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RESUMEN

El masculo esquelético tiene la capacidad de regenerar fibras musculares cuando se ha
producido un dafo, ya sea por lesiones o enfermedades degenerativas. Las células satélites
son responsables de esta regeneracion. Cuando se produce una lesion, estas células se
activan y entran en el ciclo de proliferacion para reparar el dafio. Sin embargo, cuando el
dafio es demasiado extenso, no se puede producir la regeneracion. Scaffolds de polimeros
pueden ser usados para promover la diferenciacion de mioblastos y asi ayudar en la
regeneracion de tejidos. La respuesta de las células en los scaffolds de polimero se
determina por factores tales como la composicion de polimero, la topografia y la adicion
de otras moléculas como proteinas. La decorina, un proteoglicano que se encuentra en la
matriz extracelular, aumenta la regeneracion del tejido funcional y al mismo tiempo
disminuye la fibrosis. Con el objetivo de estudiar el efecto de la morfologia de fibras y la
adicion de decorina en ellas, sobre la respuesta celular del musculo esquelético, se evalud
la diferenciacion de mioblastos murinos en fibras obtenidas mediante electrospinning
(alineadas o no) de poli(e-caprolactona) (PCL), y mezclas con poli(acido lactico-co-
glicolico) (PLGA) o decorina. Los resultados muestran que fibras alineadas de PCL con
mayor contenido de PLGA favorecen el crecimiento celular, y mejoran la calidad de
diferenciacion en términos de largo, grosor y nucleacion de miotubos. Al mismo tiempo,
la presencia de decorina mejora en gran medida la cantidad y calidad de miotubos sobre
las fibras, a pesar de que puede reducir su alineacién. Esto sugiere que, a ciertas
concentraciones, el efecto de la decorina sobre la diferenciacion de mioblastos supera el
efecto topogréafico del alineamiento de las fibras. Por lo anterior, es fundamental optimizar
simultaneamente la composicion y topografia de un scaffold para poder ser usado en
aplicaciones de regeneracion muscular. Con este trabajo es posible preveer que una
combinacion de fibras alineadas de PCL/PLGA/decorina permitira controlar
efectivamente el crecimiento y la diferenciacion de mioblastos en aplicaciones de

ingenieria de tejidos.

Palabras Claves: Electrospinning, mioblastos, PCL, PLGA, decorina, scaffolds
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ABSTRACT

Skeletal muscle has the ability to regenerate new muscle fibers when damage has
occurred, be it from injury or degenerative diseases. Satellite cells are responsible for this
regeneration. When injury occurs these cells are activated and enter the proliferation cycle
to repair the damage. However, when the damage is too extensive, regeneration cannot
occur. Polymer scaffolds can be used to promote differentiation of myoblasts to aid in
tissue regeneration. Cell response on polymer scaffolds is determined by factors such as
polymer composition, topography and the addition of other molecules. Decorin, a
proteoglycan found in the extracellular matrix, has shown to increase the regeneration of
functional tissue and simultaneously decrease fibrosis. We aimed to study the effect of
fiber morphology and the addition of decorin on the response of skeletal muscle cells. We
evaluated murine myoblast differentiation on unaligned and aligned fiber scaffolds
composed of poly(e-caprolactone) (PCL) and blends with poly(lactic-co-glycolic acid)
(PLGA) and decorin. Aligned scaffolds that contained greater PLGA content had a greater
cell count and greater differentiation yield, resulting in larger, more nucleated myotubes.
The presence of decorin greatly improves the quantity and quality of myotubes on fiber
scaffolds yet reduces myotube alignment. This suggests that at certain concentrations the
effect that decorin has on myoblast differentiation trumps the topographical effect of fiber
alignment. Considering this, it is essential to simultaneously optimize scaffold
composition and topography for muscular regeneration. With this study, it is possible to
foresee that a combination of aligned fibers composed of PCL/PLGA/decorin will allow
effective control of the proliferation and differentiation of myoblasts applied to tissue

engineering.

Keywords: Electrospinning, myoblasts, PCL, PLGA, decorin, scaffolds
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INTRODUCTION
1.1 Skeletal muscle

Skeletal muscle tissue is one of the most abundant tissues of the body. It is a
highly organized tissue with a hierarchal structure. It is composed of fiber-like
structures called myofibers that are bundled together by a lipid layer bilayer, called
sarcolemma, which contains collagen filaments and specialized proteins. These
bundles form what is called a muscle fiber. Bundles of muscle fibers make up the

muscle tissue (Lieber, 2002).

Skeletal muscle

(a) Muscle

Figure 1-1: Skeletal muscle fiber structure (Mescher, 2016).



The synthesis of myofibers is produced by a process called myogenesis.
Between the sarcolemma and the basal lamina are specialized muscle stem cells
called satellite cells. These cells are responsible for muscle tissue regeneration.
When the muscle has been injured, the previously quiescent satellite cells now
activate and enter the proliferation cycle. Some of these cells remain satellite cells
to maintain a steady population of stem cells while the others enter the proliferation
cycle to become myoblasts (Olguin & Olwin, 2004). When the damage is too
extensive, satellite cell population decreases and the tissue is incapable of

regenerating resulting in permanent muscle loss.

Injured Muscle
E::D =

l Myocytes

Satellite Cells Myoblasts

Acnvanon leferentlahon Fusion

XXX XE

—

Figure 1-2: Myogenesis pathway (modified from Andres-Mateos et al. (2012))

1.2 Tissue engineering and scaffolds

Tissue failure as a result of injury or a genetic disease is a major health
problem. Treatment options include transplantation (autologous or allogeneic),
surgical repair, mechanical devices and drug therapy. However, major damage to
the tissue can neither be repaired nor long-term recovery can be achieved in a truly
satisfactory way with these methods. In the case of stem cell injection therapy,

efficacy is low since cells can be systemically lost and therefore only a small



percentage of stem cells will remain in the affected area to carry out regeneration.
Regarding skeletal muscle, microenvironment affects myoblast proliferation and
differentiation. Damage tissue shrinks and becomes stiff. Satellite cells will sense
this stiffness and proliferate but the resulting myoblasts will be stiffer than the
original tissue, decreasing its functionality.

Tissue engineering is emerging as an alternative or a complementary solution.
Tissue failure is treated by implanting substrates that are natural, synthetic, or a
combination of both, which mimic the tissue microenvironment (i.e., extracellular
matrix, ECM). These can be fully functional from the beginning or adapt to its
environment to grow into the required functionality. The strategies used in tissue
engineering can be classified into three groups:

1) Implantation of isolated cells or cell substitutes

2) Delivery of tissue-inducing substances (e.g., growth factors)

3) Placing cells on or within matrices

Scaffold design and fabrication are major areas of biomaterials research.
Scaffolds are defined as three-dimensional porous yet solid biomaterials designed to
perform certain functions. These functions can include some, if not all, of the
following:

a) Promote interactions between cell and materials, cell adhesion and
deposition of ECM

b) Allow the transport of nutrients, gases, and regulatory factors

c) Biodegrade in a controlled manner and at a rate which is similar to that of
the regeneration of the tissue

d) Provoke little to no inflammation or toxicity (Langer & Tirrell, 2004).



1.3 Polymers used in tissue engineering

Biomaterials are defined as substances that have been engineered to interact
with biological systems for a medical purpose (Ratner, 2004). A wide range of
materials has been used as biomaterials, including — but not limited to — ceramics,
metals, hydrogels and polymers. Polymers, both natural and synthetic, have been
widely used as biomaterials for the fabrication of medical devices and tissue-
engineered scaffolds (Piskin, 1994).

Natural polymers are biodegradable materials that have a biological origin.
These can be classified as proteins (e.g., silk, collagen, gelatin, fibronectin, keratin),
polysaccharides (e.g., cellulose, chitin, dextran), and polynucleotides (DNA and
RNA) (Yannas, 2004). Thanks to its bioactive properties, natural polymers have
better interactions with cells allowing them to enhance their performance.

Synthetic polymers are artificially-made materials. These polymers are highly
used in the biomedical field since their properties (e.g., porosity, degradation rate,
elasticity and tensile strength) can be customized for specific applications. Synthetic
polymers tend to have a long shelf-life and can be produced in large quantities with
high reproducibility under controlled conditions. Some of the most commonly used
synthetic polymers for muscoskeletal tissue engineering include poly(caprolactone)
(PCL), poly(L-lactic acid) (PLLA) and poly(lactic-co-glicolic acid) (PLGA).

1.3.1 Poly(caprolactone)

PCL is a hydrophobic, semicrystalline polymer; its crystallinity tends to
decrease with increasing molecular weight. The good solubility of PCL, its low
melting point (59-64 °C) and exceptional blend-compatibility have stimulated
extensive research into its potential application in the biomedical field (Nair &
Laurencin, 2007). Due to the fact that PCL degrades at a slower rate than other

synthetic polymers, it is used in drug delivery devices that remain active for over



one year and in slow degrading suture materials. However, PCL does not have the
mechanical properties to be applied in high load bearing applications.

n

Figure 1-3: Chemical structure of poly(caprolactone).

1.3.2  Poly(lactic-co-glicolic acid)

PLGA, a polyester, is a copolymer of poly(lactic acid) PLA and poly(glycolic
acid). PGA is void of any methyl side groups and shows highly crystalline structure
in contrast to PLA (Figure 1-4). Presence of methyl side groups in PLA makes it
more hydrophobic than PGA and therefore lactide-rich PLGA copolymers are less
hydrophilic, absorb less water and in turn degrade more slowly. Mechanical
strength, swelling behavior, and the capacity to undergo hydrolysis and therefore
biodegradation rate of the polymer are directly influenced by the degree of
crystallinity of the PLGA, which is dependent on the type and molar ratio of PLA to
PGA. The glass transition temperature (Tg) of different copolymers of PLGA are

reported to be above the physiological temperature of 37 °C and therefore are glassy

in nature, exhibiting fairly rigid chain structure.
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Figure 1-4: Chemical structure of PLGA, X corresponds to the number of lactic

acid units and Y is the number of glycolic acid units.

1.4 Scaffold functionalization

Most of the synthetic polymers do not possess any specific functional groups,
and they must be specifically functionalized for successful applications. The most
popular and simplest scaffold modification methods are physical blending and
coating. Polymers can be blended with other polymers, molecules such as proteins
and growth factors and nanoparticles.

Bioactive molecules can promote engrafting by improving viability and
survival of the engineered tissue. These molecules can be whole protein molecules
such as ECM proteins. Many proteins have been used in scaffolds including
collagen, gelatin, fibrinogen, albumin and decorin.

Decorin is a small leucine-rich proteoglycan, which is a component of the
ECM of tissue that contains collagen (Hocking et al., 1998). This protein is important
in regulating the correct assembly of collagen-containing matrices and controlling
cell proliferation under many conditions. Decorin is regarded as an important
modulator of matrix assembly, because of its ability to bind fibrillar collagen and
delay in vitro fibrillogenesis (Giri et al., 1997; Noble et al., 1993). This proteoglycan
can modulate the bioactivity of growth factors and act as a direct signaling molecule
to different cells (Stander et al., 1998). Decorin, which is expressed at high levels in
skeletal muscle during early development (Nishimura et al., 2002) also interferes
with muscle cell differentiation and migration and regulates connective tissue

formation in skeletal muscle (Brandan et al. 1991).



Because differentiation is critical for skeletal muscle development and
regeneration after injury and disease (Li et al., 2001), studies have examined the role
of decorin in remodeling healing skeletal muscle. Li et al. (2007) showed that the
direct injection of bovine decorin decreased muscle fibrosis and provided nearly
complete functional recovery. Decorin blocks fibrosis, mostly by inhibiting
transforming growth factor (TGF)-f activity, which improves muscle healing
(Figure 1-5).

MDSCs Satellite cells Myoblasts Myotubes Myofibers

© Paxa/? k7 Ag Proliferation D'ﬂer"“"a““” % Fusion .
8@ ' cy!? e s

TGF -1, My«:smtun

X - le:stalm
Decorin —_-_____ MyﬂD+F‘&‘I

+ T PGC-1

Figure 1-5: Schematic of the potential effect of decorin on muscle healing (Li
et al., 2007).

Hinderer et al (2012) fabricated blended PCL/gelatin/decorin fiber scaffolds
for tracheal tissue engineering applications. They found that decorin maintained its

functionality and that those scaffolds had little immunogenicity.

1.5 Electrospinning

The development of nanofibers has enhanced the scope for fabricating
scaffolds that can potentially mimic the architecture of skeletal muscle tissue at the
nanometer scale. The high surface-area-to-volume ratio of the nanofibers combined
with their microporous structure favors cell adhesion, proliferation, migration, and

differentiation.



Electrospinning is a technique that uses high voltage to produce polymeric
nanofibers. The basic setup (Figure 1-6) consists of four parts: a syringe with a
metallic needle, a syringe pump, a metallic collector and a high voltage supply that

is connected to the needle and the collector.

—{ High Voltage Supply

Syringe with I —
p— polymer solution + { -

[ e

| o

Syring Pump ;l;&lletlt:r —_L

Figure 1-6: Schematic of electrospinning setup.

The process begins when electric charges move into the polymer
solution through the metallic needle. This causes instability within the polymer
solution as a result of the induction of charges on the polymer droplet. At the same
time, the reciprocal repulsion of charges produces a force that opposes the surface
tension, and as a result, the polymer solution flows in the direction of the electric
field (i.e., towards the collector). A further increase in the electric field causes the
spherical droplet to deform and assume a conical shape. The nanofibers emerge from
the conical polymer droplet, called the Taylor cone, which are collected on the
metallic collector. A stable charge jet can be formed only when the polymer solution
has sufficient cohesive force. During the process, the internal and external charge
forces cause the whipping of the liquid jet in the direction of the collector. This

whipping motion allows the polymer chains within the solution to stretch and slide



past each other, which results in the creation of fibers with diameters small enough
to be called nanofibers (Garg & Bowlin, 2011).

There are many factors that affect the electrospinning process that can be
classified into three groups: electrospinning, solution, and environmental
parameters. The electrospinning parameters include the applied electric field,
distance between the needle and collector, flow rate, and needle diameter. The
solution parameters include the solvent, polymer concentration, viscosity and
solution conductivity. The environmental parameters include relative humidity and
temperature. All of these parameters directly affect the generation of smooth and
bead-free electrospun fibers (Matabola & Moutloali, 2013).

Figure 1-7: Transmitted light microscopy micrographs of electrospun 15% w/v
PLGA fibers in tetrahydrofuran (THF) at 15 kV, 15 cm distance needletip-collector
A) flow rate 0.5 mL/h and 60 min collection time (with beads) B) flow rate 0.3

mL/h and 40 min collection time (without beads) (magnification 20X).

An increase in the applied voltage beyond the critical value will result in the
decrease in fiber diameter and increase in the formation of beads. The decrease in
diameter is because the stretching of the polymer solution is correlated with the
charge repulsion within the polymer jet. Both of these effects are attributed to the
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decrease in the size of the Taylor cone and increase in the jet velocity for the same
flow rate (Deitzel et al., 2001).

The distance between the needle and collector affects the porosity and spread
of the nanofibers. By increasing the distance, the nanofibers have more space to whip
back and forth more, causing a larger spread in nanofibers that deposit on the
collector. This increased spread also translates into an increase in the overall
“porosity” of the scaffold (i.e., space between the fibers). When the distance is
decreased, the scaffold porosity is decreased and bead formation is increased. The
decrease distance also decreases deposition time, which means that the solvent does
not have enough time to evaporate completely. The excess solvent manifests in the
formation of polymer beads (Matabola & Moutloali, 2013).

Flow rate of the polymer solution determines the morphology of the fibers. An
increase in flow rate produces beads and ribbon-like structures. This is mainly due
to the lack of evaporation of the solvent and the low stretching of the solution in
flight. This also explains the increase in fiber diameter with increase in flow rate
(Megelski et al., 2002).

The electrospinning process relies on the phenomenon of the longitudinal
stretching of a charged jet. This stretching is significantly affected by changing the
concentration of the polymeric solution. When the concentration of the polymeric
solution is low, the applied electric field and surface tension cause the entangled
polymer chains to break into fragments before reaching the collector (Haider et al.,
2013). These fragments cause the formation of beads or beaded nanofibers.
Increasing the concentration of the polymer solution leads to an increase in the
viscosity, which increases the chain entanglement among the polymer chains. These
entanglements overcome the surface tension and result in uniform nanofibers with
no beads. This happens at critical concentration of polymer solution. Further
increasing the concentration beyond the critical value hinders the flow of the

solution through the needle tip. The little solvent in the solution evaporates quickly
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and the solution dries at the tip of the needle, causing blockage, resulting in the
formation of beads.

Humidity and temperature are also important factors that influence the
electrospinning process. An increase in environmental humidity lowers the
evaporation of the solvent leading to the increase in the formation of beads on the
nanofibers. The same occurs with a decrease in the temperature of the environment.
Humidity has also shown to affect the porosity and the diameter of the nanofibers.
Increased humidity increases the porosity of the individual fibers.

The type of collector affects the alignment of the nanofibers. A metal plate is the
simplest collector that is used. This collector produces unaligned fibers. A rotating
cylinder can produce highly aligned fibers (Figure 1-8). At high speeds (around 1500

rpm), aligned fibers can be obtained. Low speeds produce unaligned fibers.
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Figure 1-8: Transmitted light microscopy micrographs of polymer fibers made
of PCL in chloroform electrospun at 12 kV, 0.3 mL/h, 18cm distance, for 2
hours, producing A) unaligned (200rpm) and B) aligned (2000 rpm) fibers

(magnification 40X).



12

1.6 Document structure

This document is divided into the following sections. Section 2 states the
hypothesis and objectives that we defined for this study. Section 3 contains the paper
that was submitted to Journal of Biomedical Material Research Part A. Section 4
contains additional results and further discussion and conclusions. Section 5 contains

annexed information.
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2. HYPOTHESIS
The hypothesis of this work is that the alignment of PCL-based fiber scaffolds and
the addition of other bioactive compounds improve murine myoblast differentiation.

2.1 Objectives

The objectives of this study include the following:
a) Evaluate myoblast differentiation on different fiber morphologies

1) Evaluate myoblast differentiation on unaligned and aligned PCL and
PCL/PLGA fiber scaffolds

i) Evaluate myoblast differentiation on PCL and PCL/PLGA fibers of

different diameters
b) Evaluate myoblast differentiation on different polymer blends

i) Evaluate myoblast differentiation on PCL and PCL/PLGA fiber

scaffolds

i) Evaluate myoblast differentiation on aligned PCL fibers with the

addition of decorin
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3.1 Abstract

Polymer scaffolds are used as an alternative to support tissue regeneration
when it does not occur on its own. Cell response on polymer scaffolds is determined
by factors such as polymer composition, topology, and the presence of other
molecules. We evaluated the cellular response of murine skeletal muscle myoblasts
on aligned or unaligned fibers obtained by electrospinning poly(g-caprolactone)
(PCL), and blends with poly(lactic-co-glycolic acid) (PLGA) or decorin, a
proteoglycan known to regulate myogenesis. The results showed that aligned PCL
fibers with higher content of PLGA promote cell growth and improve the quality of
differentiation in terms of cell fusion, myotube length and thickness. At the same
time, the addition of decorin greatly improves the quantity and quality of
differentiated cells. Interestingly, our results suggest that at certain concentrations,
the effect of decorin on myoblast differentiation exceeds the topological effect of

fiber alignment.

Keywords: muscle regeneration, electrospinning, myoblasts, PCL, PLGA, decorin
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3.2 Introduction

Skeletal muscle is a highly organized tissue composed of bundles of muscle
cells called myofibers. These myofibers are formed when myoblasts differentiate
and fuse with one another. Located between the myofiber’s plasma membrane and
the surrounding basal lamina, are the satellite cells. These muscle specific stem
cells activate upon different stimuli such as myofiber damage for tissue
regeneration and maintenance (Olguin & Olwin, 2004).

When a large portion of the muscle has been affected, satellite cells are
incapable of fully recovering the tissue (Karalaki et al., 2009). By using polymer
scaffolds as a structural and functional platform for cells, skeletal muscle can be
regenerated in vitro and then implanted into the patient when the tissue is
sufficiently mature.®

Skeletal muscle cells have been grown in vitro on many scaffold materials
including natural and synthetic polymers. These include collagen, poly(L-lactic
acid) (PLLA) and poly(D-lactic acid) (PDLA). Although collagen is widely used,
its drawbacks include poor mechanical properties and a rapid degradation rate.
Polymers with increased mechanical properties are necessary to be able to withstand
the tensile load of muscular contractions. For example, poly(e-caprolactone) (PCL)
has been used for medical devices because its biocompatibility, flexibility, stability
and low cost (Tang et al., 2005) It has a slow degradation rate (around 24 months),
is hydrophobic and therefore has no physiological active sites, i.e., it lacks surface
recognition functions for specific mucoadhesion or receptor recognition (Ciardelli
et al., 2005). Other polymers such as poly(lactic-co-glycolic acid) (PLGA) are also
biocompatible, exhibit higher degradation rates (e.g., 4-5 weeks for PLGA 75/25)
and have good cellular response because of their hydrophilic properties (Gentile et
al., 2014; Kim & Cho, 2009).

Adding bioactive molecules to scaffolds can enhance cellular response by
imitating the extracellular matrix. Decorin, a leucine rich proteoglycan found in the

muscle extracellular matrix, improves muscle regeneration and decreases fibrosis
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(Li et al., 2007), by upregulating factors such as follistatin (promotor of
differentiation and fusion of myotubes), downregulating myostatin expression
(inhibitor of myogenesis) (Amthor et al., 2004), and regulating transforming growth
factor (TGF-B) which controls myoblast differentiation (Chen et al., 2016; Li et al.,
2006; Sartori et al., 2014).

Electrospun scaffolds provide an extracellular matrix (ECM)-like substrate
— mimicking tissue organization and architecture — to which cells can adhere to
before secreting their own ECM. Therefore, aligned fiber scaffolds are most suitable
for skeletal muscle tissue engineering. Stem cells use scaffold topology information
to repair muscle tissue in vivo (Meng et al., 2014; Webster et al., 2016), where
scaffold alignment aids in cell proliferation (Whited & Rylander, 2014). Huang et
al.(2006) cultured C2C12 myoblasts on electrospun PLLA fibers and found that the
myotubes that were produced were highly organized growing along the nanofibers.
Choi et al. 1" showed similar results with human skeletal muscle cell grown on
PCL/collagen fibers.

With the objective of simultaneously evaluate the effect of alignment and
fiber composition on myoblast response, we compared myoblast proliferation and
differentiation on electrospun fibers, aligned or not, and blends of PCL/PLGA and
PCL/decorin.

3.3 Materials and methods

3.3.1  Polymer fiber preparation

PCL (Mn =70 — 90 kDa), PLGA 75:25 (Mn = 66 — 107 kDa), chloroform,
and decorin bovine articular cartilage were purchased from Sigma-Aldrich. 15% w/v
and 20% wi/v solutions of PCL and PLGA in chloroform were prepared by
continuous stirring for 1 hour. These in turn were used to prepare solutions of PCL
and PCL blended with 25% or 50% in mass of PLGA.
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Each of the aforementioned solutions was loaded in a 1 mL glass Hamilton
syringe with a 21 G blunt tip needle and electrospun using a high voltage DC power
supply set between 12 - 25 kV from a distance of 18 - 18.5 cm (distance needle-tip
to collector). The syringe pump was operated at a flow rate of 0.3 mL/h. The
collector used was a copper covered solid stainless steel rotating cylinder of a
diameter of 2 in. Coverslips that were previously dipped in 2% w/v polymeric
solution with the same composition as the fibers were placed on the collector
surface. The collector was rotated for 3 h at 200 rpm to produce randomly aligned
fibers and at 2000 rpm to produce aligned ones.

Additionally, PCL was mixed with 50 pg/mL decorin and electrospun with
the same aforementioned parameters, or 400 uL of 50 pg/mL decorin was added to
PCL fibers for 1 h following protocol used by Leach et al. (2011), while untreated
PCL fibers were used as control.

Before cell seeding, coverslips were sterilized under a laminar flow hood
with successive 30 minute washes with the following solutions: 70% ethanol, 50%
ethanol, 25% ethanol, distilled water, according to Li and Tuan (2009).

3.3.2 Cell culture

Stock C2C12 (ATCC CRL-1772) cells were detached from the plate by
enzymatic digestion with trypsin and centrifuged at 1000 rpm at 19 °C for 5 minutes
as previously reported by Olguin and Olwin (2004). Cells were resuspended and
counted using a Neubauer chamber. Wells with scaffolds were subsequently plated
at 2,500 cells/cm? or 12,000 cells/cm? for proliferation and differentiation
conditions, respectively. Cells were cultured in DMEM (Life Technologies) and
10% fetal bovine serum (Hyclone) (proliferation medium) at 37 °C and 5% CO..
After 48 h of incubation, cells were induced to differentiate in DMEM with 5%
horse serum (Hyclone) and were incubated for 4 more days. After 5 and 7 days of
incubation for proliferation and differentiation cultures respectively, cells were
fixed with paraformaldehyde (PFA) 4% in PBS for 20 min, permeabilized with PBS
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+0.2% triton X-100 for 20 min at room temperature and stained with haemotoxylin-
eosin (Padilla et al., 2016). Each sample was divided into 5 quadrants and one field
was photographed from each quadrant using an Olympus microscope (model
CKX41SF) with a MEM 1300 camera. ImageJ software and DiameterJ plugin was
used to measure percentage area of cell spreading and aspect ratio.

3.3.3  Myogenin and myosin heavy chain expression

C2C12 cells were maintained in differentiation medium for 9 days (for a total
incubation period of 12 days). Scaffolds with cells were fixed with
paraformaldehyde 4% in PBS for 1 min, and were later permeabilized with PBS,
0.5% Triton-X100 for 5 min. Non-specific binding sites were blocked with PBS,
3% BSA. Primary antibodies rabbit polyclonal anti-myogenin (1:200) and mouse
monoclonal anti-MHC (1:250) (Developmental Studies Hybridoma Bank) were
incubated for 2.5 h. Secondary antibodies donkey anti-rabbit (A31572, Alexa Fluor
555, Life Technologies Corporation) and donkey anti-mouse (A21202, Alexa Fluor
488, Life Technologies Corporation) diluted at 1:500 each were incubated at room
temperature for 1.5 h. Cells were mounted with VECTASHIELD mounting medium
containing DAPI (Vector Laboratories). Each sample was divided into 9 quadrants
and one field was photographed from each quadrant using a MoticBA410
microscope equipped with a Moticam Pro 252B camera. Images were processed
with ImageJ (Schneider et al., 2012), measuring the aspect ratio (ratio between the
length and width of each myotube), which is an indicator of myotube thickness (Ren
et al., 2008), fusion index: the percentage of total nuclei that are found within the
myotubes; considering myotubes with > 2 nuclei (Ren et al., 2008), number of nuclei
per myotube, and nuclei orientation. Measurements of each quadrant were taken and

later averaged.
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3.3.4 Scaffold characterization

Scaffolds were observed under an inverted optical microscope (Olympus
model CKX41SF) with a MEM 1300 camera. Fiber diameter was measured using
Q-capture Pro 7. ImageJ software with plugin Diameter] was used to measure fiber
radius, angle of orientation, and porosity (Hotaling et al., 2015). Kurtosis for angle
of orientation graphs was measured in Excel. Kurtosis is a measure of “tailedness”
of the probability distribution of a real-valued random variable. Positive kurtosis

indicates heavy tails while negative values indicate light tails (Westfall, 2015).
a) Scanning Electron Microscope (SEM)

Electrospun scaffolds were analyzed using a SEM (FEI Inspect F50) at 1000X.
Samples were mounted onto stubs and coated with gold using Sputter Coater 108
auto (Cressington). Fiber diameter was measured at 24,000X magnification.

Average fiber diameter and pore sizes were analyzed with ImageJ software.
b) Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was used to chemically characterize
the fibers for melting temperature (Tm) and glass transition temperature (Tg), using
DSC 6000 (Perkin Elmer) with Pyris Software. The heating rate was 10 °C/min
under nitrogen atmosphere with a heating temperature range between -80 °C to 200

°C for 2 cycles.
C) Fourier transform infrared microscopy (FT-IR)

Films of PCL, PLGA, and PCL/PLGA blends with 25 and 50 % of PLGA were
prepared by solvent casting with chloroform as the solvent for analysis. The samples
were analyzed with Fourier transform infrared spectroscopy (FT-IR) using a Vector

22 spectrometer. Spectra were collected between a wavelength of 400 and 4000 cm™
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!'with 32 scans. OPUS software was used to control the spectrometer and obtain and

analyze the spectra.

3.4 Results

3.4.1 Differential Scanning Calorimetry

Tg and Tm of PCL films were -61.36 °C and 57.56 °C, respectively. Both
temperatures were found in both PCL/PLGA blends (Figure 3-1). Tq and Tm for
PLGA could not be obtained from the DSC measurements because its Tg is in the
same range of the T of PCL (as reported by Sigma-Aldrich, Table 3-1) and its T
is higher than 100 °C, temperature that was not passed to avoid thermal

decomposition of the polymers (as reported by Sigma-Aldrich, Table 3-1).
3.4.2  Fourier Transform Infrared Spectroscopy

PCL FT-IR spectrum showed characteristic signals from the carbonyl group
(C=0) found in esters at 1724 cm™, C-H aliphatic asymmetric and symmetric
stretching at 2944 and 2862 cm™, C-O and C-C stretching at 1294 and 1046 cm™,
and C-O-C asymmetrical and symmetrical stretching at 1242 and 1165cm™,
respectively. PLGA spectrum showed signals at 1757 cm™* for C-O stretching from
carbonyl groups, aliphatic C-H asymmetrical and symmetrical stretching at 2991
cm™ and 2936 cmt, C-O stretching at 1130cm™, and C-O-C symmetrical stretching
at 1185cm™ (Figure 3-2). The spectra of both blends of PCL/PLGA show all of the
corresponding bands from both of the polymers comprising the mixture (Figure 3-
2).

3.4.3  Fiber morphology

Analysis of transmitted light microscopy images indicated that unaligned
fibers are oriented in many directions while aligned fibers are generally parallel

(Figure 3-3, Figure 3-4 and Table 3-2). There is no significant difference in scaffold
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porosity within the studied scaffolds: 60.6 + 8.5% and 60.4 + 9.7% for unaligned
and aligned fibers, respectively (Figure 3-5).

3.4.4  Scanning Electron Microscopy

SEM images of fiber scaffolds corroborate the alignment that was observed
with the microscope images (Figure 3-6 and Figure 3-3, respectively). Average fiber
diameter ranges from 0.8 — 1.1 um to 1.0 — 3.2 pum for unaligned fibers, made from
15% wi/v and 20% w/v of polymer solution, respectively. Aligned fiber diameter
ranges from 0.4 — 0.7 um to 0.7 — 2.7 um, for 15% w/v and 20% w/v of polymer

solution, respectively (Figure 3-7).
3.4.5  Cell proliferation

Myaoblasts on aligned fibers are more elongated and cover less area per cell
(Figure 3-8 and Figure 3-9). Scaffolds with 50% of PLGA content and 20% w/v
polymer contain the greatest number of myoblasts of the studied fibers; there are no
significant differences with these scaffolds and the control (Figure 3-9). Myoblasts
follow the general direction of fiber alignment; i.e., the major axis of myoblast
nuclei extends parallel to the fibers (Figure 3-10 and Table 3-3). Cells that were
seeded on unaligned fibers had nuclei with a wide distribution of different

orientation, as shown with its negative kurtosis values.
3.4.6  Cell differentiation

The myotubes that were present on the fibers with 50% PLGA were as thick
as the previous scaffolds but were much longer and had numerous nuclei (< 10)
(Figure 3-11). PCL fibers with 50% PLGA reached a high confluence (> 86%) by
the end of the incubation period (7 days) and had the greatest amount of myotubes
(> 7% of area covered by myotubes) (Figure 3-12). Higher concentration of PLGA
increased the aspect ratio of myotubes. Myotubes on PCL fiber scaffolds were short

and very thin, and generally had no more than 5 nuclei. Myotubes on PCL/25%



23

PLGA had similar lengths but were much thicker and had more than 3 nuclei. There
were no significant differences in aspect ratio between the control and PCL/5%
PLGA fibers (Figure 3-13).

3.4.7 Decorin addition

In presence of decorin, the myotubes formed were at least 10% larger (p-
value=0.065) and 51% thicker (p-value=0.00081), and the fusion index was at least
71% higher (p-value=0.047) than without decorin (Figure 3-14 and Figure 3-15).
Furthermore, when decorin was blended in the polymer solution, the myotubes were
more numerous, with more than twice the number of myotubes (p-value=0.0022)
than with the decorin coating, and the fusion index was three times higher than the
control (p-value=0.0039). Myotubes that formed in the presence of decorin
expressed more MHC than without it. PCL fibers expressed more myogenin, an
early differentiation marker, and very little MHC, a late differentiation marker
(Andres & Walsh, 1996). Nuclei maintained unidirectional alignment on the control
and on fibers with coated decorin (kurtosis = 0.493 and 0.271, respectively). When

decorin was blended, nuclei were less aligned (kurtosis = -0.351) (Figure 3-16).
3.5 Discussion

Polymer scaffolds support cell growth and differentiation. They can also
support stem cell function and/or delivery, and therefore constitute a powerful tool
for regenerative medicine. Here we evaluated the cellular response of murine
skeletal muscle myoblasts on aligned or unaligned fibers obtained by
electrospinning PCL and blends with PLGA or the proteoglycan decorin.

As expected, FTIR measurements are in accordance to those found in
literature (Elzein et al., 2004; Nourmohammadi et al., 2016). The spectra of PCL
and PLGA, both aliphatic poliesters, show the characteristic peaks, especially C-
0O-C, C-C and C=0 bands, that make up the main chain and the carbonyl group
(Figure 3-2). The peak corresponing to the -OH terminal group in PLGA that
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should be in the high wavenumber region (approximately 3600 cm™) (Fisher,
2007; Rodriguez et al., 2014) is not observed in our samples, probably due to the
small proportion of end groups in a large molecular weight polymer (less than one
end group per 1000 monomer units). No new bands are present, indicating that the
mixture is a result of the physical interactions between the polymers (Hiep & Lee,
2010; Kemala et al., 2012).

Lower fiber diameter of aligned fibers is due to the mechanical forces that
act upon the polymer jet stream as it comes into contact with the rotating collector.
At high rotational speeds the diameter of the fibers decreases because of stretching
(Haider et al., 2013). Aligned fibers are uniform due to the relatively constant
stretching produced by a constant rotational velocity. High rotational speeds do
not give fibers enough time to deposit more polymer solution, which can produce
beads and/or thicker fibers. Additionally, scaffold porosity was not significantly
different among the samples studied, thus it was not concluded as a relevant factor
on this study.

Larger diameter fibers promote myoblast proliferation. Thicker polymer
fibers offer a better topological guidance cue for myoblasts since they are more
protuberant (Langhammer et al., 2013). Both diameter and composition are
important factors that control the mechanical properties of the fibrous scaffolds (
Li et al., 2006; Tan et al., 2005), which influence myoblast proliferation. Thicker
fibers imply higher stiffness (Baumgart & Cordey, 2001; Markaki & Clyne, 2003).
Thicker fibers provide a larger contact area for the cells per fiber and therefore
they promote myoblast proliferation.

On the other hand, thinner fibers promote myoblast differentiation. It has
been reported that substrate stiffness affects skeletal myoblast differentiation
(Romanazzo et al., 2012). Myoblasts differentiate optimally on softer substrates
with tissue-like stiffness (Engler et al., 2004). The thinner fibers are less
structurally stiff and therefore more similar to tissue stiffness (elastic modulus of

muscle tissue ~ 5-15 kPa (Fung, 1993)) than the thicker fibers. However, our
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results also show that myotubes are able to develop on stiffer fibers, i.e., those with
higher PLGA content.

Aligned fibers presented a greater number of and more aligned myotubes
compared to unaligned fibers. Cell-to-cell contact is vital for differentiation to
myotubes (Romanazzo et al., 2012). High confluence increases the probability of
cells finding neighboring cells, which facilitates faster and greater cell fusion,
which is observed in the aligned fibers. Myoblasts on aligned fibers are more
stretched, which helps them to reach neighboring cells. Myoblasts that are parallel
to each other have more contact points, facilitating cell-to-cell contact, which is
important for fusion (Chen et al., 2007).

Myoblast proliferation on electrospun PCL fibers is improved by the
addition of PLGA in the blend. PCL is an elastic polymer but has no physiological
active sites (Ciardelli et al., 2005), while PLGA is a stiffer polymer that has
hydrophilic properties and physiological active sites (Kim & Cho, 2009) which
have a positive impact in cellular response; myoblast proliferation is increased on
fibers with higher PLGA content.

As expected, stiffer substrates including blends with 50% PLGA content,
thicker fibers and glass coverslips displayed the highest myoblast proliferation .
Engler et al. ( 2004) found that cell adhesion strength increases as substrate
stiffness increases. According to Trensz et al. (2015), microenvironment stiffness
IS a stress signal for myoblasts which causes increased proliferation by increasing
the amount of satellite cells that activate into myoblasts. However, stiffer
environments will also produce stiffer and tenser cells, decreasing their
functionality (Engler et al., 2006), and increasing fibrosis. Further studies should
be carried out to optimize PLGA concentration to be able to increase myoblast
proliferation yet regulate stiffness to simulate muscle tissue (E ~ 5-15 kPa) (Fung,
1993). Engler et al.(Engler et al., 2004) showed that only when substrate stiffness
is similar to tissue stiffness myotube, striations (i.e., sarcomere) can be observed,

which are characteristic of maturation to skeletal muscle fibers.
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The addition of PLGA also improves the quality of differentiation.
Although PCL fibers displayed a high aspect ratio, these myotubes were not as
long as those present on PLGA fibers, and therefore were much thinner. The
longer, thicker and more nucleated the myotube, the better its quality, improving
muscle fiber assembly. Since myofibers have diameters that measure up to a few
hundred micrometers and lengths that range from a few millimeters to centimeters
(Burkitt et al., 1995; Junqueira & Carneiro, 1995), the thicker and longer the
myotube, the greater similarity it will have with in vivo myofibers.

Decorin has a positive impact on myoblast differentiation (Figure 3-15).
We observed 57% (p-value=0.0008) less myotubes form on PCL fiber scaffolds
without decorin. This could be related to diminished cell proliferation or migration,
both regulated by decorin (Olguin & Brandan, 2002; Romanazzo et al., 2012). This
in turn affects the formation of myotubes causing less and thinner myotubes to be
present in PCL scaffolds. With decorin, there is a greater number of myotubes
present in scaffolds, which are much thicker, longer and have more nuclei than the
PCL scaffolds without decorin.

PCL fibers with decorin within the solution exhibited myotubes with
significantly increased number of nuclei that expressed more MHC than the other
scaffolds (Figure 3-14). This indicates that scaffolds with decorin in the solution
enhance muscle-specific gene expression, favoring differentiation and myotube
formation, as described by Li et al. (2007). The addition of decorin in the polymer
solution significantly increases the number of nuclei within the myotubes.
Myotubes are able to reach more mature stages of differentiation by fusing and
form even larger myotubes. These results suggest that the addition of decorin can
greatly improve myoblast differentiation even on poor polymer scaffolds such as
PCL.

It is worth noting that scaffolds with decorin directly incorporated into the
polymeric solution have a better quality (i.e., longer, more nucleated, and greater

number) of myotubes than those that were just dipped in decorin. This is
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presumably because the dipped scaffolds had the protein only adsorbed on the
surface via weak interactions such as van der Waals. Therefore, it is possible to
speculate that upon ethanol washes, some of the decorin was washed away.
Although decorin has positive effects on myoblast proliferation and
differentiation, increasing amounts of this protein negatively affect cell alignment
(Figure 3-16). Seemingly, there is a tradeoff between myoblast proliferation and
alignment. Given the greater amount of decorin present within the fiber (prepared
in the solution), the signal of this protein is much greater than the topological signal
from the fiber itself. Therefore, the cell will be attracted more to the location of the
protein then the orientation of the fiber. This allows myoblasts to ignore the
direction of the fiber, since the chemical cue is stronger than the physical

(topological) cue, which has been observed before by Abdellatef et al. (2014).

3.6 Conclusions

Both physical and chemical properties of polymer scaffolds determine
myoblast proliferation and differentiation. Larger diameter fibers promote
myoblast proliferation but less differentiation. Fiber alignment promotes a greater
number of and more aligned myotubes. Both of these observations may be related
to fiber stiffness that depends on diameter and alignment.

The addition of PLGA on PCL blends greatly improves cell proliferation and
differentiation. PLGA is very biocompatible in terms of myoblasts because it is
hydrophilic and has physiological active sites. In addition, PLGA’s high stiffness
can trigger increased myoblast proliferation but also increases cell stress and
stiffness. Furthermore, the addition of decorin greatly improves the quality and
quantity of myoblast differentiation. While decorin has a positive effect on myoblast
growth, there is a tradeoff with cell alignment, which should be optimized in future
research. PCL/PLGA/decorin fiber scaffolds could be suitable to produce highly
differentiated and mature myotubes. These findings could be used to improve

scaffold fabrication to be able to culture more mature muscle tissue in vitro.
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Future work includes studies to optimize PLGA content to increase myoblast
proliferation and maintain cell stiffness similar to that of skeletal muscle. Therefore,
myoblasts could be cultured and matured in vitro to then be implanted into the

affected area without stressing the new regenerative cells with stiff, damaged tissue.
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Figure 3-1: Thermograms for PCL and PCL/PLGA blends (75/25 and 50/50).
Scaffolds were heated at a rate of 10°C/min between a range of -70°C and 150°C.

Zoom shows glass transition (inset).
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Figure 3-2: FT-IR spectra of PCL, PLGA and PCL/PLGA blends.
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Figure 3-3: Transmitted light microscopy micrographs of aligned and unaligned
electrospun scaffolds of PCL and PCL/PLGA blends prepared in 15% and 20%

w/v concentration. Scale bar indicates 100 um (magnification 20X).
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Figure 3-4: Quantification of fiber alignment for a) unaligned and b) aligned PCL
and PCL/PLGA scaffolds. Solid lines represent 15% w/v PCL, dotted lines
represent 15%w/v PCL with 25% PLGA, dashed lines represent 15%w/v PCL
with 50% PLGA, dot-dashed lines represent 20% w/v PCL, dot-dot-dashed lines
represent 20%w/v PCL with 25% PLGA, and lighter dotted lines represent
20%w/v PCL with 50% PLGA.
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Figure 3-5: Quantification of the porosity of the A) unaligned and B) aligned
electrospun scaffolds of PCL and PCL/PLGA (75/25 and 50/50). Solid bars
represent 15% w/v fibers and dotted bars represent 20% wi/v fibers. Bars indicate

standard deviation
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Figure 3-6: Scanning electron microscopy micrographs of aligned and unaligned
electrospun scaffolds of PCL and PCL/PLGA blends prepared in 15% and 20%
wi/v concentrations at 1500X magnification.
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Figure 3-7: Quantification of the diameter of A) unaligned and B) aligned
electrospun scaffolds of PCL and PCL/PLGA (75/25 and 50/50). Solid bars
represent 15% wi/v fibers and dotted bars represent 20% w/v fibers. Bars indicate

standard deviation.
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Figure 3-8: Transmitted light microscopy micrographs of electrospun scaffolds
with C2C12 cells stained with haematoxylin (nucleus) and eosin (cytoplasm).
Cells were fixed and marked after 5 days. Scale bar indicates 100 um

(magnification 20X).
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Figure 3-9: Quantification of area covered by myoblasts per field of view (at
magnification 20X) on electrospun PCL and PCL/PLGA scaffolds after 5 days of

incubation. Solid bars represent 15% w/v fibers and dotted bars represent 20% w/v

fibers. Bars indicate standard deviation. NS indicates no statistical difference (p-

value > 0.05).
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Figure 3-10: Quantification of nuclei and fiber alignment for myoblasts on A)

unaligned and B) aligned 20% w/v PCL scaffolds. Solid lines represent nuclei on
20% w/v PCL fibers, and dashed lines represent 20% w/v PCL fibers. All curves

were normalized.
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Figure 3-11: Transmitted light microscopy micrographs of electrospun scaffolds
with C2C12 cells stained with haematoxylin (nucleus) and eosin (cytoplasm).
Cells were fixed and marked after 7 days. Scale bar indicates 100 pm

(magnification 20X).
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Figure 3-12: Quantification of area covered by a) myoblasts and b) myotubes per
field of view (at magnification 20X) on electrospun PCL and PCL/PLGA scaffolds
after 7 days of incubation. Solid bars represent 15% wi/v fibers and dotted bars
represent 20% wi/v fibers. Bars indicate standard deviation.
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Figure 3-13: Quantification of elongation of myotubes on electrospun PCL and
PCL/PLGA fibers. Solid bars represent 15% w/v fibers and dotted bars represent
20% wi/v fibers. Bars indicate standard deviation.
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Figure 3-14: Fluorescent microscope images of C2C12 cells marked for myogenin
(red), MHC (green) and nucleus (blue) on 20% w/v PCL aligned fibers with and
without decorin. Cells were fixed and marked after 12 days. Scale bar indicates 50

um (magnification 40X).
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Figure 3-15: Quantification of a) elongation of myotubes on electrospun PCL
fibers with or without decorin, b) nuclei per myotube on electrospun PCL fibers
with or without decorin, ¢) nuclei and fiber orientation on 20% w/v PCL scaffolds
with and without decorin. Bars indicate standard deviation. Stars indicate
statistical difference (p-value < 0.05). NS indicates no statistical difference (p-
value > 0.05).
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Figure 3-16: Quantification of nuclei and fiber orientation on 20% w/v PCL
scaffolds with and without decorin. The solid line represents 20% w/v PCL
unaligned fibers, the dotted line represents 20% w/v PCL aligned fibers, the
dashed line represents 20% w/v PCL aligned fibers + decorin coating, and the
dashed-dotted line represents 20% w/v PCL/decorin aligned fibers.
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3.9 Tables

Table 3-1: Melting and glass transition temperatures of PCL and PCL/PLGA
blends obtained from DSC thermograms. (* values were obtained from Sigma-

Aldrich).
PCL/PLGA PCL/PLGA
PCL 75/25 50/50 PLGA
Tg -61.36°C -62.16°C -60.8°C 49-55°C
Tm 57.56°C 55.39°C 55.39°C 225-230°C

Table 3-2: Kurtosis values for fiber alignment of unaligned and aligned 15% w/v
and 20% w/v PCL and PCL/PLGA scaffolds.

PCL/PLGA PCL/PLGA

Alignment Concentration PCL 75/25 50/50
Unaligned 15% 2.57 1.00 -0.61
20% 4.87 -0.77 0.10

Aligned 15% 14.85 10.12 8.00
20% 8.85 10.77 6.60

Table 3-4: Kurtosis values for fiber and myoblast nuclei orientation curves on
unaligned and aligned 20% wi/v PCL scaffolds.

nuclei on PCL nuclei on PCL
unaligned aligned

Kurtosis 4.87 8.85 -0.16 0.49

PCL unaligned PCL aligned
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4. FURTHER DISCUSSION

In addition to the results and discussion included in this thesis, other experiments
were carried out, which improved the fabrication of the fibers and mechanically
characterized the fibers.

Humidity is an important factor in the electrospinning process. During the winter
months, on rainy days the relative humidity reached well over 50%. In these
environmental conditions, it was very difficult, if not impossible, to electrospin fibers.
When fibers were produced, these were full of beads. Therefore, it is important to make
sure that the humidity is under 45%, ideally around 30%. This can be attained by
electrospinning in dry climates (summer and spring seasons in Santiago, Chile) or under
humidity control conditions. This last option is ideal, but since we did not have access to
such equipment, we used an extraction hood to bring down the humidity inside the hood
and avoid electrospinning in rainy days. It is also important to only use the extraction fan
previous to electrospinning. The airflow affects the jet stream causing loss of electrospun
material and alignment.

Solvent is another important factor in the electrospinning process. In the beginning,
we used tetrahydrofuran (THF) to prepare the polymer solutions. Electrospinning PCL in
THF produced beadless fibers, but it required a much higher applied voltage (> 20 kV),
which produced a lot of electrical discharge. Electrospinning PCL/PLGA blends in THF
was very difficult and the produced fibers had many beads. We later changed the solvent
for chloroform, which improved the quality (i.e., beadless and more uniform) and the
reproducibility of the fibers on both PCL and PCL/PLGA blends, and the applied voltage
required to electrospun these fibers lowered to 12kV. Since THF has a high electrical
conductivity (4.5 x 10 ° S/cm), the Taylor cone produced with was not stable, which in
turn caused spattering and bead formation. Chloroform on the other hand, has low
electrical conductivity (<1 x 102 S/cm) producing a stable Taylor cone and beadless
fibers. Therefore, we used chloroform for the polymer solutions for the experimental

setting.
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It is important to electrospin all polymer solutions for the same amount of time or
total volume, considering that flow rate is maintained. It is also very important to
constantly clean the needle-tip for any accumulation of solution. This will minimize loss
of solution and will help control fiber density (measured as substrate porosity).

The tensile strength of the fibers was measured using the three-point flexural test via
Atomic Force Micrscopy (AFM) (see Annex A). At first, we had tried to create channels
of <20 um in width with glass coverslips. This method consisted in using a glass cutter
to break a coverslip in half and then adhering these two pieces onto another coverslip in
such a way that the pieces would be separated by a < 20um fissure. We would later find
that the two cut pieces were not level with each other and this would cause the cantilever
tip to break as it tried to scan the fiber previous to the flexural test. The method we decided
to use consisted in using the overlapping (topmost) fiber of two intersecting fibers.
However, we were unable to measure the length of suspended fiber and therefore were
unable to obtain a Young’s modulus. For this reason, a “relative elastic modulus” was
measured. It is worth noting that three-point flexural test measures tensile strength of the
individual fibers. Alignment is not a factor. A more accurate measurement of tensile
strength for the fiber substrate would be to measure tensile strength of the entire scaffold
with a texturometer. From the three-point flexural test, we found that PLGA had a higher
“relative” elastic modulus than PCL. This means that PLGA 1is a stiffer and less elastic
polymer than PCL. By adding PLGA to PCL, we can increase scaffold stiffness. Fibers
with 50% PLGA have the greatest stiffness. Substrate stiffness is important for myoblast
proliferation and differentiation (see Chapter 3).

With this study, we can improve scaffolds for applications in skeletal muscle
regeneration by promoting proliferation and differentiation. We are able to control cell
alignment by fiber orientation. We are able to increase myoblast proliferation with the
addition of PLGA. Differentiation increases significantly with the addition of decorin and
myotubes are also longer and thicker with the addition of this protein. Therefore, these
types of scaffolds can be used for in vitro growth and maturation of myoblasts into aligned

myotubes for later implantation in organisms. Future work includes the fabrication of 3D
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scaffolds and the incorporation of conductive polymers such as poly(octanoic acid 2-
thiophen-3-yl-ethyl ester) (poly(OTE)). Knowing that skeletal muscles are stimulated with
electrical impulses to contract, the addition of conductive polymers proves to be beneficial
for myoblast proliferation and for maintaining regeneration potential. Considering this,
work is currently being done to be able to measure the conductivity of myoblasts and
scaffolds, so that we may be able to later control the conductive properties of scaffolds to

best simulate the microenvironment of skeletal muscle tissue.
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ANNEX A: TENSILE STRENGTH ANALYSIS OF POLYMER FIBERS VIA
ATOMIC FORCE MICROSCOPY

Topography and tensile strength were analyzed with atomic force microscopy

(AFM) using the AFM microscope Innova (Bruker). Images were obtained in the

tapping mode using a silicon tip cantilever without coating (Asylum Research model

AC240TS-R3). Data was collected with Nanodrive software (Bruker).

Polymer fibers were electrospun directly onto glass coverslips for 5 minutes

to obtain aligned fibers. Presence and morphology of the fibers was confirmed by

optical microscopy (Olympus model CKX41SF). Topography and tensile strength

were analyzed with the Innova Atomic Force Microscope (Bruker). Images were

obtained in the tapping mode using a silicon tip cantilever without coating (Asylum

Research model AC240TS-R3).

To measure tensile strength, overlapping fibers were selected using

transmitted light microscopy. According to Croisier et al. (2012), polymeric fibers

directly on glass and glass substrates have no significant difference in dF/dz values.

Therefore, it is valid to use an underlying fiber as a supporting pin to carry out the

three-point flexural test. Intersecting fibers were selected and their topography was

analyzed by using the tapping method. By analyzing height topography, the

overlaying fiber was determined and then at least 20 points were selected on the

suspended portion of this fiber as shown in Figure A-1. Using SPMLab software,

deflection vs. displacement curves were obtained for each of the selected points on

the suspended fiber. In the bending tests, the cantilever was displaced over a range

of 0.5—1 um.
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Figure A-1: Probe positions (circles) set on overlapping 15%w/v PCL fiber for
single point spectroscopy (SPS). After fibers were scanned in tapping mode with
AFM, the overlapping fiber was determined and 20+ probe positions were set on

that fiber (small circles on the image) to measure dF/dz in an area of 20x20pum?.

For each deflection vs. displacement curve, only the withdrawal curves were
considered (Figure A-2). Approach curves were disregarded because of the
deformation that occurs on the polymer when the cantilever presses into the fiber.
Given the elasto-plastic nature of the materials, the withdraw curves contain a
reduced effect of the deformation of the fiber (Cappella & Dietler, 1999).
Deflection vs. displacement curves obtained as shown in Figure A-2. If we consider

Hooke’s Law,
F=kz (A1)

the slope (dF/dz) of the curves is comparable to the spring constant k. The slope of
the curves was determined by a fitting a linear curve on the contact region, that is to

say, the linear portion until the jump-off-contact point (Safanama et al.,2012).
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Figure A-2: Representation of F/z curves (withdraw) obtained with AFM at
one position along a suspended fiber. This is the trace or withdrawal curve of a
PCL/PLGA 75/25 fiber.

Croiser et al. states that the bending modulus (E) can be obtained with the

following equations:

_ L3 arF
=i (A.2)
I=7R* (A.3)

in which L is the length of the suspended portion of electrospun fiber, R is the radius
of the fiber, and dF/dz is the slope of the force-distance curves. Croiser et al. also
states that the bending modulus is similar to the Young’s modulus for rods with high
length-to-diameter ratios. Therefore, bending modulus can be considered equivalent
to the Young’s modulus for these electrospun fibers. The radius for the measured

fibers was determined by AFM prior to SPS.
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Results

Topography images of fiber scaffolds show that the fibers are not perfectly
smooth (Figure A-1). These images also confirm the value and variability of fiber

diameters obtained via SEM (in Chapter 3 of this thesis).

PCL PCL/PLGA PCL/PLGA
75/25 50/50

15% wiv

20% wliv

Figure A-3: Topography diagrams of obtained from AFM of aligned fibers of
different compositions (PCL and PCL/PLGA blends) and different diameters
(produced by different polymer concentrations of 15 and 20% wi/v). Fiber scaffolds

were scanned over a 20 um x 20 um area.

A summary of dF/dz of the different fiber types (blends of 75/25 and 50/50
PCL/PLGA) is shown in Figure A-4. Average dF/dz for PCL, PCL/PLGA (75/25
and 50/50) are 24.09 uN/um, 17.28 uN/um, and 18.91 uN/um respectively.
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Figure A-4: Boxplot of dF/dz values of fibers of PCL and PCL/PLGA blends
(75/25 and 50/50). Vertical axis is truncated and begins at 14 uN/um.

The fiber radius for 15% w/v PCL, PCL/PLGA blends of 75/25 and 50/50,
were 1.029 um, 0.788 um and 0.510 um, respectively. Using equations (A.2) and
(A.3), the average dF/dz for each blend obtained from Figure A-4, and assuming that
the value for L is constant for the fibers, we calculate the relative Young’s Modulus
for the fibers.

The results in Table A-1 indicate that PCL has the lowest bending modulus.
When PLGA is added, the bending modulus increases, that is to say fiber stiffness
increases. These results concur with literature (Baker et al., 2009; Shim et al.,
2015; Bosworth, 2011; Chen et al, 2013).
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Table A-1: Values of the relative bending modulus (E) calculated for each of
the electrospun fibers of PCL and PCL/PLGA (75/25 and 50/50).

PCL/PLGA PCL/PLGA

PCL 75125 50/50

 (um) 1.020 0788 0.510
dF/dz (uN/um) 2409  17.28 18.91
Erelative 0.569 1.187 7.414
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