 1% P/S with the
corresponding additives appropriate for each group once per day.

A luciferase assay was performed at 1, 3, and 7 days after differentiation media
was initially applied with a BioLux® Gaussia Luciferase Assay Kit (New England
Biolabs, Ipswich, MA) according to the manufacturer’s instructions. After the last time-
point, all groups were fixed with a 4% paraformaldehyde solution to prepare for staining
(n = 4). Cells were stained with NucBlue® fixed cell ReadyProbes® reagent (Thermo
Fisher Scientific) for DNA (Blue) and Fluorescein Phalloidin (Thermo Fisher Scientific)
for F-actin (Green).

A representative sample of five images for each group was used to quantify the
morphology of the cells in the different groups. ImageJ software [version 1.46r/Java
1.6.0_25 (32-bit)] was used to quantify the total number of nuclei, the total number of
myotubes, and the number of nuclei inside of myotubes for each image. Myotubes were
defined as clearly distinguishable, linear structures which contained two or more nuclei.
These parameters were used to calculate the fusion index (nuclei inside of myotubes/total
number of nuclei).

4.2.3 Fabrication of Composites

All samples were cut to be approximately 20 mm by 5 mm. The hydrogel samples
used in this set of experiments were fabricated as previously described in Aim 1. The
hydrogel samples with a 1 to 4 ratio of poly(ethylene glycol diacrylate) to acrylic acid
were used for all control samples (i.e. “hydrogel””) and composites since these samples
were determined to be the most biocompatible in Aim 1. Likewise the fibrous scaffolds

used in this set of experiments were fabricated as previously described in Aim 2. The
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copolymer scaffolds with a 40% concentration of polypyrrole-polycaprolactone
copolymer in an aligned orientation were used for all composites since these samples
were determined to enhance myoblast differentiation the most and have the highest
conductivity in Aim 2,

The samples labeled “composite #1” were constructed with a hydrogel sample
chemically bonded to a fibrous scaffold on one side. The fibrous scaffolds were placed in
contact with the hydrogel samples and un-crosslinked hydrogel solution was administered
at the interface. UV radiation was applied for 1 min at 365 nm to bind the fibrous
scaffolds to the hydrogel samples.

The samples labeled “composite #2” were constructed with a hydrogel sample
completely surrounded by a fibrous scaffold. The hydrogel samples were wrapped in just
enough fibrous scaffold to completely cover their surface area. Then, the fibrous scaffold
was adhered to itself using a sterile silicone glue, enveloping the hydrogel samples.

4.2.4 Actuation Experiments

Actuation experiments were performed to determine: 1) the degree to which the
binding of the copolymer scaffolds impeded the movement of the hydrogel actuators, and
2) the movement that would be produced with more complex stimulation patterns than
had been previously used. All actuation experiments were performed as previously
described in Aim 1 with the exceptions of the groups tested for the first round of testing
and the electrical stimulation pattern for the second round of testing. The first round of
actuation testing was performed with three groups (n = 4) including plain hydrogel
samples, composite #1, and composite #2. These samples were exposed to the same 20 V

stimulus described in Aim 1. The second round of actuation tests was performed using a
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signal generator (Keysight KT-33611A-33600A Series Waveform generator, 80 MHz, 1-
channel) to administer a more complex electrical stimulation pattern. Two sets of
parameters were used. In the first set of parameters, the frequency of the square wave was
fixed at 2 Hz, and three different amplitudes were tested: 2.5V, 5V, and 10 V. In the
second set of parameters, the amplitude of the square wave was fixed at 10 V, and three
different frequencies were tested: 2 Hz, 10 Hz, and 50 Hz. Both sets of parameters were
applied in a biphasic manner for one minute at a time on each polarity. Results were
captured and analyzed as previously described in Aim 1.
4.2.5 Cell Study — Measuring Proliferation and Differentiation

The transduced MLC reporting C2C12 myoblasts were seeded onto four scaffold
groups (n = 4) at a density of 50,000 cells/cm? (purchased from ATCC). The four groups
included: 1) tissue culture plastic (TCP) control, 2) plain hydrogel samples, 3) composite
#1, and 4) composite #2 (as previously described). Enough samples were used to
accommodate a group size of four samples for each of three electrical stimulation
patterns, as described in the following section. During the proliferation phase (day 0 to
day 2), all samples were fed with DMEM media with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin (P/S) every other day. During the differentiation phase (day 3
to day 6), all samples were fed with DMEM media with 1% FBS and 1% P/S once per
day. During the differentiation phase, electrical stimulation was applied once per day (see
next section).

The metabolic activity and MLC production of the cells on the scaffold samples
were measured using a PrestoBlue® cell viability assay and luciferase assay,

respectively, on day 0 and day 3 after applying the differentiation media using the
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instructions provided by the manufacturer (n = 4). Briefly, the media from the wells was
aspirated, and PrestoBlue® cell viability reagent diluted to a ratio of 1:10 with
differentiation media was applied for a 1 hour incubation period. The reagent-media
mixture was removed at the end of the incubation period, and the absorbance was
analyzed by a plate reader at a wavelength of 570 nm. After subtracting a blank control,
the absorbance value produced by this assay is directly proportional to the metabolic
activity of the cells on each sample. A luciferase assay was also performed at 0 and 3
days after differentiation media was initially applied with a BioLux® Gaussia Luciferase
Assay Kit (New England Biolabs, Ipswich, MA) according to the manufacturer’s
instructions.

4.2.6 Electrical Stimulation Apparatus and Pattern

The apparatus for delivering electrical stimulation is shown below in Figure 4.2.
Platinum wires were fixed to a 12-well plate at a distance of 1 cm apart spanning multiple
wells. These wires could then be connected by wire to source of electrical stimulation.
Samples were removed from their main wells and placed inside the electrical stimulation
apparatus to apply stimulation. The wells of the apparatus were filled with differentiation
media (DMEM with 1% FBS and 1% P/S while stimulation was taking place).

All electrical stimulation patterns were produced by a Keysight KT-33611A-
33600A Series Waveform generator (80 MHz, 1-channel). There were three different
stimulation groups used in this experiment: 1) no stimulation, 2) 5 V amplitude square
wave at 50 Hz applied for 1 minute trains with 1 minute break between trains, and
alternating trains were at opposite polarities, and 3) 10 V amplitude square wave at 50 Hz

applied for 1 minute trains with 1 minute break between trains. Each stimulation pattern
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was applied for 30 minutes once per day during the differentiation phase of the cell study

(3 applications total).

Figure 4.2: In vitro electrical stimulation apparatus. Schematic of the apparatus used
to deliver electrical stimulation to myoblasts on the various scaffold groups. Two
platinum wires were fixed inside of a 12-well plate at a separation of 1 cm across

multiple wells, and these wires transmitted stimulation from a signal generator.
4.2.7 Data Analysis and Statistics

All data are expressed as the average for each group, and the error bars

correspond to the standard deviation. The plot for survival ratio was produced by taking
the individual sample values produced by the Presto Blue assay on day 3 and dividing
them by the corresponding sample values produced by the Presto Blue assay from day O.
The plots for relative MLC production were produced by taking the individual sample
values produced by the luciferase assay at each time-point and dividing them by the
corresponding sample values from the Presto Blue assay at the corresponding time-point.
The plot for differentiation ratio was produced by taking the individual sample values

from the relative MLC production data on day 3 and dividing them by the corresponding



sample values from the relative MLC production data on day 0. Significance between
groups was evaluated using a one-way ANOVA with a Tukey’s post-hoc test.

Significance was set at a = 0.05 (denoted by * unless otherwise noted).
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4.3 Results
4.3.1 Cell Line Validation

The results for the validation of the transduced MLC reporting C2C12 cell line
with a luciferase assay are shown in Figure 4.3. On day 1, the group exposed to
dexamethasone had significantly lower MLC production than the control group. On days
3 and 7, the group exposed to IGF-1 was significantly higher than the control group and
the dexamethasone group was significantly lower than the control group. Over time,
MLC production increased in the control group, MLC production increased at a faster

rate in the IGF-1 group, and MLC production decreased over time in the dexamethasone

group.
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Figure 4.3: Cell line validation: Luciferase assay. Luciferase assay performed on days
1, 3, and 7 after applying differentiation media in the validation of the cell line
development.

The results for the morphological analysis of the myoblasts for the cell line
validation are shown in Figure 4.4. The number of myotubes produced and the fusion
index was significantly greater in the cells treated with IGF-1 as compared to the control.
Dexamethasone completely blocked the formation of myotubes, resulting in zero
myotubes and a zero fusion index. Overall, the results of the morphological analysis

correlate well to the results of the luciferase assay (Figure 4.3).
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Figure 4.4: Cell line validation: Morphological analysis. Morphological analysis of the
myoblasts used in the validation of the cell line on day 7 after application of
differentiation media. A) Number of myotubes. B) Fusion index.

4.3.2 Actuation Experiments

The angular movement from the actuation experiment comparing hydrogel
samples to the two composites is shown in Figure 4.5. There was no difference in the
movement between the hydrogel group and the composite #1 group. Although, there was

a slight trend of the composite #1 group preferring one direction over another. The
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hydrogel group produced significantly more movement in the forward direction than the
composite #2 group. The reverse movement was also lower but not significantly

different.
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Figure 4.5: Actuation: Hydrogels vs. composites. The actuation response for pure
hydrogel samples compared to both types of composite scaffolds.

The angular movement produced by the actuation experiment with a square wave
stimulation pattern is shown in Figure 4.6. Angular movement was directly proportional
to the amplitude of the square wave, with 10 V of stimulation producing significantly
higher movement than 2.5 V of stimulation, as shown in Figure 4.6A. The overall
magnitude of the angular movement was much lower than the angular movement
produced by the previous stimulation pattern of constant 20 V applied for 1 minute

(Figure 4.5). The frequency of the square wave in the range of 2 Hz to 50 Hz did not
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significantly alter the actuation response, but there was a slight trend of more angular

movement with a lower frequency.
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Figure 4.6: Actuation: Frequency and amplitude. The angular movement produced by
actuation experiments with complex stimulation patterns. A) Varying amplitude of the
square wave (2 Hz). B) Varying frequency of the square wave (10 V).

4.3.3 Cell Study — Measuring Proliferation and Differentiation

The results of the Presto Blue assay to measure metabolic activity are shown in
Figure 4.7. In the groups that were not exposed to electrical stimulation, Figure 4.7A, the
control TCP group and the composite #2 group maintained the same metabolic activity
throughout the course of the study. In contrast, the hydrogel and composite #1 groups
significantly dropped in metabolic activity by day 3. For both the electrical stimulation
pattern #1 (Figure 4.7B) and electrical stimulation pattern #2 (Figure 4.7C), all groups

had significantly lower metabolic activity on day 3 than on day 0.
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Figure 4.7: Metabolic activity: Electrical stimulation of composites. Metabolic
activity as measured by a Presto Blue assay on days 0 and 3 for all groups and
stimulation patterns. A) No stimulation. B) Stimulation Pattern #1 (5 V). C) Stimulation
Pattern #2 (10 V).

The normalized metabolic activity data called the survival ratio is shown in Figure
4.8. The TCP control group and the composite #2 group with no stimulation both had a
significantly higher survival ratio than the rest of the groups. The hydrogel group with no
stimulation produced a higher survival ratio than all of the composite #1 groups. For the
hydrogel and composite #1 groups, neither of the electrical stimulation patterns caused
the metabolic activity to drop significantly more than the corresponding no stimulation
group. However, both of the electrical stimulation patterns caused the metabolic activity
to decrease significantly in the composite #2 group as compared to the no stimulation

condition.
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Figure 4.8: Survival ratio. Survival ratio for all groups and all stimulation patterns.
The relative MLC production as measured by the luciferase assay is shown in
Figure 4.9 for all groups and conditions. For almost all groups and conditions, relative
MLC production significantly increased from day 0 to day 3. The only exception was the
composite #1 group for the electrical stimulation pattern #1 where relative MLC
production increased but not significantly. The smallest relative MLC production for both

day 0 and day 3 was found in the composite #2 group for all three stimulation patterns.
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Figure 4.9: Luciferase assay: Electrical stimulation of composites. The relative MLC
production as measured by luciferase assay and normalized to metabolic activity (cell
number). A) No stimulation. B) Electrical stimulation pattern #1. C) Electrical
stimulation pattern #2.

The data for the ratio of relative MLC production, termed the differentiation ratio,
is shown in Figure 4.10. For all three groups, there was no significant difference in the
differentiation ratio between the three stimulation patterns. However, the differentiation
ratio for the composite #2 group was significantly greater than the differentiation ratio for
the TCP control, hydrogel, and composite #1 groups for all stimulation patterns. The
average differentiation ratio was between 1 and 2 for all stimulation conditions of the
TCP control, hydrogel, and composite #1 groups. However, the average differentiation

ratio was between 4 and 6 for all stimulation conditions of the composite #2 groups.
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Figure 4.10: Differentiation ratio. Differentiation ratio for all groups and all stimulation

conditions.
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4.4 Discussion

This study attempted to provide a proof of concept for utilizing simultaneous,
coupled electrical and mechanical stimulation for the development of myoblasts on a
composite scaffold. This study is unique because the electrical and mechanical
stimulation are coupled, and it utilizes an ionic electroactive polymer to deliver
stimulation. This study may be the first to utilize ionic electroactive polymers for tissue
engineering purposes. Due to the unique nature of this study, previous research can only
provide vague guidelines for the specific parameters to use. The values chosen for the
electrical stimulation pattern were based on a compromise between the literature and the
previous results in this project. Such a compromise is bound to fall short in certain areas,
and this study should be viewed as preliminary in nature.

The transduced MLC reporting C2C12 myoblasts were successfully validated by
comparing the results of the luciferase assay to the morphological analysis of the same
cells. The luminescence values reported by the luciferase assay, which measures the
production of MLC, increased over time in the control group. Furthermore, the positive
control group (media supplemented with IGF-1) produced higher values in the luciferase
assay, and the negative control group (media supplemented with dexamethasone)
produced lower values in the luciferase assay. These results are exactly what would be
expected if the assay was running properly by associating MLC production with
luciferase production. In addition, a morphological analysis of the same cells shows that
the results of the luciferase assay can be used to successfully predict morphological

differences in myotube formation in an easily quantifiable way. Overall, the production
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of a MLC reporting cell line provides a quick, cost effective, and accurate way to
quantify myoblast differentiation.

The actuation experiments in this study show that angular movement is somewhat
impeded by the addition of other components to the hydrogel actuator or by
implementing a high frequency electrical stimulation pattern (as compared to a constant
voltage for the same time period). The samples in the composite #1 group move just as
well as the hydrogel samples alone. Thus, the addition of a fibrous scaffold on one side of
the hydrogel actuator does not significantly hamper movement. However, the samples in
the composite #2 group caused significantly less movement in one direction and
decreased movement in both directions as compared to the hydrogel samples alone. Thus,
having the hydrogel actuator surrounded by a fibrous scaffold does hamper movement,
but significant movement still occurs (80-90 degrees of movement on average for the
composite #2 group). The type of electrical stimulation pattern had a much greater effect
on the overall amount of movement observed in the hydrogels. Switching to a square
wave pattern with a frequency of 2 Hz and an amplitude of 10 V produced only ~4.5
degrees of movement on average compared to ~120 degrees of movement on average
with a constant application of 20 V for the same time period. This is likely due to the fact
that constant ion flow in solution is needed for efficient hydrogel movement. The
pulsating ion flow provided by a square wave pattern may be better overall for cells, but
it dramatically reduces the extent and speed of hydrogel movement during actuation as
compared to a constant voltage over the same time period. As expected, hydrogel
movement remains directly proportional to the amplitude of the applied stimulation. In

the range of 2 Hz to 50 Hz, the frequency does not seem to make a big difference in
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actuation. We suspect that very low frequencies may produce more movement because a
longer period of stimulation in a square wave pattern would more closely resemble a
constant voltage (DC) stimulus.

The proliferation of myoblasts in this experiment was measured by a Presto Blue
assay, which directly measures metabolic activity. It is important to note that metabolic
activity is an indirect measure of cell proliferation since cells can become more or less
metabolically active without changing in number. Cell proliferation decreased in almost
all groups and stimulation conditions throughout the course of the study. The exceptions
were the TCP control group and the composite #2 group with no stimulation. Looking at
the survival ratio, it seems that the two stimulation patterns had anywhere from no effect
to a large negative effect on cell survival/growth. One compounding factor was the
integrity of the samples in the composite #1 group. Almost half of the samples in this
group broke apart throughout the course of the study. This likely led to undesirable
friction between the fibrous scaffold portion and the hydrogel actuation portion which
may have contributed to cell death regardless of the stimulation pattern. This issue
highlights the difficulty in attaching a material that changes in size (i.e. the hydrogel
actuator, which can swell and contract as media concentration changes) to a material that
does not change in size (i.e. the fibrous scaffold). Another compounding factor is the
effect of removing the samples from their main wells to put them in the stimulation
apparatus. This problem could possibly be avoided by turning each well plate into an
apparatus for applying electrical stimulation. This can be achieved by fixing Platinum
wires to each well plate or by designing an insert that can turn each well plate into an

apparatus for delivering electrical stimulation. More data needs to be collected before a
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definitive proclamation can be made regarding the ability of myoblasts to survive with
these stimulation patterns.

The differentiation of myoblasts in this experiment was measured by a luciferase
assay, which directly measures the production of MLC. As noted earlier, the production
of MLC is correlated with morphological changes associated with myoblast
differentiation. However, it is important to keep in mind that it possible for MLC to be
produced without progress in the formation of myotubes. This could occur if a substrate
somehow inhibits the formation of myotubes while leaving the cells alive in close
proximity to one another. In any case, the production of MLC significantly increased
from day 0 to day 3 on almost all groups and stimulation conditions. When looking at the
differentiation ratio, neither of the stimulation patterns was able to cause the surviving
cells to differentiate more than the corresponding group with no stimulation. It should
also be noted that the results of the luciferase assay were normalized to metabolic activity
(i.e. normalized to cell count). Thus, when considering the composite #2 group, both of
the electrical stimulation patterns (#1 and #2) caused a significant decrease in the number
of cells, and the cells that survived did not differentiate any more than with the no
stimulation condition. The differentiation ratio was the biggest in the composite #2 group,
but this is likely due to the fact that the MLC production started so much lower on day 0
for the composite #2 group. Finally, it remains difficult to properly evaluate the
composite #1 group because almost half of the samples fell apart during the study.

Due to the unique nature of this study, it is difficult to make comparisons to the
previous literature. The most relevant study was conducted by Liao and coworkers who

investigated the effects of electromechanical stimulation on differentiation of skeletal
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myoblasts seeded on aligned polymer fibers [14]. They applied both electrical and
mechanical stimulation to the same samples, but these stimulation patterns did not
overlap and were independent of one another. They did achieve superior results with the
synchronized stimulation profile in terms of the amount of striation and the production of
contractile proteins over unstimulated cells. However, the benefit of combined
stimulation over single stimulation was not obvious [14]. This study falls short of the
results reported by Liao and coworkers, but the system was very different. It is possible
that similar results could be obtained by utilizing the electrical stimulation pattern used

by Liao with the conductive, fibrous scaffolds developed in this project.
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4.5 Conclusion

This study combined a hydrogel actuator and fibrous scaffold developed in earlier
experiments and attempted to stimulate myoblasts on the resulting composite scaffold
with simultaneous electrical and mechanical stimulation. A couple electrical stimulation
patterns were chosen that elicited a minimal mechanical response. Although cells
tolerated the electrical stimulation without completely dying, there was no measurable
benefit to applying electrical stimulation in terms of improving differentiation. A
potentially insightful set of future experiments might involve applying electrical
stimulation to the conductive, fibrous scaffold alone without the hydrogel actuator. Those
experiments would allow more flexibility with the electrical stimulation profile since the
need to stimulate the hydrogel actuator would be eliminated. Although the results of this
aim were mostly negative, the protocols developed in this study provide a baseline for

measuring progress with future experiments.
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4.8 Appendix

MLC Promoter and Luciferase Plasmid DNA

ORIGIN

1 ttgtacaaag tggttgatat ccagcacagt ggcggecgct cgagtctaga gggeeecgegg
61 ttcgaaggta agcctatcee taaccctcte cteggteteg attctacgeg taccggttag

121 taatgatcga caatcaacct ctggattaca aaatttgtga aagattgact ggtattctta
181 actatgttgc tccttttacg ctatgtggat acgcetgcttt aatgcctttg tatcatgcta
241 ttgctteeeg tatggctttc attttctect ccttgtataa atcetggttg ctgtctcettt
301 atgaggagtt gtggceegtt gtcaggcaac gtggegtggt gtgeactgtg tttgctgacg
361 caacccccac tggttggggc attgccacca cctgtcaget cctttceggg actttegctt
421 tececctecc tattgecacg geggaactca tcgecgectg cettgeecge tgetggacag
481 gggctcggct gttgggceact gacaattcecg tggtgttgtc ggggaagcetg acgtecttte
541 catggctgct cgectgtgtt gecacctgga ttctgegegg gacgtectte tgctacgtee
601 cttcggcect caatccageg gaccttectt ccegeggect getgeeggct ctgeggecte
661 ttccgegtct tegecttege cetcagacga gtcggatcte cetttgggece geeteeeege
721 ctggcgatgg tacctaccgg gtaggggagg cgcttttcce aaggceagtct ggagcatgeg
781 ctttagcagc cccgetgggce acttggegct acacaagtgg cetctggect cgeacacatt
841 ccacatccac cggtaggcgc caaccggcte cgttetttgg tggeecctte gegecacctt
901 ctactcctcc cctagtcagg aagttceece cecgeecegea getcgegteg tgcaggacgt
961 gacaaatgga agtagcacgt ctcactagtc tcgtgcagat ggacagcacc getgagcaat
1021 ggaagcgggt aggcctttgg ggcageggcec aatagcagct ttgetccttc getttetggg

1081 ctcagaggct gggaaggggt gggtccgggg gegggeteag gggegggcete aggggcgggy

1141 cgggcgeceg aaggtectee ggaggecegg cattctgeac gettcaaaag cgeacgtetg
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1201 ccgcgcetgtt ctectettee tcatctcegg gectttcgac tetagacacg tgttgacaat
1261 taatcatcgg catagtatat cggcatagta taatacgaca aggtgaggaa ctaaaccatg
1321 gccaagcctt tgtctcaaga agaatccacc ctcattgaaa gagcaacggc tacaatcaac
1381 agcatcccca tetctgaaga ctacagegtc gecagegceag ctetetctag cgacggecge
1441 atcttcactg gtgtcaatgt atatcatttt actgggggac cttgtgcaga actcgtggtg
1501 ctgggcactg ctgctgetge ggcagetgge aacctgactt gtatcgtcge gatcggaaat
1561 gagaacaggg gcatcttgag cccctgegga cggtgecgac aggtgcttet cgatctgeat
1621 cctgggatca aagccatagt gaaggacagt gatggacagc cgacggcagt tgggattcgt
1681 gaattgctgc cctctggtta tgtgtgggag ggctaageac aattcgagcet cggtaccttt
1741 aagaccaatg acttacaagg cagctgtaga tcttagccac tttttaaaag aaaagggggg
1801 actggaaggg ctaattcact cccaacgaag acaagatctg ctttttgctt gtactgggtc
1861 tctctggtta gaccagatct gagectggga getctctggce taactaggga acccactgct
1921 taagcctcaa taaagcttge cttgagtget tcaagtagtg tgtgeccgte tgttgtgtga
1981 ctctggtaac tagagatccc tcagaccctt ttagtcagtg tggaaaatct ctagcagtag
2041 tagttcatgt catcttatta ttcagtattt ataacttgca aagaaatgaa tatcagagag

2101 tgagaggaac ttgtttattg cagcttataa tggttacaaa taaagcaata gcatcacaaa
2161 tttcacaaat aaagcatttt tttcactgca ttctagttgt ggtttgtcca aactcatcaa

2221 tgtatcttat catgtctggc tctagctatc ccgeccctaa ctccgeccat cccgeccecta
2281 actccgcecca gttccgecca ttetcecgecec catggetgac taattttttt tatttatgca
2341 gaggccgagg ccgcectegge ctectgageta ttccagaagt agtgaggagg cttttttgga
2401 ggcctaggga cgtacccaat tcgeectata gtgagtcegta ttacgegegce tcactggecg
2461 tcgttttaca acgtcgtgac tgggaaaacc ctggcgttac ccaacttaat cgccttgcag

2521 cacatccccc tttcgecagce tggcegtaata gcgaagaggc ccgeaccgat cgeccttecc
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2581 aacagttgcg cagcctgaat ggcgaatggg acgegecctg tageggegea ttaagegegg
2641 cgggtgtggt ggttacgcge agegtgaccy ctacacttge cagegeccta gegeecgcete
2701 ctttegcttt ctteecttee tttetcgeca cgttcgeegg cttteeeegt caagetctaa
2761 atcgggggct ccctttaggg ttccgattta gtgctttacg geacctcgac cccaaaaaac
2821 ttgattaggg tgatggttca cgtagtgggce catcgecctg atagacggtt tttcgeectt
2881 tgacgttgga gtccacgttc tttaatagtg gactcttgtt ccaaactgga acaacactca
2941 accctatctc ggtctattct tttgatttat aagggatttt gccgatttcg gectattggt

3001 taaaaaatga gctgatttaa caaaaattta acgcgaattt taacaaaata ttaacgctta
3061 caatttaggt ggcacttttc ggggaaatgt gcgcggaacc cctatttgtt tatttttcta
3121 aatacattca aatatgtatc cgctcatgag acaataaccc tgataaatgc ttcaataata
3181 ttgaaaaagg aagagtatga gtattcaaca tttccgtgtc geccttatte ccttttttge
3241 ggcattttgc cttectgttt ttgctcacce agaaacgcetg gtgaaagtaa aagatgctga
3301 agatcagttg ggtgcacgag tgggttacat cgaactggat ctcaacagcg gtaagatcct
3361 tgagagtttt cgccccgaag aacgttttce aatgatgagce acttttaaag ttctgctatg
3421 tggcgceggta ttatccegta ttgacgeecgg gcaagagcaa cteggtegee geatacacta
3481 ttctcagaat gacttggttg agtactcacc agtcacagaa aagcatctta cggatggeat
3541 gacagtaaga gaattatgca gtgctgccat aaccatgagt gataacactg cggccaactt
3601 acttctgaca acgatcggag gaccgaagga gctaaccgct tttttgcaca acatggggga
3661 tcatgtaact cgccttgatc gttgggaacc ggagctgaat gaagccatac caaacgacga
3721 gcgtgacacc acgatgcectg tagcaatgge aacaacgttg cgcaaactat taactggega
3781 actacttact ctagcttccc ggcaacaatt aatagactgg atggaggcegg ataaagttge
3841 aggaccactt ctgcgctcgg cccttccgge tggcetggttt attgetgata aatctggage

3901 cggtgagcgt gggtctcgeg gtatcattge agcactgggg ccagatggta agccctceeg
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3961 tatcgtagtt atctacacga cggggagtca ggcaactatg gatgaacgaa atagacagat
4021 cgctgagata ggtgcecteac tgattaagea ttggtaactg tcagaccaag tttactcata
4081 tatactttag attgatttaa aacttcattt ttaatttaaa aggatctagg tgaagatcct

4141 ttttgataat ctcatgacca aaatccctta acgtgagttt tcgttccact gagcgtcaga

4201 ccccgtagaa aagatcaaag gatcttcttg agatcctttt tttctgegeg taatctgetg

4261 cttgcaaaca aaaaaaccac cgctaccagc ggtggtttgt ttgccggatc aagagctacc
4321 aactcttttt ccgaaggtaa ctggcttcag cagagcgceag ataccaaata ctgttettct
4381 agtgtagccg tagttaggec accacttcaa gaactctgta gecaccgecta catacctcge
4441 tctgctaatc ctgttaccag tggcetgetge cagtggegat aagtcgtgte ttaccgggtt
4501 ggactcaaga cgatagttac cggataaggc gcagceggtcg ggctgaacgg ggggttegtg
4561 cacacagccc agettggage gaacgaccta caccgaactg agatacctac agcgtgagct
4621 atgagaaagc gccacgcttc ccgaagggag aaaggcggac aggtatcegg taageggeag
4681 ggtcggaaca ggagagcgcea cgagggagct tccaggggga aacgectggt atctttatag
4741 tectgtcggg tttcgecacc tetgacttga gegtegattt ttgtgatget cgtcaggggg
4801 gcggagccta tggaaaaacg ccagcaacge ggecttttta cggtteetgg ccttttgetg
4861 gecttttgcet cacatgttct ttcetgegtt atcecctgat tetgtggata accgtattac

4921 cgcctttgag tgagctgata ccgetcgeeg cagecgaacg accgagcegea gegagtcagt
4981 gagcgaggaa gcggaagage geccaatacg caaaccgect ctececgegce gttggeegat
5041 tcattaatgc agctggcacg acaggtttcc cgactggaaa gcgggceagtg agcgcaacge
5101 aattaatgtg agttagctca ctcattaggc accccaggct ttacacttta tgcttccgge

5161 tcgtatgttg tgtggaattg tgagcggata acaatttcac acaggaaaca gctatgacca
5221 tgattacgcc aagcgegcaa ttaaccctca ctaaagggaa caaaagctgg agetgcaage

5281 ttaatgtagt cttatgcaat actcttgtag tcttgcaaca tggtaacgat gagttagcaa
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5341 catgccttac aaggagagaa aaagcaccgt gecatgecgat tggtggaagt aaggtggtac
5401 gatcgtgcect tattaggaag gcaacagacg ggtctgacat ggattggacg aaccactgaa
5461 ttgccgceatt gcagagatat tgtatttaag tgcctagetc gatacataaa cgggtctcte

5521 tggttagacc agatctgagc ctgggagcte tetggcetaac tagggaacce actgcttaag
5581 cctcaataaa gcttgecttg agtgcttcaa gtagtgtgtg ceegtetgtt gtgtgactct

5641 ggtaactaga gatccctcag acccttttag tcagtgtgga aaatctctag cagtggegcee
5701 cgaacaggga cttgaaagcg aaagggaaac cagaggagct ctctcgacge aggactcgge
5761 ttgctgaagc gegeacggca agaggcgagg ggcggegact ggtgagtacg ccaaaaattt
5821 tgactagcgg aggctagaag gagagagatg ggtgcgagag cgtcagtatt aagcggggga
5881 gaattagatc gcgatgggaa aaaattcggt taaggccagg gggaaagaaa aaatataaat
5941 taaaacatat agtatgggca agcagggagc tagaacgatt cgcagttaat cctggectgt
6001 tagaaacatc agaaggctgt agacaaatac tgggacagct acaaccatcc cttcagacag
6061 gatcagaaga acttagatca ttatataata cagtagcaac cctctattgt gtgcatcaaa

6121 ggatagagat aaaagacacc aaggaagctt tagacaagat agaggaagag caaaacaaaa
6181 gtaagaccac cgcacagcaa gcggecegcetg atcttcagac ctggaggagg agatatgagg
6241 gacaattgga gaagtgaatt atataaatat aaagtagtaa aaattgaacc attaggagta
6301 gcacccacca aggcaaagag aagagtggtg cagagagaaa aaagagcagt gggaatagga
6361 gctttgttcc ttgggttctt gggagcagca ggaagcacta tgggegeage gtcaatgacg
6421 ctgacggtac aggccagaca attattgtct ggtatagtgc agcagcagaa caatttgctg
6481 agggctattg aggcgcaaca gceatctgttg caactcacag tctggggcat caagcagcete
6541 caggcaagaa tcctggetgt ggaaagatac ctaaaggatc aacagctcct ggggatttgg
6601 ggttgctctg gaaaactcat ttgcaccact gctgtgcectt ggaatgctag ttggagtaat

6661 aaatctctgg aacagatttg gaatcacacg acctggatgg agtgggacag agaaattaac



6721 aattacacaa gcttaataca ctccttaatt gaagaatcgc aaaaccagca agaaaagaat
6781 gaacaagaat tattggaatt agataaatgg gcaagtttgt ggaattggtt taacataaca

6841 aattggctgt ggtatataaa attattcata atgatagtag gaggcttggt aggtttaaga

6901 atagtttttg ctgtactttc tatagtgaat agagttaggc agggatattc accattatcg

6961 tttcagaccc acctcccaac cccgagggga cccgacagge ccgaaggaat agaagaagaa
7021 ggtggagaga gagacagaga cagatccatt cgattagtga acggatctcg acggtatcga
7081 ttaactttta aaagaaaagg ggggattggg gggtacagtg caggggaaag aatagtagac
7141 ataatagcaa cagacataca aactaaagaa ttacaaaaac aaattacaaa aattcaaaat
7201 tttatcgatg tcgacgttaa cgctagtgat atcaactttg tatagaaaag ttggctccga

7261 attcgccectt ggatccgagce tttaagatac aatttatttt ttccatgtgg aaaggtttag

7321 tgaaaggaca agacaaggga gagggatgag agaaagaaga agagtaggaa agagaagagc
7381 ccgccatgag catgtgaaga gaaggggagg ggagtgggga gagaagggac aaaaggggaa
7441 aaggggagga gcaagagtta agacacaatt taagtctcca gttaaataat aatttcattt
7501 ctaaaaagaa ataaattttt atatgcttag acttcaaatg tcattttgag acaaaaaaat

7561 cagcacataa tgtattttgt gaggaaggta acttgaagat ggtttaaaaa caaacttgaa
7621 aatatttgct tatacagcac aggcttttga aaagttattt ttaaaagatg aggaattagg

7681 cacctgttgc ttcgccaget ggtggggatt ttaaaaatga cgatcactct tctgectgeg

7741 cagctccatt tttgcacctg ctgcgacttg agttatgagc ggttcacaca tggtaattta

7801 ataaggttag gtcccatgac agtgtgctga agttagcccg tggggacagt taaagcacta
7861 ttataaaatc ttgagaggaa agcgttatac acaaggctca aaacgaacaa tttataccge
7921 acagacatca tgcttttcta tcttgaaaaa aatgtaaaga catgtacacc acagatcaaa
7981 aaaaaaaaaa aaagagccct ctataattaa gactacgtgt agcagtcatt ttctctacac

8041 tgtgaccttt atgcttctga aaatactttt attttagaga gggggcaggg cttctcgtgt

121
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8101 aatgtctgtc ctggaactct ttctgtagag taggtagect caaactcaga gatacatctt
8161 cctctggctt ccaagggcte tgggattaat agcggatcct ctagagtcga ggaattcaat
8221 tccatactca gaacccatta atgtgaaaga agagctgtag cttcacgeag ttgtcctctg
8281 acatccacat gcaaactgta cccacacgtg tgcattgcac aaacacacac acatacatac
8341 acacatacaa ctgtgatgat tgataattat tatataataa ttaatgatga taatactatt

8401 taaatggcta ttaacaaacqg ttagaatgac actggacgat aatagaattt caataccctc
8461 tctggtgaaa cttgtcactt aggaacttat aaccactggt tttcatgagt tgctttttag

8521 cttgttttca aggcagggtc tcagttggta getcaggcetg tectgaaact cacttgtaga
8581 ccagactgac cttgaactca cagagaagcc gtttgtctct gacccaggta ctgggattaa
8641 agatatacac aaatacaccc agttttgggt ttcatatatt actttatatg agtctaacct

8701 tgcaaactgg aaaccaagga caaaactaag aaaaaacaaa tatcaaattg ccagcaaaac
8761 atgcacagta ttgataatta cgtctttttt aaattatttc cctaaaaatg tatttgtccc

8821 tctagcatgg atataagatt aaggagacaa ataattctat ttcatgtcat ttagaagaca
8881 atgggctaat tgcagactca atcaaaaact aatttaccat tcttcattaa attgtacaga
8941 aaaatcaggt tataggaaat aatttaaatt ttaaatttag ttttctttag catagggaca

9001 cagacataga gggaggcaag gagagacaga ctgtactccc tagaaaggaa agcacattag
9061 acctggtgga ctttccttat acgtctgctt tttattttta aacactacca gtgacctctt

9121 tgctgaccaa cattttcttg caaatcatgg ccaaggaggg agggcatgag ccgtgaagaa
9181 gctgggtgaa agttggtaat gectcagceca agatccaagt tgaaattgaa ccggtaaagt
9241 ttcttaggaa ggaaaaaaaa aaaaagattt acagcttcaa cagaactgta attctaccaa
9301 gaaaaaggta cgtctatcag ctgtcaccaa accaaccatg gctggctttg tcgtgettct
9361 ttttccttta tagatagaag tggaggggaa gaagaaagaa aaaaaaaaag agagagagag

9421 aagaagaagc aagaggcatt caaaaaactt aaggaagccc tgacccttta gactccattt
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9481 atagtctgag cccgaatgcece accecectgg acaagtgaac cgtccaatce agecgegtgt
9541 gtcaaggttc tattaggcac taagagaaat atatatgcat gcccttatac cattcaacac

9601 tctgggtcca cectccagac getgggetge gggtcaageg agecaccact getcttccaa
9661 gtgtcatttt gacaggttct tctggaggag atccttcttt tgttccaagg gegaattcga

9721 cccaagtttg tacaaaaaag caggctcecge ggecgeccce ttcaccatgg gagtcaaagt
9781 tctgtttgce ctgatctgea tegetgtgge cgaggecaag cccaccgaga acaacgaaga
9841 cttcaacatc gtggcegtgg ccagcaactt cgcgaccacg gatctcgatg ctgaccgegg
9901 gaagttgcee ggcaagaagce tgcecgetgga ggtgetcaaa gagatggaag ccaatgecceg
9961 gaaagctgge tgcaccaggg gcetgtctgat ctgectgtee cacatcaagt gcacgeccaa
10021 gatgaagaag ttcatcccag gacgcetgeca cacctacgaa ggcgacaaag agtccgeaca
10081 gggcggcata ggcgaggcega tegtcgacat tectgagatt cetgggttca aggacttgga
10141 gcccatggag cagttcatcg cacaggtcga tctgtgtgtg gactgcacaa ctggcetgect
10201 caaagggctt gccaacgtgce agtgttctga cctgetcaag aagtggetge cgcaacgctg
10261 tgcgaccttt gccagcaaga tccagggeca ggtggacaag atcaaggggg ctggtggtga
10321 cgcggecegct actaattttt cattattaaa gcaagcagga gatgttgaag aaaatccecgg
10381 gcccatggtg agcaagggeg aggagetgtt caccggggtg gtgececatee tggtcgaget
10441 ggacggcgac gtaaacggcc acaagttcag cgtgtccgge gagggcegagg gegatgecac
10501 ctacggcaag ctgaccctga agttcatctg caccaccgge aagetgeccg tgeectggece
10561 caccctcgtg accaccctga cctacggegt geagtgette agecgetace ccgaccacat
10621 gaagcagcac gacttcttca agtccgecat gecccgaaggc tacgtccagg agecgeaccat
10681 cttcttcaag gacgacggca actacaagac ccgcgecgag gtgaagttcg agggegacac
10741 cctggtgaac cgcatcgagc tgaagggcat cgacttcaag gaggacggca acatcctggg

10801 gcacaagctg gagtacaact acaacagcca caacgtctat atcatggccg acaagcagaa



10861 gaacggcatc aaggtgaact tcaagatccg ccacaacatc gaggacggea gegtgeagct
10921 cgccgaccac taccagcaga acacceccat cggegacgge ceegtgetge tgcccgacaa
10981 ccactacctg agcacccagt ccgecctgag caaagaccee aacgagaage gegatcacat
11041 ggtcctgetg gagttcgtga ccgecgeegy gatcactcte ggeatggacg agetgtacaa
11101 gtacccatac gatgtccctg attatgcttg ataatagaag ggtgggegeg ccgacceage

11161 tttc

124
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CHAPTER 5: CONCLUSIONS AND FUTURE PROSPECTUS
5.1 Project Summary

This project explored the feasibility of engineering a biocompatible actuator for
regenerating skeletal muscle tissue. The project was approached in three main phases: 1)
identifying a potentially biocompatible, electroactive material and optimizing the
movement of that material, 2) developing a set of conductive guidance cues with a low
overall stiffness to augment the biocompatibility of the actuator, and 3) testing the
feasibility of the composite scaffold for promoting the proliferation and differentiation of
myoblasts under electrical stimulation. This section will give a succinct summary of the
achievements and limitations of the project.

In the preliminary experiments for Aim 1, we tested a variety of materials in an
array of combinations to produce a viable electroactive actuator. The combination of
poly(ethylene glycol) (PEGDA) and acrylic acid (AA) produced an actuator that
displayed reversible and repeatable movement. We build an apparatus and developed a
protocol to quantify the movement of these hydrogels while applying a constant 20 V of
stimulation under various conditions. We were able to optimize the movement speed and
contractile force of these hydrogels with respect to concentration, ratio of components,
and geometry of the samples. However, the maximum contractile stress produced, 297 Pa
to 821 Pa, fell short of the estimated contractile stress of native muscle fibers, 60 kPa to
380 kPa [1-4]. In addition, the results of the biocompatibility tests were less than optimal.
While myoblast cells survived on the hydrogel samples with lower relative
concentrations of acrylic acid, the myoblasts failed to fuse into myotubes in a reasonable

timeframe. This result motivated the development of conductive guidance cues in Aim 2.
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In similar fashion to Aim 1, we had investigated a large variety of materials to
form a conductive, fibrous scaffold that would provide guidance cues for differentiating
myoblasts in Aim 2. The criterion for selecting a suitable material included the feasibility
of electrospinning, conductivity, mechanical properties (stiffness) and biocompatibility.
We decided to synthesize a copolymer of polycaprolactone (PCL) and polypyrrole (PPy)
based on favorable properties for both components: PCL has a relatively low stiffness
and is easy to electrospun; PPy is a conductive polymer that has good reported
biocompatibility. This copolymer was combined with pure PCL and electrospun into
fibrous scaffolds with various properties depending on the relative concentration of
copolymer. The addition of the PPy-PCL copolymer did not significantly change the
stiffness of the resulting fibrous scaffolds when compared to a scaffold of pure PCL.
Although the scaffolds made from PPy-PCL exhibited lower conductivity than expected,
the cell studies indicated that myoblasts have a clear preference for scaffolds with PPy-
PCL compared with scaffolds made from only PCL. Myoblasts exhibited higher
attachment, more proliferation, higher numbers of myotubes formed, and a higher fusion
index on scaffolds made with PPy-PCL as compared with scaffolds made of PCL. In the
context of the overall project, the conductivity of these scaffolds was too low to use them
as “biocompatible electrodes”. However, the excellent biocompatibility and relatively
low stiffness of the PPy-PCL scaffolds made them suitable for the purposes of Aim 3.

In Aim 3, the goal was to combine the actuator from Aim 1 and the biocompatible
fibers from Aim 2 to produce an actuator which could easily support cell attachment,
proliferation, and differentiation. The produced composite scaffold could be seeded with

myoblasts, and electrical stimulation could be applied while the myoblasts are
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developing. The working hypothesis was that there is an electrical stimulation pattern
which will produce movement in the actuator portion of the composite while providing
beneficial electrical stimulation to the developing myoblasts. Further, it was our
hypothesis that this combined electrical and mechanical stimulation would have a
positive impact on the differentiation of myoblasts. Two different versions of the
composite scaffold were fabricated, and two different electrical stimulation patterns were
selected based on the minimal stimulation needed for the hydrogel portion to move and
previous studies in the literature (see Aim 3). The electrical stimulation patterns seemed
to have a net negative effect on the survival of myoblasts on all groups, but enough cells
survived to evaluate their differentiation. Based on the results of using a cell line which
reports on the production of myosin light chain (associated with differentiation), there
was no difference in the progress of differentiation between groups exposed to electrical
stimulation and the control groups which received no stimulation. Further, the hydrogel
samples and composite structures exhibited very little movement under these electrical
stimulation patterns. Thus, it seems that the set of electrical stimulation patterns that
produce actuation in this hydrogel and the set of electrical stimulation patterns which are
ideal for stimulating myoblasts are either mutually exclusive or there is very little overlap
between them. However, there may be a viable set of experiments to evaluate the effect
of electrical stimulation on cells growing on the conductive, fibrous scaffolds alone.
5.2 Next Steps for Progress of the Project

This project has developed a set of protocols to evaluate the potential of materials
to serve as biocompatible actuators to aid in the regeneration of muscle tissue. Perhaps

the simplest way to improve this project is to find or generate a new material to produce
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actuation in an electric field. It may be possible to achieve this by duplicating the key
elements of an ionic electroactive polymer in a novel way. lonic electroactive polymers
are characterized by side chains with a highly polar or charged entity attached to the main
polymer backbone. We achieved this configuration by chemically binding acrylic acid to
a poly(ethylene glycol) backbone. The carboxylic acid groups on the acrylic acid
molecules provided the highly polar entities which allowed movement to occur. It may be
possible to synthesize a new ionic electroactive polymer with highly charged side chains
capable of facilitating stronger and faster movement. This line of experimentation will
likely require the help of an experienced chemist, but the protocol for evaluating and
comparing the movement of various actuators has already been developed.

In contrast, it is possible that the movement strength and speed of the actuator can
be improved by developing a more sophisticated way to bind a “biocompatible electrode”
to the hydrogel samples. The movement speed of ionic electroactive polymers is
proportional to the strength of the electric field, which can be enhanced by increasing the
voltage or reducing the distance through which the voltage is applied. While increasing
the voltage is less than ideal because it hampers biocompatibility, it may be possible to
reduce the distance through which the voltage is applied by fusing a biocompatible
electrode to the surface of the ionic electroactive polymer. This concept has already been
proved with the use of ionic polymer-metal composites (IPMCs). IPMCs are essentially
composed of an ionic electroactive polymer with deposited metal particles on the surface.
The electric field can then be applied directly to the metal particles on the surface of the
construct, and the electric field strength is greatly enhanced. It may be possible to

develop a type of “biocompatible electrode” made of a highly conductive polymer which
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can be fixed to the outside of an ionic electroactive polymer and function in a similar
way. We originally thought that this was a possibility, but the conductivity of the PPy-
PCL copolymer scaffolds was too low to function as an electrode. Thus, this domain of
experimentation would have to explore the use of new conductive materials.

Another possibility for progress in this project is to develop a new conductive
polymer with relatively high conductivity and low enough stiffness to move with the
composite actuator. Most strategies for enhancing the conductivity of scaffolds also
significantly increase scaffold stiffness. For the purposes of this project, relatively high
scaffold stiffness is undesirable because the stiffness would impede the movement of the
composite actuator. The use of polymer synthesis techniques may be required to make a
new copolymer with suitable conductivity and mechanical properties.

Finally, this project may benefit from the use of more sophisticated electrical
stimulation patterns. We were somewhat limited in the electrical stimulation patterns that
we could use by the limits of our function generator. In this project, we utilized a
simplified version of stimulation patterns from the literature, which was sufficient for a
proof of concept experiment. However, in the future, more sophisticated stimulation
patterns may be necessary to properly stimulation the myoblasts while the composite
actuator moves. Previous studies have devoted significant resources just to building a
device with such capabilities [5], and it may be necessary to achieve better results in this
project.

5.3 Challenges with Clinical Applicability
A number of challenges remain to be addressed before this project can approach

clinical relevance. The biggest obstacle to overcome likely involves the application of
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voltage within the human body. Electrolysis is the decomposition of water molecules into
molecules of hydrogen and oxygen gas, and this process can occur with as little as 1.23 V
of electricity. While human cells can tolerate electrolysis reasonably well in vitro, the
production and build-up of gases in a closed area of the human body is dangerous. In
order to avoid electrolysis, all internal application of voltage must be run with less than
1.23 V, or the electrical stimulation must be delivered from the outside of the body. All
of the experiments completed in this project indicate that 1.23 V is too low to cause
significant movement of an ionic electroactive polymer. Thus, significant improvements
in the design of the actuator and/or composite, as detailed earlier, need to occur before
internal stimulation can be considered during clinical use. External stimulation may be a
viable alternative for some patients, especially after the commercialization of various
electronic muscle stimulation (EMS) products. However, these products rarely work for
obese patients due to the high impedance of fat tissue. Also, scar tissue may complicate
the process by increasing impedance in some patients.

In its current form, this project proposes a composite scaffold made of multiple
biodegradable materials, but this may not be ideal for producing homogeneous muscle
tissue. The PEGDA/AA hydrogel and PPy-PCL copolymer are composed of
biodegradable components, but these components may degrade at different rates. It is not
clear that the composite scaffold will facilitate uniform muscle fiber development across
its surface. A more uniform scaffold would be more likely to produce homogenous
muscle tissue as it degrades, but a uniform scaffold may not be possible to implement

with the desired functionality.
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Another issue related to scaffold degradation is the simultaneous optimization of
contractile strength and degradation rate. In theory, this composite scaffold is designed to
degrade over time as new muscle tissue forms. However, contractile strength will also
diminish as the composite degrades. It may be the case that contractile strength needs to
be diminished to provide the appropriate degradation rate, or vice versa. A robust
scaffold that has a high contractile strength may be more appropriate as an exoskeleton
designed to augment muscle contractile force from outside the body rather than as an
implant.

Like all implants, this scaffold must eventually address the issues of proper
vascularization and innervation over time. New vascularization needs to grow rather
quickly after implantation to avoid a lack of oxygen and nutrients for developing muscle
fibers. In addition, the newly formed muscle tissue must be properly innervated to allow
for conscious control with the nervous system. It is possible that innervation can be
achieved by ion impulses spreading from neighboring muscle depending on the size of
the muscle defect, but steps will at least need to be taken to ensure proper vascularization.

Despite the previously mentioned challenges, there is some evidence that
implantable scaffolds which provide guidance cues to proliferating satellite cells
(myoblasts) can regenerate muscle tissue. Decellularized urinary bladder tissue from pigs
(xenografts) has been implemented successfully in clinical trials [6]. The study achieved
functional improvements in 60% of the human patients treated. This study provides proof
for the concept of implantable scaffolds providing the framework for cells to attach.
Since decelluarized tissue is not conductive, it seems that conductivity is not required for

the regeneration of skeletal muscle tissue. The more important factors for regenerating
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skeletal muscle tissue are likely facilitating cell attachment and providing very precise
scaffolding for forming muscle fibers.
5.4 Potential Side Projects Stemming from this Work

Progress in academia is often non-linear. Projects can be unsuccessful, but the
results can spur the start of new projects. In that spirit, there are a few “side projects” that
can stem from this work and be of use in other domains.

The detached power supply developed in the lab of Dr. Najafizadeh, mostly by Yi
Huang, can be used to power other types of implants [7]. Most implantable electronic
devices, such as pacemakers, are powered by batteries which must be continually
replaced with additional surgeries. Providing a power source that can recharge devices
through the skin would be immensely beneficial by saving on the costs of recurring
surgeries.

Another interesting domain of inquiry involves the relationship between the
conductivity of a substrate and the cell-material interaction. It would be interesting to
determine the lowest concentration of conductive particles (percolation threshold) needed
to enhance cell attachment. This information could inform future scaffold design for both
muscle and nervous tissue. In addition, it would be useful to discover what cell processes
are activated when cells come into contact with a conductive polymer as opposed to a
nonconductive polymer. It is possible that all the interactions are confined to the cell
surface, but knowing the signal transduction pathway activated by a conductive substrate
would be useful for the domain of scaffold research.

The “soft” actuator developed in this project may have other purposes as well.

Light-weight actuators are more useful for certain applications than heavier mechanical
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actuators. Possible applications for “soft” actuators include biomimetic sensors, actuators
for light-weight robotics, and animated toys.

The cell line developed in this project as a myosin light chain reporter can be used
by other researchers studying various types of muscle. The cell line can evaluate other
scaffolds and treatments for regenerating muscle tissue in a quick and cost effective way.
The best use of the cell line is likely as a screening tool to quickly evaluate potential
treatments/conditions for further study. However, the stability and longevity of the cell
line will have to be quantified before widespread use.

5.5 Final Thoughts

The results of the experiments performed for this project provide a baseline to be
improved upon in future iterations. This project also provides a set of protocols to
evaluate scaffolds and actuators for regenerating skeletal muscle tissue. A potential
guiding principal for the future development of these ideas is to reduce complexity
wherever possible. Each additional component to a system adds new complexity and
potential issues. It is telling that a successful clinical trial for muscle regeneration utilized
a decellularized xenograft scaffold with little processing [6]. Sometimes simple ideas
provide a better solution.

5.6 References

[1] Close RI. Dynamic properties of fast and slow skeletal muscle of the rat after nerve
cross-union. J. Physiol. (London) 1969; 204: 331-46.

[2] Burke RE, Tsairis P. Anatomy and innervation ratios in the motor units in cat
gastrocnemius. J. Physiol 1973; 234: 769-5.

[3] Lannergren J, Westerblad H. The temperature dependence of isometric contraction of
single, intact fibres dissected from a mouse foot muscle. J. Physiol 1987; 390: 285-93.

[4] Kanda K, Hashizume K. Factors causing difference in force output among motor units
in the rat medial gastrocnemius muscle. J. Physiol 1992; 448: 677-95.



134

[5] Donnelly K, Khodabukus A, Philp A, Deldicque L, Dennis RG, Baar K. A Novel
Bioreactor for Stimulating Skeletal Muscle In Vitro. Tissue Engineering: Part C 2010;
16(4): 711-718.

[6] Sicari BM, Rubin JP, Dearth CL, Wolf MT, Ambrosio F, Boninger M, Turner NJ,
Weber DJ, Simpson TW, Wyse A, Brown EHP, Dziki JL, Fisher LE, Brown S, Badylak
SF. An Acellular Biologic Scaffold Promotes Skeletal Muscle Formation in Mice and
Humans with VVolumetric Muscle Loss. Science Translational Medicine 2014; 6(234):
234-258.

[7] Huang Y, Browe D, Freeman J, Najafizadeh L. A Wirelessly Tunable Electrical
Stimulator for lonic Electroactive Polymers. IEEE Sensors Journal 2018; 18(5): 1930-
1939.



