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Tissue engineering aims to restore function and treat disease through the fabrication of a suitable
microenvironmental niche to facilitate recovery and repair. Often, a scaffold is necessary to provide the
appropriate spatial, chemical, and mechanical cues in place of the native extracellular matrix. The cellular
microenvironment determines cellular behavior and cell fate via contact, nutrient and waste concentration
gradients, soluble signaling factors and cell—cell signaling. Thus, an effective tissue engineering scaffold
must recapitulate the native extracellular microenvironment to promote the appropriate cellular behavior,
and in turn, restoration of function. Chitosan-based materials are an attractive candidate for tissue
engineering scaffolds on account of the inherent biocompatibility, biodegradability, availability, and
range of processing techniques available. We first fabricated a porous, 3D chitosan-alginate scaffold,
which we determined is an effective microenvironment for human embryonic stem cell (hESC) renewal to
confluency without the use of feeder cells or conditioned media. Additionally, a technique was developed

to dissolve the scaffold and recover hESCs while maintaining pluripotency. Thus, we developed an
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effective system for the high-density propagation of hESCs, which will be necessary for translation to
future clinical applications. Subsequently, we developed an in vitro cell culture system for the myogenic
induction of hESCs that integrates soluble factors with aligned chitosan-PCL fibrous ECM . In the course
of this combinatorial study, it was determined that aligned chitosan-PCL fibers convey unique
microenvironmental stimuli that guide cell differentiation. Finally, the aligned chitosan-PCL fibrous ECM
was used to address the limitations of existing tendon grafts. Tenogenic differentiation was induced in
human bone marrow stem cells more rapidly and with a greater purity than possible with current
techniques. These findings demonstrate the potential use of chitosan-based materials for tissue
engineering applications, and that specific microenvironmental cues can be conveyed by rational design

of the scaffold to maximize the biological performance of a tissue-engineered construct.
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Chapter 1: Introduction

1.1 TISSUE ENGINEERING APPROACH

Tissue engineering is a rapidly developing, interdisciplinary field that draws heavily from the
field of materials science and engineering to develop means to replace and restore failing tissue
and organs'. Traditional transplantation surgeries with either autologous or allogenic tissue are
unable to address all circumstances. Autologous transplants are limited by the availability of
healthy donor tissue and the loss of function resulting from donor site morbidity*”. Allogenic
transplants increase the availability of donor tissue, but are accompanied by a significant risk of
disease transmission® and chronic immune rejection’. Potentially, tissue engineering will address
the current limitations accompanying transplant therapy by generating replacement tissues and

organs as needed to address the specific needs of the patient.

Most commonly, tissue-engineered constructs combine living cells, signaling factors, and a
scaffolding material'. The living cells in the construct perform the functions of the diseased or
damaged tissues, while the combination of signaling factors and scaffold morphology create a
suitable microenvironment to facilitate proper cell function®. Additionally, the scaffold may
bridge native tissues, provide structural support, and contribute to the controlled release of
signaling factors. Thus, the following design criteria apply to all tissue engineering scaffolds’:

1. biologically conductive and inductive to target cell types

2. biodegradation rate corresponding to the rate of new tissue formation

3. non-toxicity and non-immunogenicity

4. mechanical performance matching the target tissue

5. adequate mass transfer between the construct and the local environment
As these criteria in turn dictate the success or failure of the entire tissue-engineered construct, the
significance of proper scaffold design for a given tissue engineering application cannot be
underestimated. The appropriate biological performance of a tissue engineering scaffold is a
necessity for the success of any tissue-engineered construct, and is thus central to the central to

the rational design of a tissue engineering device.



The potential benefits to health and quality of life that may result from repair and replacement of
diseased tissues and organs via tissue engineering approaches have generated tremendous
interest and development in this field. The engineering of a wide range of tissue types has been
explored including boneg, cartilage9, tendonlo, skin“, cardiac musclelz, blood VCSSCISB, nervous
tissue'*, skeletal muscle '°, and liver'®. Significantly, tissue engineering methodology has been

1720 \ith the aim of

recently applied to the in vitro modeling of diseased tissue, notably cancer
creating an accurate in vitro model to facilitate the development of therapeutics and to
understand the underlying mechanisms of the disease. Overall, the field of tissue engineering
presents tremendous promise for the improvement of health and as a tool for understanding

cellular behavior.

1.2 SCAFFOLDS AS INSTRUCTIVE MICROENVIRONMENTS

The cellular microenvironment is known to have an essential role is determining cell behavior
and fate®*'?’. In a multicellular tissue, cells are subject to a range of endocrine, paracrine,
autocrine, and contact signaling cues from remote cells via the circulation, and from adjacent

6,25,28-33 .
w22 In vivo, the

cells in the form of signaling molecules and cell-cell interactions
extracellular matrix (ECM) is a combination of biological scaffold materials comprised of
structural and functional molecules that provide support, organization, and direction for cell and
tissue function®. Figure 1-1 illustrates the complex coordination of spatial and temporal cues
that direct cell behavior from the cellular microenvironment. The “choice” of a cell to
differentiate, proliferate, migrate, apoptose, or perform other specific functions is a coordinated

response to the microenvironment, and is under continuous reassessment as the behavior of the

cell modifies the soluble and ECM microenvironment, feeding back once again into the cell.
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Figure 1-1: Microenvironmental cues direct cell function and fate. Binding of signaling cues with
cell-surface receptors induces intracellular signaling that in turn alters gene expression, cell fate,
and tissue function. Reprinted with permission’, see APPENDIX A for a copy of the copyright
transfer agreement.
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The use of biomaterials to tailor the microenvironment is a key tissue engineering strategy; the
scaffold is a proxy for the natural ECM and must convey the appropriate physical and chemical
signals for the intended tissue function. The microenvironmental cues provided by the scaffold
will influence the function of cells cultured in vitro to generate the tissue-engineered device, and
will also govern the interaction and integration of the implanted device with host tissues,
impacting the effectiveness of the tissue engineering therapy and the quality of the patient

3,9,15,35-3
outcome™” ™ 7.

In vivo, organized cellular geometry is strongly correlated to the alignment and organization of
the ECM in contact with the cells, suggesting that the ECM influences cellular

22253841 At the single cell scale, cell shape regulates many aspects of cellular

organization
behavior and stem cell commitment and differentiation*’. Altering the overall 2D and 3D
geometry of the tissue engineering scaffold over a tissue-sized scale creates a controlled
microenvironment with long-range order and alters cell—cell interactions, local concentrations of

26,39,43 44
7" Furthermore,

soluble factors, and chemical gradients such as oxygen concentration, pH
cells cultured in 2D or 3D microenvironments vary drastically in overall morphology and
phenotype®. In 3D microenvironments, porosity (including the geometry, connectivity, and
density) is a critical consideration®®. Vascularization of scaffolds is critical for the long-term
survival of the implant in vivo, and favors decreasing pore size’’, but diffusion of nutrients,
wastes, and signaling factors, which are critical in vitro and during the short-term in vivo, favors
increasing pore sizes*’. Porosity must be balanced for the effects on cell signaling and thus
biological performance, as well as in vitro and in vivo survival of the tissue-engineered construct.
The Young’s modulus of the ECM also plays a defining role in the cell behavior.
Physiologically, the Young’s modulus of ECMs in the body varies over three orders of
magnitude from bone to soft tissues”’. Mechanosensing structures including integrins and focal
adhesions regulate the mechanotransduction process that influences cell function®®. Indeed, ECM
elasticity alone can dictate stem cell differentiation*. The geometric, morphological, and

mechanical properties of a tissue engineering scaffold are a significant consideration for the

design of the microenvironment.
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The native ECM is also capable of conveying chemical signals to the cell, via membrane-
associated signal transduction molecules like cell surface receptors, which also influence cell

function??

. The ECM comprises adhesion ligands and adsorbed signaling factors. ECM
composition, in the absence of other topological cues, regulates cell behavior and fate*’. Integrins
link the epitopes of the ECM to the cell’s cytoskeleton, transmitting information about the
microenvironment to the inside of the cell, and influencing cell phenotype via
mechanostransduction to the nucleus and activation of numerous signaling pathways®*. During

the design of a tissue engineering scaffold, the choice of material that directly interfaces with the

cell must be carefully considered.

Growth factors, hormones, and chemicals have classically been directly added into the culture
medium. These biomolecules also can be directly incorporated within the scaffold structure or
encapsulated into the scaffold biomaterials in a variety of ways during the scaffold
manufacturing process. Morphogenesis during tissue development is regulated by a number of
protein families including hedgehog proteins (Hhgs), Wnt proteins, Notch ligands, members of
the transforming growth factor beta (TGF) superfamily such as bone morphogenetic proteins
(BMPs) or fibroblast growth factors (FGFs) and fibronectin. These morphogens control self-
renewal, migration, and differentiation, plus other cell fate processes of uncommitted stem or
progenitor cells. The question of how the right quantity of a signaling molecule is detected by the
right cells at the right time is the subject of extensive investigation. Once differentiation by the
interpretation of morphogenetic signals and gradients has occurred, local cell—cell interactions

establish boundaries between different populations of cells.

This dissertation documents the use of chitosan-based materials to generate tissue-engineered,
microenvironmental niches to direct cell function. Chitosan-based scaffolds and fibers were
prepared with controlled morphologies and combined with soluble signaling factors to develop
three distinct systems: for human embryonic stem cell renewal, directing differentiation of
human embryonic stem cells into the myogenic lineage, and directing the differentiation of

human bone marrow stem cells into the tenogenic lineage.



1.3 DISSERTATION OVERVIEW

Chapter 1 describes the field of tissue engineering and general microenvironmental
design considerations including ECM topology and physical and soluble signals necessary for
directing cell fate.

Chapter 2 reviews the structure and function relationships in chitosan polymers in a
tissue engineering context, along with current biomedical applications of chitosan. The rationale
for using chitosan as a tissue engineering material is introduced, along with the method used to
synthesize chitosan-alginate 3D scaffolds with relevant variables.

Chapter 3 introduces the use of nanofibrous scaffolds for tissue engineering applications
along with nanotopologial design considerations made accessible by this material system. It also
presents an overview of nanofiber synthesis parameters relevant to tissue engineering, along with
the method to generate chitosan-based nanofibers.

Chapter 4 reviews the potential role of hESC as a cell source for tissue engineering
applications and the challenge of maintaining clinically relevant cell populations. The rationale
for using 3D chitosan scaffold to facilitate hESC renewal is introduced.

Chapter 5 reviews the field of muscle tissue engineering. hESC are proposed as a
potential source of myogenic progenitor cells, and the rationale for inducing myogenic
differentiation with chitosan based aligned nanofibers is introduced.

Chapter 6 reviews the field of tendon tissue engineering. Adult bone marrow stem cells
are proposed as a potential source of tenogenic progenitor cells, and the rationale for inducing
tenogenic differentiation with chitosan based aligned nanofibers is introduced.

Chapter 7 describes the application of 3D chitosan scaffolds for the proliferation of
pluripotent hESCs.

Chapter 8 describes the development of myogenic differentiation conditions and
application of chitosan-based aligned nanofibers for the myogenic differentiation of hESCs.

Chapter 9 describes the use of chitosan-based aligned nanofibers as a scaffold for the
tenogenic differentiation of bone marrow stem cells.

Chapter 10 summarizes the results and conclusions presented in this dissertation.



Chapter 2: 3D Chitosan-based Scaffolds for Tissue Engineering Applications

2.1 STRUCTURE AND BIOCOMPATIBILITY

Chitosan is the deacetylated form of the second most abundant natural polymer, chitin (Figure

2-1) and is comprised of copolymers of glucosamine (B(1-4)-linked 2-amino-2-deoxy-d-glucose)

and N-acetylglucosamine (2-acetamido-2-deoxy-d-glucose)’. Chitin is commonly found in the
exoskeletons of crustaceans and insects and in the cell walls of fungi’®. Chitosan has been

approved by the US Food and Drug Administration'!

and is routinely used in drug delivery and
hemostatic wound dressings. In physiological conditions, chitosan with a pKa of ~6.5 is can be
protonated at the amino group and positively charged (Figure 2-1), which facilitates interactions
with native ECM proteins including glycosaminoglycan (GAG) and proteoglycans®'. The content
of glucosamine is referred to as the degree of deacetylation, and depending on source and
preparation, the molecular weight of natural chitosan may range from 300 to over 1000 kD, with
degree of deacetylation ranging from 30% to 95%’. Notably, in its crystalline form, chitosan is
normally insoluble in aqueous solution above pH 7; however, in dilute acids (pH < 6.0) the
protonated free amino groups on glucosamine facilitate solubility of the molecule’. Significantly,
anionic growth factors also may become complexed with cationic chitosan, increasing local
concentrations of growth factors and stimulating additional cell signaling near the surface of the
scaffold’'. The ability of chitosan to form polyionic complexes with other charged molecules is a
key strategy for the generation of chitosan biomaterials that will be discussed in the following

chapter.
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Figure 2-1: Chitin, chitosan, and protonated chitosan. Reprinted with permission'; see
APPENDIX B for the copyright transfer agreement.

Significant study has focused on the applications of chitosan in medical applications. Chitosan
bears a structural resemblance to GAG, a common ECM protein with a key role in modulating
cell morphology, differentiation, and function®®. Typically, chitosan-based materials have been
found to evoke a minimal foreign body reaction, with little or no fibrous encapsulation’. In vivo,
chitosan can be biodegraded by human enzymes, primarily lysozyme that breaks the linkage
between acetylated units and degrades chitosan to biocompatible oligosaccharides®®. The degree
of deacetylation influences the rate of degradation, as the highly deacetylated chitosan exhibits a
greater degree of crystallinity and accordingly a slower degradation rate’. Thus, by careful
selection of chitosan polymers, the enzymatic degradation rate of the chitosan scaffolds can be

tuned to match tissue remodeling rates.

The fate of chitosan degradation products after in vivo implantation has been well characterized
in numerous studies. Subcutaneous chitosan implantation in rats showed no accumulation in
distant organs over 30 days’*, and no immune response after 84 days™. Intraperitoneal injection
of chitosan into mice resulted in the excretion of most the chitosan via the urinary tract after 14
hours, without accumulation in liver, speen, abdomen, or plasma after 24 hours™®. In humans,

only oral toxicity data is available. These studies showed that daily doses of 4.5 g of chitosan per
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day over 12 days®’, and 6.75 g per day over 56 days™® had no ill effects on the study subjects. In
vivo, chitosan is degraded by lysozyme into chitosan oligosaccharides of various lengths, and
also glucosamine monomers”’. Interestingly, the glucosamine monomers from degraded chitosan
integrate into skeletal muscle and articular cartilagesg, suggesting a synergistic effect of chitosan
implantation on the healing of these tissues. Chitosan is a safe, biocompatible material that has

great potential as a bioengineering material.

2.2 CURRENT BIOMEDICAL APPLICATIONS

Chitosan is increasingly used in contemporary biomedical applications. The biocompatibility of
chitosan has allowed it to be used in a powder coating for surgical gloves by Esteem® and
Protegrity®”.  Chitosan is the active ingredient in a wide range of hemostatic dressings
including Abbott® dressings, Aquanova® dressings, Celox ™ dressings, HemCon® dressings,
and Scion® dressings®’. All of these topical hemostatic products utilize the positively charged,
highly hydrophilic chitosan polymer to greatly increase platelet and erythrocyte adhesion at the
wound site by ionic interaction directly with the negatively charged cell membranes®. However,
to date, no implantable resorbable chitosan hemostatic device has been approved by the FDA®'.
Thus, as only a limited range of chitosan-based biomedical devices are available on the market,
rapid research and development towards chitosan-based biomedical devices may be an untapped

opportunity to bring novel treatments to the marketplace.

2.3 3D EXTRACELLULAR MATRIX DESIGN CONSIDERATIONS

The ideal tissue engineering scaffold should mimic the ECM properties of the target tissue,
including surface topology, mechanical properties, functional chemical groups, and macroscale
organization to direct the formation and maintenance of functional tissues. The chitosan—alginate
scaffold system is a tunable method for generating 3D tissue engineering scaffolds with relevant

biological features.
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Intuitively, the properties of the natural ECM of the target tissue are useful guidelines for the
design of an artificial tissue engineering scaffold®®. However, the use of decellularized native
ECM as a tissue engineering scaffold is limited by the risk of acute immune and chronic
inflammatory responses®. A 3D scaffold is a natural approach to address a fundamental need for
the engineering of many tissue types: the need for a 3D hierarchy and organization. The tissue
engineering scaffold must provide the appropriate physical and chemical cues at the cell-
material interface scale, the appropriate topological cues at the cell scale to guide cell
organization and spreading, macroscale morphology and mechanical properties to match the
target tissue, the appropriate mass transport properties within the scaffold, and then finally allow
for cellular remodeling during the wound healing process®. Material chemistry together with
processing determines the maximum functional properties that a scaffold can achieve, and how
cells interact with the scaffold®. However, mass-transport requirements for cell nutrition, porous
channels for cell migration, and surface features for cell attachment necessitate a porous scaffold
structure®. Both chitosan and alginate are natural polymers and bear the proxy structure of GAG,
a main component of native ECMs in tissue, which we hypothesize may provide a signaling cue
for stem cell renewal. 3D porous CA scaffolds promoted cell adhesion and proliferation and
tissue regeneration in our previous study’>. Additional attributes of the CA scaffold include
biocompatibility, biodegradability, structural stability, and minimal immunogenicity®~>~°. Thus,
a rationally designed 3D tissue engineering scaffold must be fabricated from a material system

that can address all these varied needs.

2.4 3D CHITOSAN SCAFFOLD SYNTHESIS

Chitosan—alginate (CA) scaffolds for this research were constructed by creating a CA solution,
freezing and lyophilizing to generate porosity, and then ionically complexing the amine group of
chitosan with the carboxyl group of alginate to form a polyelectrolyte complex. This method has
demonstrated considerably improved mechanical strength compared to its chitosan or alginate

35,36
counterparts

. Swelling in aqueous solutions, which is a challenge with pure chitosan
scaffolds®, is mitigated by the complexing with alginate. Alginate, also polysaccharide, is
derived from seaweed and is composed of two repeating carboxylated monosaccharide units,

guluronic acid (G) and manuronic acid (M) with a pKa of 3.5 as illustrated in Figure 2-2a. As
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discussed earlier, chitosan polymer has many amine functional groups (n), equal to the percent
deacetylation of the polymer, and a fraction of neutrally charged chitin (m) (Figure 2-2b); thus,
in neutral to basic conditions, chitosan is positively charged. The mechanism for the ionic
polyelectrolyte complexing can be elucidated from the molecular structures of chitosan and

alginate.

(b)

-0,

“, Chitosan

m

Figure 2-2: Chemical structure of (a) alginate consisting of guluronic acid (G) and manuronic
acid (M), and (b) chitosan consisting of deacetylated (n) and acetylated (m) monomers. Adapted

with permission®; see APPENDIX C for the copyright transfer agreement. Copyright 2007
American Chemical Society.

By controlling the pH of the reaction, a polyelectrolyte complex can be formed between alginate
and chitosan. In the presence of alginate alone, the addition of the divalent calcium cations
allows only the less sterically hindered guluronic functional groups to ionically cross-link with
the calcium cations (Figure 2-3a)®. However, when alginate and chitosan polymers are in
solution together, the two oppositely charged polyelectrolytes can form ionic networks via
electrostatic interactions®’. Notably, both polymers must be in ionized state, meaning that the pH
of the solution must be close to the pKa of both the alginate (3.5) and the chitosan (6.5). It is
believed that the carboxylate groups on alginate complex with the protonated amine groups on

the chitosan ultimately form a 3D hydrogel (Figure 2-3b)®°. Interestingly, the formation of the
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chitosan—alginate polyelectrolyte complexes do not appear to be affected by the guluronic acid to

manuronic acid ratio of the alginate®®.

Calcium Alginate Alginate-Chitosan PEC
Alginate

_I_-_

Chitosan

(A)

Divalent Cation

Figure 2-3: Schematic representation of the structures formed by alginate in association with (a)
calcium ions, or (b) PEC with chitosan. In the PEC, the inter-associated groups are shown, but
these are separated on the polymer backbone by many repeating units that are not involved in

ionic associations. Adapted with permission®, see APPENDIX C for the copyright transfer
agreement. Copyright 2007 American Chemical Society.

Varying the processing conditions of the chitosan—alginate sol following complexing also has
major impact on the final scaffold generated. The pore size and geometry of the CA scaffold may
be varied by altering freezing temperature (effectively altering freezing rate when processing
volumes are constant), with rapid nucleation favoring the formation of smaller pores.
Conversely, when ice crystal growth is favored, larger pores are generated (Figure 2-4). By
altering the freezing temperature, CA scaffolds can be generated with a wide range of pore sizes
and morphologies. Furthermore, total CA weight percentage in the solution may also be
increased to increase pore wall thickness and Young’s modulus (Figure 2-5). The CA scaffold
system is a promising candidate as a tunable 3D scaffold to mimic the in vivo ECM

microenvironment.
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Figure 2-4: Chitosan—alginate scaffolds exhibiting a range of pore morphologies. Scale bar
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Figure 2-5: Chitosan—alginate scaffolds exhibiting a range of Young’s moduli.
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Chapter 3: Nanofibers for Tissue Engineering Applications

3.1 2D NANOFIBER EXTRACELLULAR MATRIX DESIGN CONSIDERATIONS

Certain tissue types are highly dependent on nanotopological extracellular matrix features to
guide cell morphology and differentiation. In particular, highly aligned, parallel extracellular
matrix fibers are characteristic of native muscle and tendon tissue. Nanofiber-based scaffolds are

an effective way to recapitulate aligned nanotopology for tissue engineering.

The hierarchical structures of electrospun nanofibers, comprising continuous fibers with
diameters on the scale of 100 nm, represent a scale of topological features smaller than a cell,
and extend upwards to the overall macroscale network of nanofibers with varying degrees of
alignment possible between fibers. These structuries mimic the tissue structures that surround
cells in native tissue®. In contrast to the flat surfaces of most monolithic materials, nanofibrous
networks present a large surface area of cell scale features, which facilitates cell adherence and
guidance along the direction of the fibers’’. Mechanical hindrance by small interfiber distances
and fiber dimensions encourages cells cultured on electrospun scaffold to adhere to the surface of
the scaffold, rather than penetrating between the fibers’'. This property can be used to facilitate
the formation of individually organized cell-scaffold layers by deliberately restricting cell
mobility. Importantly, a porous nanofibrous scaffold would still allow the adhered cells to
receive nutrients and soluble signals in a three-dimensional manner from all directions, allowing

for potentially higher cell densities compared to impermeable 2D surfaces.

Significantly, the arrangement of ECM in certain tissues, including skeletal muscle and bone,
follows highly aligned, parallel arrangements’>. The complex arrangements of the ECM
influence cell phenotype and behavior by providing direct and informational signaling cues’”.
These interactions can modulate cellular activities including migration, proliferation,
differentiation, gene expression, and secretion of hormones and growth factors”. Therefore, an
appropriately designed ECM may be the defining factor between the success or failure of a

tissue-engineered construct. For example, the mechanical characteristics of aligned tissue
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including muscle and tendon, which typically display high Young’s modulus and tensile strength
in the longitudinal direction along with alignment, are readily reproduced with aligned
nanofibers. To improve bulk mechanical properties, nanofiber networks can be layered or
braided’”®. However, the macroscale arrangement of the fiber bundles must be designed
appropriately, as increasingly dense fiber bundles inhibit mass transfer, cell seeding, and
migration®. Therefore, the overall 3D spatial arrangement of nanofibers and the adherent cells is
an important design consideration, which may in turn dictate the overall mechanical properties of
the nanofiber scaffold. The design requirements of all tissue engineering scaffolds are

biocompatibility, integration, and supporting the desired cellular and tissue functions.

A chitosan—polycaprolactone (C-PCL) fibrous synthetic ECM system fabricated by
electrospinning during our previous studies was applied during this research. Although PCL is
not enzymatically degradable or resorbable in vivo, the biocompatibility of PCL has been well
demonstrated””. Unlike most synthetic and natural polyblend nanofibers, such as collagen-PCL
and gelatin-PCL, which require chemical cross-linking to retain their structure integrity and
improve mechanical strength using cytotoxic cross-linking agents’®”’, polyblend C-PCL
nanofibers can be produced by electrospinning without chemical cross-linking. We have
previously shown that chitosan and PCL in the nanofibers were well blended and showed no
apparent morphological changes or phase segregation in aqueous solutions for 30 days.
Electrospun non-woven chitosan-PCL nanofiber mats demonstrated excellent mechanical
properties and cellular compatibility’®. Even in the presence of lysozyme, the primary source of
chitosan degradation™, the C-PCL fiber maintained their asprepared morphology for 30 days’®.
Additionally, in previous experiments, randomly oriented C-PCL fibers enhanced nerve
regeneration compared to randomly oriented PCL fibers®®, while parallel-oriented fiber mats
enhanced myogenesis of rat myoblasts cells compared to randomly oriented fibers®”. The
development of composite C-PCL nanofibers is significant, as it combines the bioactive
properties of the chitosan with the mechanical strength and stability of polycaprolactone. By
varying polymer ratios and processing conditions, a range of fiber diameters and fiber
arrangements can be generated, which in turn results in a range of mechanical properties.
Therefore, the C-PCL nanofiber scaffolds are tunable to the properties of the target tissue type

and cellular response desired.
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3.2 2D CHITOSAN NANOFIBER SYNTHESIS

A C-PCL fibrous synthetic ECM system fabricated by electrospinning developed during our
previous studies was also used in the course of our research. We have previously demonstrated a
C-PCL fibrous system that combines natural and synthetic advantages of the individual
polymers®. When chitosan was combined with mechanically stable PCL, fibers produced by
electrospinning exhibited in vitro stability and appropriate mechanical properties.
Electrospinning is a widely used and highly flexible technique for the generation of fibers and
fibrous structures of different dimensions and surface topologies via the manipulation of

electrostatic forces and solvent—polymer solution properties’".

The electrospinning process requires dedicated equipment design and processing conditions to
produce fibers with a given set of physical characteristics. Figure 3-1 illustrates a schematic
electrospinning setup showing the three major pieces of equipment necessary for the process: a
fine nozzle to dispense the polymer—solvent solution, a high-voltage power supply, and a
grounded metal collector screen. When polymer—solvent solution is electrostatically charged by
the high-voltage power supply, the hemispherical surface of the fluid at the tip of the capillary
tube elongates to form a conical shape known as the Taylor cone’*’. Increasing the strength of
the electric field beyond a critical point dictated by the viscosity, surface charge, and dielectric
constant of the solution overcomes the surface tension, resulting in ejection of a charged jet of
fluid from the Taylor cone. The polymer solution jet elongates toward the collector, while
simultaneously the solvent evaporates. Ultimately, a polymeric fiber is deposited onto the
collector. The interplay of numerous variables during electrospinning dictate the properties of the

resulting fiber, including length, surface morphology, diameter, and orientation.
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Figure 3-1: Schematic illustration of electrospinning process and key elements. Reprinted with
permission®, see APPENDIX D for copyright transfer agreement.

Many parameters can influence the transformation of polymer solutions into nanofibers through
electrospinning. These parameters include (a) the solution properties such as viscosity and
conductivity, (b) electric potential at the capillary tip, the distance between the tip and the
collecting screen, and the overall solution flow rate, and (c) ambient parameters such as solution

temperature, humidity, and air velocity in the electrospinning chamber.

Solution properties are directly correlated with fiber dimensions and morphology. One of the

most significant parameters influencing the fiber diameter is the solution viscosity. A higher
viscosity results in a larger fiber diameter *'. However, when a solid polymer is dissolved in a
solvent, the solution viscosity is proportional to the polymer concentration. Thus, the higher the
polymer concentration the larger the resulting nanofiber diameters®. Interestingly, fiber diameter
increases with increasing polymer concentration according to a power law relationship®.
Increasing solution conductivity by selection of polymer or solution, or the addition of
electrolytes, reduces the presence of beads or droplets on the fibers, and thus increases fiber
uniformity®'. However, increasing conductivity generally results in decreasing fiber diameter,
necessitating a balance between solution viscosity and conductivity to achieve the target fiber

size.

The processing variables of electric potential, the distance to the collecting screen, and the

overall flow rate of polymer solution are closely interconnected and critical for ensuring the
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formation of fibers. At low voltages, close to the critical voltage for polymer solution streaming,
a solution droplet is suspended at the needle tip, and a jet will stream from the Taylor cone,
minimizing bead formation®'. As voltage increases, the Taylor cone recedes and eventually
disappears within the nozzle, so that polymer solution streams randomly from the surface of the
solution and generates beads rather than fibers. Adjusting the distance between the tip and the
collector effectively alters the amount of time that the fiber is traveling through the air and
evaporating solvent®'. If the solvent is not completely evaporated prior to the polymer jet settling
on the collector, the residual solvent will dissolve the fibers, again creating polymer beads rather
than fibers. Similarly, a high flow rate of polymer solution tends to produce larger diameter
fibers that require more time to dry. Thus, the electric potential must be tuned for the collection

distance and flow rate, and vice versa to generate electrospun fibers.

Ambient parameters of solution temperature, humidity, and air velocity in the electrospinning
chamber can further influence the morphology and consistency of the electrospun fibers.
Decreasing temperature increases solution viscosity, with the attendant increase in fiber
diameter®. High humidity has been observed to result in surface porosity on individual
nanofibers®'. Finally, air velocity can alter the fiber trajectory, reducing fiber network alignment.
Thus, consistent environmental conditions must be maintained to generate reproducible

nanofibers.

Aligned C-PCL nanofiber mats were synthesized via a novel electrospinning device with a
custom fabricated collector composed of a pair of grounded parallel electrodes (separation
distance ~4 cm) for the collection of parallel aligned nanofibers*’. By changing electrospinning
conditions, the same C-PCL polymer can be used to generate either random nanofiber networks
(Figure 3-2a) or highly aligned nanofiber networks (Figure 3-2b). The experimental value of this
technique is that the effect of surface nanotopology on cell behavior can be examined
independently of the ECM composition. The unique combination of subcellular scale texture
from individual C-PCL fibers, combined with the option to generate either long-range random or
anisotropic arrangements, is a valuable system for the in-depth study of specific ECM

microenvironmental cues. The C-PCL fiber ECM substitute system generates distinct sets of
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topological cues that are capable of directly influencing cell behavior and are a promising

candidate for the tissue engineering of alignment-dependent tissue types.

Figure 3-2: SEM images of (a) randomly oriented and (b) directionally aligned C-PCL nanofiber

scaffolds. Scale bars represent 2 pm. Reprinted with permission*’, see APPENDIX E for the
copyright transfer agreement.
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Chapter 4: 3D Microenvironments for hESC Renewal

4.1 HESC BACKGROUND

Human embryonic stem cells (hESCs) have attracted a great deal of research interest because
they have the potential to produce specialized cells that may be used to regenerate any damaged
tissue in the body and thus potentially treat degenerative diseases®**. hESCs are pluripotent
cells that can differentiate into all somatic cell types**; however, the signaling cues and pathways
that regulate hESC self-renewal and lineage commitment are still largely unexplored.
Microenvironmental conditions for the renewal and directed differentiation of hESC must be

elucidated to make the idea of hESC as a universal tissue engineering cell source a reality.

hESCs are derived from the inner cell mass of 3 to 5-day-old blastocyts®; the use of viable
human embryos for hESC cell derivation has triggered significant ethical debate. Opponents of
hESC research cite that a human may be derived from the viable embryo, and equate the embryo
to an individual human™. Typically, hESC lines are derived from embryos generated during in
vitro fertilization treatments and that were either non-viable or unnecessary for the treatment, and
subsequently were donated by the original tissue donors’'. Alternative approaches have been
developed to address these ethical concerns. Significantly, it was discovered that a single cell
removed from the 8 to 10-day cell stage blastocyst, which is routinely done for pre-implantation
genetic diagnosis, can be used to derive hESCs’>. The blastocyst is unharmed by the single cell
removal procedure and can develop normally to term if implanted”. Additionally, the
pluripotency, a hallmark of hESC function, has been reproduced in adult somatic cells via the
induced expression of the key pluripotency genes OCT3/4, SOX2, CMYC, and KLF4 to generate
induced pluripotent stem cells (iPSCs)™. iPSCs are a topic of intense scientific interest, one
described as heralding a new era of biological and medical study in which pluripotency can be
induced as needed””. Emerging techniques increasingly allow for the derivation of hESC and
equivalents, which are expected to address ethical concerns regarding the derivation of these

cells.
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hESCs are characterized by two distinct properties — the ability to self-renew (proliferate) and
the capability for pluripotent differentiation. During self-renewal, the hESC may divide
symmetrically and generate a daughter cell that is identical to the parent cell, or divide
asymmetrically and generate a differentiated daughter cell’'. Given the appropriate conditions,
hESCs may divide symmetrically indefinitely, and are not known to undergo replicative
senescense’ ', which allows for the generation of the large hESC populations necessary for study
and therapeutic applications. In contrast, adult stem cells have finite proliferative ability,
meaning that a single patient’s stem cell population may not be sufficient for therapeutic
treatment either as a result of the degree of trauma or the age of the patient’ . The mechanism
that allows for hESCs to proliferate indefinitely is closely related to the maintenance of
telomerase, which prevents chromosomal shortening during cellular replication, in addition to

the action of transcription factors OCT4, SOX2, and NANOG *'*.

During differentiation, pluripotent hESCs can give rise to cells from all three germ layers
(ectoderm, mesoderm, endoderm), and ultimately generate all tissue types that make up the
organism. Thus, hESCs are a universal stem cell for the entire organism. The pluripotent nature
of hESCs and iPSCs could permit the development of novel stem cell-based regenerative
therapies and drug discovery platforms’’. Pluripotent stem cell therapy may be able to address
deficiencies acquired via inherited or genetic alterations in a patient’s resident adult stem cells
that may lead to loss of function with aging or disease’®. The loss of adult stem cell function is
associated with numerous diseases and disorders, including hematopoietic and immune system
disorders, cardiovascular diseases, diabetes, chronic hepatic injuries, gastrointestinal disorders,
brain, eye, and muscular degenerative diseases, and aggressive cancers’". The expectation is that
the transplantation of viable, tissue-specific progenitor cells into the patient may be able to
induce a therapeutic response and treatment of the disorder. These prospective stem cell-based
treatments are of particular interest for treating inherited and degenerative disorders for which

. 98
there are no effective cures”".

4.2 CHALLENGES WITH HESC PROLIFERATION
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The success of stem cell therapy is, however, dependent on the ability to reproducibly generate a
large number of hESCs with high purity and consistency while maintaining their pluripotency.
Self-renewal of hESCs is commonly achieved by culturing hESCs on a feeder layer of mouse
embryonic fibroblast (MEFs) or human fibroblast feeder cells (hFFs), or in conditioned media
(CM) derived from MEFs**'%2 The feeder layer provides a suitable substrate for hESC
attachment and releases nutrients and signaling factors, conditioning the media for maintenance
of hESC pluripotency. Since MEFs or hFFs are viable for only a few days, the hESCs must be
transferred regularly onto new feeder layers for continued renewal, which is a costly and labor-
intensive procedure'”. Importantly, viruses or other undesired macromolecules from feeder cells
may be transmitted to the hESC population and ultimately to the recipient of stem cell-based

therapylm,l%

. In the absence of the appropriate proliferative environment, hESCs differentiate
spontaneously, with accompanying changes in morphology, the loss of embryonic stem cell
markers including OCT4, and the loss of pluripotency'®. Compared with the cell-based feeder
systems, artificial ECMs offer several advantages, including reduced risk of pathogen

transmission and ease of scale-up'™*.

The ECM is believed to play a major role in stem cell renewal, in which ECM components either
function as signaling molecules through integrin receptors or increase the sensitivity of cytokine

101192 "The use of ECM proteins as coating materials on substrates for

receptors on stem cells
stem cell renewal has been actively pursued in recent studies’’. However, the matrices coated
with proteins face the challenge of continued support for long-term cell function, as these coating
materials can be depleted quickly over time. Furthermore, protein-based materials need to
overcome the challenges of source-dependent variation, potential immune rejection, and

100.10L105 * While synthetic polymer coatings

infection by human and nonhuman pathogens
including Synthemax (mTeSR®) and PMEDSAH (StemPro®) are able to maintain hESC
pluripotency when paired with specific serum-free defined media, these 2D films do not fully
recapitulate the full range of microenvironmental cues found in the native 3D hESC niche. No
current synthetic polymers, with or without ECM and growth factors, have been able to maintain
the pluripotency and undifferentiated state of hESCs in a xeno-free culture medium for an

extended time””’.
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The appropriate microenvironment is critical to the successful renewal of hESCs. It is likely that
in addition to the direct effects of the ECM, hESCs are exposed to a wide range of signaling
environments via the formation of hESC colonies, which possess the additional properties of size
and distribution'®, which in turn create local signaling and nutrient diffusion gradients within the
scaffold itself. In vivo, hESCs are found in niches with defined tissue architecture'®’. During
embryonic development, hESCs reside in a 3D environmental milieu that regulates cell
replication and differentiation via complementary mechanisms including the presentation of
immobilized signaling molecules in a defined manner, the modulation of matrix stiffness, and the

creation of cytokine gradients'*>'"7. A

stem cell niche is defined by production of local signal(s)
and spatial organization of cells receptive to those signals to generate location-dependent control
over contrasting cell fate decisions such as self-renewal and differentiation'®®. For example,
hESCs preferentially form tight contacts with undifferentiated neighbors while excluding
contacts with differentiated cells, ultimately forming colonies of undifferentiated cells'®.
Effectively, hESCs self-regulate local cell density. Thus, the hESCs continually redefine the
culture microenvironment via proliferation and migration. In traditional feeder cell-based culture,
the supporting feeder cells provide mechanical contact, direct cell-cell contacts to hESC
superficial to the colonies, and secrete relevant signaling factors throughout the cell culture
media. The complexity of the hESC proliferation niche is extremely complex and challenging to

reproduce.

4.3 3D SCAFFOLDS AS A SCAFFOLD FOR HESC RENEWAL

Although researchers have not come to a consensus on the exact governing mechanisms of stem
cell self-renewal, studies have shown that the interaction between the ECM and the integrins on
hESC membranes plays a critical role'®™'"*!% We hypothesize that hESCs in a properly
constructed 3D matrix may sustain self-renewal in the absence of feeder cells. The chitosan-
alginate (CA) complex scaffold has many advantages compared to 3D synthetic polymers and
protein scaffolds. Recent studies have also demonstrated that GAGs play an important role in

regulating hESC adhesion and self-renewal'””'"’

, which is mimicked by chitosan. Furthermore,
the spatial control possible with the CA scaffold may allow us to address key requirements for

ECM stiffness and topology that are necessary to recreate in the hESC niche. Interestingly, low
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oxygen tension may decrease the rate of stem cell differentiation and increase proliferative

102
1

potential ", which a 3D scaffold may create, compared to 2D culture. Although it probably will

not be necessary to mimic all aspects of the niche to greatly increase stem cell self-renewal, it
almost certainly will be necessary to simultaneously mimic multiple components of the niche'®.
In this study, a highly porous scaffold made from chitosan and alginate complex is used to

exploit the role of the ECM in stem cell renewal.
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Chapter 5: 2D Microenvironments for Myogenic Differentiation

5.1 MUSCLE TISSUE ENGINEERING

Regenerating a large population of muscle cells is important for muscle injury repair and the

study of metabolic biological functions’"'"!

. Though autologous graft surgery remains the
ubiquitous approach for muscle injury repair, this treatment is severely limited by donor tissue
availability, compelling the investigation of alternative methods. Muscle satellite cells have been
expanded in vitro''?; however, the limited cell numbers are inadequate for therapeutic success' .
Additionally, only limited progress has been made toward the myogenic differentiation of adult

mesenchymal stem cells (MSCs)*®H4115,

Skeletal muscle is primarily composed of post-mitotic, multi-nucleated muscle fibers required
for locomotion, and in addition, regulating metabolism through glycogen storage, insulin uptake,

12 Therefore, skeletal muscle health is essential to overall health and

and amino acid catabolism
well-being. Damaged skeletal muscle fibers are repaired by satellite cells, a population of muscle
tissue-specific stem cells''2. In response to fiber damage, healthy muscle satellite cells begin
proliferation and differentiation into mature myoblasts, which migrate rapidly to the injury site to

116
.In

fuse with each other or with damaged myoblasts at the wound site to restore tissue function
a recent study, autologous transplantation of muscle-derived stem cells via injection to the
wound site improved angiogenesis and muscular strength and decreased fibrosis compared to
results in control groups''’. Unfortunately, pathologies including congenital myopathy,
denervation, and atrophy from disuse may also decrease the number and proliferative potential

112

of the native satellite cells’ “. Therefore, we need a therapeutic approach to generate muscle stem

cell populations form alternative sources for myogenic tissue engineering.

A bioactive cell culture environment combined with relevant cell types, growth factors, and
topological properties is needed to facilitate the proliferation and differentiation of myoblasts.
While muscle satellite cells have been expanded in vitro, the limited cell population is

inadequate for successful therapy''?. Mesenchymal stem cells (MSCs) may provide sufficient
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myoblast supply via directed myogenic differentiation; however, only limited progress has been
made along this path'"®. For instance, the application of Wnt3a, a signaling protein involved in
mesodermal lineage commitment, is reported to induce myogenic differentiation of MSCs after
10 days of culture; however, only 3.76% of the induced MSCs showed myosin-heavy-chain
(MHC) expression, suggesting that Wnt3a alone cannot induce the differentiation of large

myogenic populations®>**, limiting the use of MSCs as a cell source.

5.2 HESCS AS A SOURCE OF MYOGENIC CELLS

Alternatively, pluripotent embryonic stem cells (ESCs) have considerable advantages over adult
stem cells as a cell source due to their capacity for unlimited proliferation in an undifferentiated

118,119 .
%7, In recent studies mouse

state and their ability to differentiate into various lineages of cells
and human ESCs (hESCs) have been transfected to induce the expression of Pax3, a transcript
factor responsible for activation of myogenic regulatory factors.'”*'?! Nevertheless, only 16—
21% of the Pax3-expressing hESCs exhibited the terminal myogenic differentiation marker
MHC. Also, cells modified by gene transfection are not ideal for therapeutic use as gene
expression is difficult to control'”’. Myogenic cells have also been obtained from mESCs
induced by using retinoic acid'* or by sorting cells with an antibody specific for myogenic cells
from mouse iPSCs'**. Inspiringly, one study demonstrated success in myogenic differentiation of
hESCs by using a stroma-free induction system™. However, this technique has a very low

conversion rate and is time-consuming, and has not led to a major advance'”

. Though using
feeder layers can increase differentiation efficiency, the process is costly and labor intensive, and
yet bears the risk of transmitting virus and other unwanted macromolecules from feeder cells.
Therefore, for muscle tissue engineering, the need is urgent for an hESC culture system with
well-defined cell-culture conditions without using feeder layers for enhanced myogenic

differentiation.

While hESCs hold promise as a treatment for muscle injury, their efficient expansion and
differentiation in traditional culture conditions of hanging drops and feeder layers remain a

challenge as these environments are less likely to represent the in vivo state and produce large
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populations of muscle cells**'*®

. Therefore, it is of interest to develop a cell culture system that
can enhance myogenic differentiation of hESCs. The ideal in vitro model of the myogenic
microenvironment should mimic the anisotropic arrangement, mechanical properties, and surface
chemistry found in the extracellular matrix (ECM) of muscle tissue. The effects of the ECM and
accompanying microenvironment are key regulators of the myogenic commitment and
differentiation of stem cells and myogenic precursors into mature myoblasts**#!#%113:127:128
Nanofibrous scaffolds have been evaluated extensively in tissue engineering applications to

mimic ECM microenvironment conditions'’.

5.3 2D ALIGNED NANOFIBERS AS A SCAFFOLD FOR MYOGENIC DIFFERENTIATION

The generation of myogenic precursors from hESCs using a rationally designed cell culture
system on a nanofibrous tissue engineering scaffold is a promising approach to producing
sufficient myogenic cell populations for regeneration muscle therapies and studying embryo

myogenesis from multipotent progenitor cells®'**!! BA0A

and adult myogenic precursor cells
highly aligned C-PCL nanofibrous scaffold developed in our lab supported skeletal muscle cell
attachment and proliferation, promoting skeletal muscle morphogenesis and aligned myotube
formation coinciding with the nanofiber orientation*’. This combination of natural and synthetic
polymers possesses unique physiochemical properties. Environmental cues from the nanofibrous
ECM combined with the signaling function of soluble growth factors may produce a

significantly more effective system to induce the myogenic differentiation of hESCs.



28

Chapter 6: 2D Microenvironments for Tenogenic Differentiation

6.1 TENDON TISSUE ENGINEERING

Injuries to tendons are common clinical problems and account for 7% of all physician visits for

B2133 - Tissue regeneration after injury remains a formidable

injuries in the United States
challenge due to poor and slow healing capacity of the native tendon'**'*. Autologous graft
surgery is the current gold standard for tendon injury repair, but this treatment is severely limited
by donor tissue availability. Allografts and xenografts alleviate the demand for donor tissue, but
can cause complications such as non-specific inflammatory reactions, reduced strength, joint-

136137 Tissue-engineered tendons with

stiffness, repair-rupture, and donor-site morbility
mechanical and functional characteristics similar to the native tissue may prevent these
complications and provide an alternative treatment modality. Tissue engineering strategies to
improve tendon repair healing include the use of scaffolds, growth factors, cell seeding, and
combination of these approaches'*®. The biological scaffolds derived from animal proteins, in
particular collagen, are increasingly being used in clinical practice'*®'*’. However, the use of
these biological scaffolds is hindered by their low mechanical strength, non-specific cellular
induction, and occasional inflammatory responses, which contribute to implant failure'*’. A
variety of synthetic polymers, such as polyurethane, ePTFE, and polyester, have been

36 While these synthetic polymer scaffolds have superior

136

investigated for tendon repair.
mechanical properties over biologically derived scaffolds their use can cause a series of
problems including a high rate of postoperative infection, chronic immune response post

136,140 o -
»*". The progress toward clinical use of tendon tissue

implantation, and poor cellularity
engineering is hindered by the difficulty in obtaining tendon regenerating cells and suitable

scaffolds!**!!,

6.2 BMSCSs AS A TENDON TISSUE ENGINEERING CELL SOURCE
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Several cell types including tenocytes, adipose mesenchymal stem cells, and bone mesenchymal
stem cells have been investigated for tendon tissue engineering. Tenocytes, mature tendon

142,143 Furthermore,

generating cells, have limited numbers and proliferative ability in the adult
tendon cell recovery requires the destruction of healthy tendon tissue, further hindering patient
recovery. Adipose mesenchymal stem cells express relevant tenocyte differentiation markers in

144
1

differentiating culture conditions, but no expression of Collagen I'™", which makes up the bulk of

145

tendons and ligaments (60% w/w) ™. Bone mesenchymal stem cells (BMSCs) are multipotent

146-150

stromal cells that can differentiate into various cell types . Via recombinant expression of

the tenogenic differentiation gene scleraxis, BMSCs exhibited terminal differentiation marker

151
I

protein Collagen I'”". However, cells modified by gene transfection are not ideal candidates for

transplant therapy as stable endogenous growth factor expression is difficult to implement'**.
Alternatively, numerous combinations of ECM materials and soluble growth factors have
recently been explored for the tenogenic differentiation of BMSCs'**'"*'*°. Though this
approach showed great promise in tenogenesis of BMSCs, its tenogenic differentiation efficiency
by existing materials in combination with growth factors is very low'****!>7 Furthermore, cell
differentiation on these materials required a long time of 2 to 12 weeks which is not desirable for
therapeutic applications, and yet BMSC confluence was not always achieved even with extended

culture periods'*%!?*13%1381921 Ty an appropriate combination of scaffolds and growth factors

has yet to be developed for tenogenic differentiation of BMSCs.

6.3 2D ALIGNED NANOFIBERS AS A SCAFFOLD FOR TENOGENIC DIFFERENTIATION

The generation of tenogenic precursors from BMSCs using a rationally designed cell culture
system on a nanofibrous tissue engineering scaffold is a potential approach for the fabrication of
a tissue-engineered tendon construct. The ideal tenogenic scaffold should thus have anisotropic
properties as native ECM, possess sufficient mechanical strength to support the healing tissue,
and provide a favorable substrate for cell attachment, proliferation, and matrix
deposition'?7-143146:135:15% " A rationally designed tendon engineering scaffold must provide these
ECM properties. Environmental cues from the nanofibrous ECM combined with the signaling
function of soluble growth factors may produce a significantly more effective system to induce

the tenogenic differentiation of BMSCs.
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Chapter 7: Feeder-free Self-renewal of Human Embryonic Stem Cells

in 3D Porous Natural Polymer Scaffolds

7.1 INTRODUCTION

Human embryonic stem cells (hESCs) are routinely cultured on fibroblast feeder layers or in
fibroblast-conditioned medium, which requires continued supply of feeder cells and poses the
risks of xenogenic contamination and other complications such as feeder-dependent outcome.
Here, we demonstrate a strategy that supports sustained self-renewal of hESCs in a three-
dimensional porous natural polymer scaffold, comprised of chitosan and alginate, without the

support of feeder cells or conditioned medium.

We first investigated the proliferation, functionality, and pluripotency of hESCs cultured in CA
scaffolds in vitro. We assessed the pluripotency of the renewed hESCs both in vitro by
evaluation of cellular proliferation, functionality, and gene activities for 21 days. The self-
renewed stem cells can be easily recovered for subculture by decomposing the scaffold under a
mild condition. We developed an effective method to harvest the renewed hESCs from CA
scaffolds for subculture by decomposing CA scaffolds in a mild condition and then subcultured
recovered hESCs for 14 days and verified their pluripotency. Pluripotency of hESCs in vivo was
evaluated by directly implanting hESC-populated CA scaffolds into the abdominal cavities of

SCID nude mice to induce cell differentiation and teratoma formation.

In addition to providing a clean environment for stem cell renewal, this strategy, with the
demonstrated biocompatibility and biodegradability of chitosan and alginate, may potentially
allow for the direct implantation of stem cell-populated scaffolds for a broad spectrum of

applications in tissue engineering and regenerative medicine.

7.2 METHODS
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7.2.1 Chitosan-alginate scaffold synthesis

Chitosan and alginate solutions were prepared separately by dissolving 4.8 g of chitosan in 80
mL 1 N acetic acid and 4.8 g sodium alginate in 120 mL 1N NaOH, respectively. The two
solutions were then mixed in a blender and stirred for 1 hr to obtain a 4.8% w/v (2.4% chitosan,
2.4% alginate) solution. The resultant solution was heated and maintained at 70°C for 1 hr. The
pH of the solution was adjusted to 7-7.4 by addition of 2N acetic acid. The solution was then
placed into a 24-well plate, maintained at —20°C for 24 hrs, and lyophilized to form scaffolds.
The scaffolds were then cross-linked by immersion in 1% w/v CaCl2 solution for 10 min, and

washed with deionized water.

7.2.2 Compressive and tensile strength

Compressive mechanical modulus of CA scaffolds were tested using an Instron 4505 mechanical
tester with 10 kN load cells following the guidelines in ASTM D5024-95a. The specimens were
cylinders of 13-mm diameter and 12-mm thickness. The crosshead speed of the Instron tester
was set at 0.4 mm per minute, and load was applied until the specimens were compressed to
approximately 30% of their original thickness. Compressive modulus was calculated as the slope

of the initial linear portion of the stress—strain curve.

Tensile modulus was evaluated using a custom-made micro-tensile testing machine. The load
cell has a loading range of +30 grams with an incremental accuracy of 0.001 grams. Scaffolds
were cut in rectangular shape with a cross-section of 6 mm % 10 mm. The tensile modulus was

calculated from the stress—strain curve.

7.2.3 Pore size and porosity

The porosity and pore size distribution of the scaffold were measured by an Auto Pore IV
mercury porosimeter (Micrometritis Instrument Co., Nacross, GA). The Washburn equation was

used to calculate the pore diameter. Porosity (%), total pore volume (ml/g), total pore area
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(m2/g), and the pore size distribution of the scaffold were determined by measuring the volume
of the mercury infused. For each measurement, cylindrical scaffolds of 3-mm diameter and 3-
mm length were placed in a 10-mL penetrometer, subjected to a vacuum of 50 mm Hg, and

infused with mercury. Samples weights were measured before and after the mercury infusion.

7.2.4 Cell culture and seeding

Human embryonic stem cells (hESCs), BGO1V, were maintained on irradiated human fibroblast
feeder layers (ATCC USA) in ES-Dulbecco's modified Eagle’s medium (DMEM) as defined by
ATCC. ES-DMEM was prepared from a 1:1 mixture of DMEM and Ham's F-12 medium
containing 1.2 g/LL sodium bicarbonate, 2.5 mM L-glutamine, 15 mM HEPES, and 0.5 mM
sodium pyruvate supplemented with: 2.0 mM L-alanyl-L-glutamine, 0.1 mM non-essential
amino acids, 0.1 mM 2-mercaptoethanol, 10 ng/ml bFGF (R&D Systems), 5% (V/V) knockout
serum replacement (Invitrogen), 15% (V/V) fetal bovine serum, and 100 units/ml
penicillin/streptomycin. The cultures were incubated at 37°C in the atmosphere supplemented
with 5% CO2, with the cell culture media changed daily. A solution of 200 units/ml collagenase
IV in DMEM/F12 media was used to detach hESCs from the feeder layer.

CA scaffolds were sterilized with ethylene oxide gas, and cut into discs of 2-mm thickness and
13-mm diameter (Fig. 1) and fit into 24-well tissue culture plates (Corning Life Sciences). The
scaffolds were incubated for 24 hrs in hESC culture media prior to cell seeding. hESCs
suspended in hESC media were then seeded directly onto the scaffolds and maintained following
the cell culture protocol described above. hESCs on hFF layers as a control were subcultured

every 6 days.

7.2.5 hESC proliferation assessment

Cell proliferation was assessed using the oxidation—reduction indicator alamarBlue (Alamar
BioSciences, Sacramento, CA). The numbers of hESCs grown in CA scaffolds and on hFF
layers, with initial cell seeding of 50,000, for 21 days, were measured in quadruplicate at

specified time intervals. Every 6 days, hESCs cultured on hFF layers were passaged and 50,000
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hESCs transferred to a fresh hFF layer. For each cell number measurement, the culture was
washed with PBS, and incubated in 1 mL of ES-DMEM with 10% alamarBlue substrate for 50
min or 25 min with cell numbers up to 500,000 and 3,000,000, respectively, or with 2 mL of ES-
DMEM with 10% alamarBlue substrate for 30 min or 20 min with cell numbers up to 10,000,000
and 20,000,000, respectively, at 37°C and 5% CO2. Absorbance of the solution was measured
spectrophotometrically with a microplate reader (Versamax, Molecular Devices) at 570 and 600
nm. Calibration curves for each range of cell population generated with known numbers of hESC
counted by cell counter on both CA scaffolds and hFF layers were used to quantify the number

of cells in each culture.

7.2.6 Alkaline phosphatase activity assay

The StemTAG™ alkaline phosphatase activity assay kit (Cell Biolabs) was used to quantitatively
measure the alkaline phosphatase (ALP) activities of hESCs on both hFF and scaffold constructs
in triplicate at specified time intervals over 21 days. The cell constructs were rinsed with cold
PBS, and hESCs were detached with collagenase IV, and lysed with Cell Lysis Buffer (Sigma).
After incubation at 4°C for 10 min, the cell suspension was centrifuged at 12,000 G for 10 min to
remove cell debris, retaining the supernatant. We mixed 50 pl cell lysate with 50 ul StemTAG™
ALP activity assay substrate (Sigma) in a 96-well plate. The reaction mixture was incubated for
30 min at 37°C in 5% CO2, until the reaction was stopped by the addition of 50 ul stop solution
(Sigma). The absorbance of the product was measured at 405 nm, compared to the absorbance of

50 ul of Cell Lysis Buffer.

7.2.7 Quantitative RT-PCR

Cell-scaffold constructs were homogenized by vortexing and passing through QIAshredder
columns. Total RNAs were isolated from hESCs in CA or on hFF in triplicate using RNeasy, and
30 ng of total RNA for each sample was converted to cDNA using the QuantiTect Reverse

Transcription Kit following the manufacturer’s instructions (Qiagen).
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SYBR Green PCR Master mix (Qiagen) was used for template amplification with a primer for
each of the transcripts examined. Thermocycling for all targets were carried out in a solution of
30 pl containing 0.3 uM primers (Integrated DNA Technologies) and 4 pg cDNA from the
reverse transcription reaction under following conditions: 15 seconds at 94°C, 30 s at 55°C, and
30 s at 72°C. The reaction was monitored in real time using a MiniOpticon (BioRad). Primers

are listed in Table 1.

Table 1: Pluripotency PCR primers

Gene Forward Primer Reverse Primer

symbol

Undifferentiation markers

OCT4 5’-CTT GCT GCA GAA GTG GGT GGA GGA A 5’-CTG CAG TGT GGG TTT CGG GCA
NANOG 5’-CCT GAA CCT CAG CTA CAA AC 5’-TGC CAC CTC TTA GAT TTC AT
TERT 5’-CGG AAG AGT GTC TGG AGC AA 5’-GGA TGA AGC GGA GTC TGG A
TDGF1 5’-CAG GAA TTT GCT CGT CCA TCT CGG 5’-TAG TAC GTG CAG ACG GTG GTA GTT
REX1 5’-TGA AAG CCC ACA TCC TAA CG 5’-CAA GCT ATC CTC CTG CTT TGG
Endoderm markers

FOXA2 5’-TGT TGC AGG GAA GTC TTA CT 5’-ATG GTT TTA CAC CGA GTC AC
AFP 5’-AAG CCA CAA ATA ACA GAG GA 5’-GTC TTC TCT TCC CCT GAA GT
GLUC 5’-GGA TCT GGC AGC GCC GCG AAG ACG AGC GG 5’-TTT TCC CAT CCA TTG TGG GAC
Mesoderm markers

FLK-1 5’-ACC ACA GTC CAT GCC ATC AC 5’-TTC ACC ACC CTG TTG CTG TA
ACTA2 5’-TGT GGC ATC CAC GAA ACT AC 5’-GGA GCA ATG ATC TTG ATC TTC A
TNNT2 5’-AGG CGC TGA TTG AGG CTC AC 5’-ATA GAT GCT CTG CCA CAGC
Ectoderm markers
NCAM 5’-CAA AAA GGT GGA TAA GAA CG 5’-CAG GTA AGA GTG ACC TGC TC
SOX1 5’-ATG CAC CGC TAC GAC GTG A 5’-CTT TTG CAC CCC TCC CATTT
Cell motility, normalization
ACTB 5’-TTA GTT GCG TTA CAC CCTTT 5’-AAT GTG CAA TCA AAG TCC TC
7.2.8 SEM

Cell-scaffold constructs for SEM were fixed overnight in Karnovsky’s fixative containing 2%
paraformaldehyde and 2% glutaraldehyde, and dehydrated with sequential washes with 50%,
75%, 95%, and 100% ethanol. The samples were then air-dried and sputter-coated with Au/PD
for observation with a JEOL 7000 SEM.

7.2.9 Immunocytochemistry

Cell-cultured constructs were fixed in 4% paraformaldehyde and washed in 0.2% Tween® 20 in
PBS (PBST) for 30 min. The construct was then incubated in a 1:400 dilution of mouse
monoclonal antibody to SSEA4 (Abcam) in PBST for 1 hr at room temperature. Following the

incubation, the construct was washed in PBS for 30 min prior to incubation in a 1:500 dilution of
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rabbit polyclonal anti-mouse antibody conjugated to FITC (Abcam) in PBS for 1 hr. Finally, the
construct was counterstained with a 1:500 solution of DAPI in PBS for 10 min. The construct
was then rinsed with and maintained in PBS. Microscopy analysis was performed using a Zeiss

510 Zeta Microscope (Carl Zeiss).

7.2.10 Flow cytometry

We cultured 5 x 10* hESCs on each of CA scaffolds for 21 days and hFF layers for 6 days. The
cells were detached from the hFF and CA and processed for FACS analysis to detect SSEA4-
positive cells. Mouse anti-human SSEA4 antibody (Abcam) and FITC-labeled rabbit anti-mouse
secondary antibody (Abcam) were used at 10 pg/mL in a 3% suspension of BSA (Sigma) in
DPBS (Gibco). Cells were analyzed with a BD FACSCanto flow cytometer (Becton Dickinson

Biosciences).

7.2.11 hESC recovery and subculture

To recover hESCs cultured on CA scaffolds, the cell-scaffold constructs were chemically
decomposed and mechanically separated from hESCs. First, the constructs were rinsed gently in
hESC media to remove non-adherent cells. The constructs were then decomposed in 10 mL of
100 mM EDTA and 100 mM K,HPO, solution at room temperature for 5 min, with gentle
homogenization using a syringe plunger. The resultant suspension was then forced through a
100-um pore ceramic frit (GE Healthcare) to remove scaffold debris. Finally, cells were
collected by centrifugation at 200 G for 5 min, and resuspended in cell culture media. Cell
viability and recovery efficiency were determined by the Trypan Blue exclusion assay (Gibco)
and hemocytomer. To evaluate the proliferation of hES cells recovered from CA scaffolds, cells
were serially cultured on CA scaffolds, recovered, and subcultured again on CA scaffolds. We
seeded 50,000 hES cells in quadruplicate onto 13-mm diameter x 2-mm height CA scaffolds and
cultured for 14 days as described in the Cell Culture and Seeding section. Proliferation was
evaluated by alamarBlue (Alamar BioSciences, Sacramento, CA) as described above. After 14

days, cells were recovered and recovery efficiency determined. These recovered cells were then
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subcultured onto new CA scaffolds for an additional 14 days with proliferation and recovery

assessed again.

7.2.12 Animal surgery, histology, and immunohistology

Ten healthy SCID nude mice (Jackson Laboratories), weighing between 25-30 grams, were
hosted by the UW Department of Comparative Medicine in the sixth floor animal facility. The
animal protocol was approved by UW [ACUC. Anesthesia was induced by ketamine/xylazine,
and a 3 x 5 x 5-mm piece of the hESC-scaffold construct cultured for 21 days was inserted into

the peritoneal cavity. The inserted construct was harvested one month later after euthanasia with

CO2 gas.

The explants were preserved in 4% paraformaldehyde, fixed in paraffin wax, sectioned at 5 um,
and affixed onto glass slides. One set of tissue sections was stained with either Von Kossa,
Picrosirius, or silver per standard procedures for histological analysis. Another set of tissue
sections was dewaxed by three xylene washes, followed by xylene removal with methanol, and
rinsed with cold water. Antigen retrieval was performed by boiling the dewaxed sections in 20
mM sodium citrate buffer, pH 6.0, for 15 min. The sections were then rinsed in cold water for 10
min to allow the antigen sites to reform. The sections were permeabilized with 0.025% Triton X-
100 in PBS at room temperature for 10 min, and blocked with a solution of 10% rabbit serum
and 1% BSA in PBS for 2 hrs at room temperature to prevent cross-reaction of the secondary
antibody with endogenous immunoglobins in the tissue. The sections were then incubated with
various mouse monoclonal primary antibodies in TBS with 1% BSA at 4°C for 18 hrs. We used
the primary antibodies (Abcam) against neural cell adhesion molecule (NCAM; 1:50): cardiac
Troponin T (¢TnT; 1:1), forkhead box 2 (FOXA2; 1:2000), alpha smooth muscle actin (a-SMA;
1:50), and glucagon (1:50).

Following incubation with the primary antibodies, the sections were rinsed twice with 0.025%
Triton X-100 in PBS for 5 min, and incubated for 2 hrs at room temperature in rabbit anti-mouse

IgG secondary antibody conjugated to either FITC or rhodamine fluorophores (Abcam) at 1:500
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dilution in PBS. The sections were rinsed gently twice in PBS solution and counterstained in a
1:500 solution of DAPI in 0.025% Triton X-100 in PBS (Abcam) for 30 min. The sections were

then rinsed with and maintained in PBS until analyzed using a Zeiss 510 Zeta Microscope (Carl

Zeiss).
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7.3 RESULTS

7.3.1 Synthesis and characterization of chitosan—alginate scaffolds

The porous structure of CA scaffolds was created through a process of thermally induced phase
separation and subsequent solvent sublimation™. The as-synthesized cylindrical scaffolds were
cut into sections of 13-mm diameter and 2-mm thickness for subsequent in vitro studies (

Figure 7-1). The CA scaffolds have a highly porous structure with interconnected pores, a
porosity of ~95%, an average pore size of ~65 pum, and a narrow size distribution. The
compressive and tensile modules of the scaffolds are much higher than those of pure chitosan
scaffolds due to strong ionic interaction of amine groups in chitosan with carboxyl groups in

alginate™, providing a sustainable cell culture environment for hESC renewal in culture media.
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Figure 7-1: Physical properties of CA scaffolds. (a) As-synthesized chitosan—alginate scaffolds
and a scaffold section used in stem cell renewal. (b) SEM image showing the highly porous
structure of the scaffold. (c¢) Pore size distribution of the scaffold assessed by mercury
porosimetry. (d) Summary of physical and mechanical properties of the scaffold.
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7.3.2 Cell proliferation and ALP activity

The self-renewal of hESC was started by directly seeding stem cells on CA scaffolds that were
maintained in normal cell culture media. hESC proliferation in CA scaffolds was assessed by the
alamarBlue assay and compared with hESCs cultured on hFF layers as a reference. Cell
proliferation rates in both systems were comparable in the first 6 days. Thereafter, hESCs grown
on hFF layers detached from the degrading hFF layers, and needed to be transferred to new
culture plates with fresh hFF layers every 6 days, while hESC in CA scaffolds continued to
proliferate without any need of subculturing for the entire culture period of 21 days (Figure
7-2a). hESC proliferation in CA scaffolds was exponential in the first 12 days, but essentially
linear thereafter. We believe that this was due to the initial rapid migration and expansion of the
cells as they continually occupied the inner walls of the porous structure of the scaffold, after
which further expansion of the cell population was confined to within the scaffold pores. In
principle, the duration of the sustained proliferation is limited only by the dimensions of the
scaffold and the diffusion parameters of nutrition and metabolic exchange between the culture

medium and the interconnected scaffold pores.
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Figure 7-2: In vitro assessment of hESC proliferation and pluripotency in CA scaffolds. (a) Cell
proliferation as a function of time by alamarBlue assay. The hESCs proliferated in the CA
scaffold without subculturing for 21 days, while hESC on hFF layers were subcultured every 6
days. (b) ALP activity as a function of cell culture time.
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We confirmed the undifferentiated state of the hESCs by alkaline phosphatase activity (ALP),

gene activity, cell morphology, and expression of surface marker stage-specific embryonic

antigen-4 (SSEA4).

Alkaline phosphatase (ALP) is a characteristic biochemical marker of undifferentiated
hESCs'*1%*1¢! The ALP activity (normalized to the cell number) of hESCs grown on CA
scaffolds was measured over 21 days and compared with hESCs grown on hFF layers (Figure
7-2b). The ALP activity of hESCs in CA scaffolds increased for the first week and reached a
plateau after day 15 while the ALP activity of hESCs on hFF layers demonstrated a slight initial
decrease and reached a plateau at day 3. The alkaline phosphatase activity of hESCs on chitosan-
alginate scaffolds cultured for 7 days without feeder cells was three times higher than that of the

hESCs co-cultured with feeder cells on tissue culture plates.

7.3.3 In vitro assessment of hESC pluripotency

The gene expression patterns of hESCs cultured in CA scaffolds and on hFF layers were
quantified by real-time PCR (RT-PCR). These genes have been suggested as markers of
undifferentiated hESCs or their differentiated derivatives®®'®?. Among the thirteen genes
evaluated, OCT 4, NANOG, TERT, TDGF 1, and REX1 are known to be associated with the
pluripotent state of hESCs'®'%. Alternatively, the lineage marker genes, including FOXA2,
AFP, and Gluc for endoderrn166'168, Flk-1, ACTA2 (alpha smooth muscle actin), and TNNT2
(cardiac troponin) for mesoderm'®'”', and NCAM and SOXI for ectoderm germ layer

Cellsl72,173

, are commonly known to be associated with differentiation of hESCs. Total RNA was
harvested from hESCs grown in CA scaffolds every 7 days over 21 days and from hESCs grown
on hFF feeder layers for 7 days. The transcription levels of the 13 representative genes were
measured and their values are presented relative to the expressions by hESCs cultured on hFF,
normalized against B-Actin expression. hESCs grown in CA scaffolds for 21 days expressed the
five pluripotent marker genes (Oct4, NANOG, TERT, TDGFI1, and REXI) at the levels
comparable to those expressed by hESCs grown on hFF layers for 7 days (Figure 7-3). The

continued expression of these marker genes suggests the persistence of pluripotent state of

hESCs in CA scaffolds. The levels of lineage marker genes (FOXA2, AFP, Gluc, Flk-1, ACTA2,
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TNNT2, NCAM, and SOX1) expressed by hESCs grown in CA scaffolds were also similar to

the levels expressed by those grown on hFF layers.
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Figure 7-3: In vitro assessment of pluripotency of hESCs in CA scaffolds. Gene activity of
hESCs cultured in CA scaffolds for 21 days, assessed by RT-PCR. The values are presented as
relative to the expressions by hESCs cultured on hFF layers, and normalized against B-Actin
expression. All the results are expressed as the mean =+ standard deviation, n=3.

The undifferentiated state of hESCs was further assessed by immunological detection of the

SSEA4, which is widely used as a surface marker of pluripotent stem cells'®

, and by cell
morphology examination with SEM. After 21 days of culture in CA scaffolds, hESCs were
stained with DAPI (Figure 7-4a) and mouse anti-SSEA-4 antibody (Figure 7-4b). The overlaid
image Figure 7-4c¢) shows that the hESCs maintained SSEA4 expression and formed dense
clusters in CA scaffolds. The image at higher magnification (Figure 7-4d) shows no evidence of
differentiated cells. Morphology of the hESCs in CA scaffolds was visualized using SEM. The
cells formed dense clusters of embryoid bodies on the pore walls within the scaffold (Figure
7-4e), and the SEM image at higher magnification reveals a spherical shape that is the
characteristic cell morphology of undifferentiated hESCs (Figure 7-4f). The SSEA4 level (94%)
expressed by hESC cells harvested from CA scaffolds was essentially equal to that expressed by

hESCs grown on hFF layers, as quantified by flow cytometry (Figure 7-4g and 4h).
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Figure 7-4: In vitro assessment of the undifferentiated state of hESCs, assessed by
immunological detection of the SSEA 4 and cell morphology. (a) & (b) hESCs grown in CA
scaffolds, stained with DAPI (blue) and SSEA 4 antibody (green), showing cell localization and
SSEA4 expression. (¢) The overlay of (a) and (b). (d) The overlay image at higher resolution,
revealing the details of the co-localization of SSEA4 and cells. (e) SEM image of hESCs grown
within the porous structure of CA scaffolds. (f) SEM image at higher magnification showing cell
morphology and cluster structure. (g) & (h) The SSEA4 activity of hESCs harvested from CA
scaffolds (21 days) and on hFF layers (7 days), respectively, quantified by flow cytometry. Scale
bars are 40 um for (a) to (c), 10 um for (d) and (f), and 50 um for (e).

7.3.4 In vivo assessment of hESC pluripotency

To assess the potential of hESCs grown in CA scaffolds to form derivatives of all three
embryonic germ layers (endoderm, mesoderm, and ectoderm), cells were cultured in CA
scaffolds for 21 days, and the cell-scaffold constructs of 3 mm x 5 mm x 5 mm were implanted

into the abdominal cavities of SCID nude mice to induce cell differentiation and teratoma
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formation. The mice were sacrificed one month following implantation. The harvested teratomas
had an average diameter of 15 mm, much larger than the original implants. Although the tumor
was adherent to the surrounding tissues, no invasion of adjacent organs, such as intestine, liver,
or peritoneal membrane, was observed. The teratoma was grossly heterogeneous, and
histological images revealed the formation of mesodermal and endodermal types of tissues
including calcified regions, collagen, blood vessels, and muscle tissue (Figure 7-5). Tissues of
ectodermal lineage were not obvious in histological examination of H&E and picrosirius red
stained sections. Immunohistochemical fluorescent staining of teratoma sections was applied to
confirm the formation of the three germ layers. Glucagon is a marker of the endoderm'®®, and has
been used to study hESCs differentiated into pancreatic cells'®®. Alpha smooth muscle actin,
cardiac troponin (TNNT2), and FOXA2 are all mesoderm tissue markers'®"!"!. NCAM was

selected as a marker for detection of ectoderm formation'’?

. The confocal images show various
tissues labeled with antibodies (

Figure 7-6). The first column displays antibody-labeled epitopes in either red or green color,
indicating the presence of specific cells/tissues. The second column shows cell localization by
nuclear staining. The third column is the overlay of the first and second columns, providing the
spatial relation between cell-specific epitopes and cell localization. The distinctive branched
cellular network of cardiac tissue is visible with cardiac troponin-stained samples (

Figure 7-6, cardiac troponin). The images also show striated muscles (

Figure 7-6, smooth muscle) and distinct clusters of cells with strong FOXA2 expression (

Figure 7-6, FOXA2). These results confirm that the hESCs cultivated in CA scaffolds are
capable of differentiation into mesodermal tissue. A distinct group of cells with glucagons
expression indicates the presence of endodermal tissue (

Figure 7-6, glucagon). NCAM staining is localized within the cell-distributed area,
positively showing the ectoderm formation (

Figure 7-6, NCAM).
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Figure 7-5: Histological analysis of teratomas retrieved after one month implantation of hESC-
scaffold constructs in SCID mice. (a) An explanted teratoma (scale bar: 1 cm). (b) A dissected
teratoma showing nodules of tissue (scale bar: 1 cm). (¢) The explant stained with Von Kossa
showing islands of calcification (black) in the center of the specimen, indicating initial bone
formation (scale bar: 50 pm). The calcification suggests that mono-nucleated cells in the center
may be osteogenic cell types. (d) The explant stained with picrosirius for collagen (red) and cells
(dark grey) indicating the formation of dense collagen and cell-lined lumens that are similar to
secretory linings (seen in other ductular tissue) (scale bar: 50 um). (e) The explant stained with
picrosirius red showing formation of blood vessels and clusters of large polygonal cells that
resemble adipocytes and hepatocytes (scale bar: 100 um). (f) The explant stained with silver
showing formation of cross-striated muscle with characteristic pattern of striations (scale bar:
100 pum).
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Figure 7-6: Assessment of the in vivo pluripotency of hESCs cultured in CA scaffolds for 3
weeks. The explants were harvested from SCID mice 1 month after implantation. Tissue sections
were DAPI-stained (second column) for nuclei and immunocytochemically stained (first column)
for cardiac troponin, smooth muscle actin, FOXA2, glucagon, and NCAM lineage markers. The
third column is overlaid images from columns 1 and 2. Scale bars represent 20 pum.

7.3.5 hESC recovery and subculture

To further explore the capability of the present method in renewal of a large number of

undifferentiated hESCs from CA scaffolds, the renewed cells were subjected to subculture and
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the subcultured cells were assessed for pluripotency. Specifically, CA scaffolds seeded with an
initial population of 50,000 hES cells were cultured for 14 days, and then dissolved in a solution
of 100 mM EDTA and 100 mM K,;HPO, at room temperature. The harvested cells were then
subcultured on new CA scaffolds for another 14 days. At the end of each 14-day period, hES
cells were counted, cell viability was assessed by the Trypan Blue assay, SSEA4 expression was
analyzed by flow cytometry analysis, and gene transcription analysis was examined by real-time
PCR (RT-PCR). Cell proliferation profiles over two subsequent 14 days are shown in Figure 7-7.
Proliferation behavior for the second 14 days (subculture) is consistent with the one in the first
14 days. Cell recovery yield, the number of cells harvested from the CA scaffold divided by the
total number of cells in the CA, was determined by AlamaBlue. The cell recovery yields at 14
and 28 days are 85% + 2.3 and 88% =+ 2.9, respectively. Cell viability exceeded 95% after both
recovery procedures. Additionally, SSEA 4 expression by hESCs culture in CA scaffolds
measured by flow cytometry analysis at both intervals was found to be consistently greater than
that observed on hFF (Figure 7-8). The gene expression profiles of hRESC both subcultured in and

released from CA scaffolds were in agreement with those in Figure 7-3 (data are not shown).
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Figure 7-7: Assessment of proliferation by hESC subcultured from CA scaffolds over two
passages by alamarBlue assay.
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Figure 7-8: In vitro assessment of undifferentiated state of hESC by SSEA 4 expression. (a)
SSEA 4 expression of hESCs harvested from hFF layers after 7 days of culture. (b) SSEA 4
expression of hESCs recovered from CA scaffolds after 14 days of culture. (¢) SSEA 4

expression of hESCs recovered from CA scaffolds after 14 days of culture and subcultured for an
additional 14 days.

7.4 DISCUSSION

Via an alternative approach, we have demonstrated that CA scaffolds effectively support self-
renewal of hESCs without the need of feeder cell layers or conditioned media, eliminating
potential biological contamination. Our results suggest that the 3D CA porous scaffold, with the
combined material properties and structural advantages, provides cues that promote adhesion and
proliferation of stem cells without feeder layers in unconditioned culture media, potentially
mimicking the 3D structure of native tissue. As the biocompatibility and biodegradability of CA
scaffolds has been proven®>*®, CA scaffolds populated with hESCs can be directly implanted for
additional in vivo structural support for tissue engineering. We further showed that the renewed
stem cells can be easily harvested at a high yield for subculture. This method prevents problems
associated with using trypsin or collagenase to release cells, by which: 1) cell function might be
affected; 2) many cells cannot be detached from 3D scaffolds, resulting in a low cell yield; 3)

hESCs embryoid bodies cannot be obtained.

Three-dimensional porous matrices produced from natural polymers such as chitosan and
alginate have the potential to provide a reliable, low-cost solution for functional and structural

restoration of damaged or dysfunctional tissues through stem cell therapy. Unlike most other
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natural polymers, CA scaffold can be prepared from solutions of physiological pH, and thus
growth factors can be uniformly incorporated into scaffolds during the synthetic process with
less risk of denaturation’. Encapsulating growth factors in the scaffold matrix provides a
sustained supply of the growth factors for stem cell expansion and differentiation both in vitro
and in vivo, while the release rate of the growth factor can be controlled by the degradation rate

of the scaffold, which is controllable by scaffold synthesis conditions.

7.5 SUMMARY

In this study, we presented a strategy that supports sustained self-renewal of hESCs by using a
3D porous natural polymer scaffold requiring no feeder cells or conditioned medium. This
strategy has the potential to provide a reliable, low-cost solution for functional and structural
restoration of damaged or dysfunctional tissues through stem cell therapy. Unlike most other
natural polymers, CA scaffolds can be prepared from solutions of physiological pH, and thus
growth factors can be uniformly incorporated into scaffolds during the synthetic process with
less risk of denaturation. Encapsulating growth factors in the scaffold matrix provides a sustained
supply of the growth factors for stem cell expansion and differentiation both in vitro and in vivo,
while the release rate of the growth factor can be controlled by the degradation rate of the
scaffold, which is controllable by scaffold synthesis conditions. This attribute can be beneficial
for expanding a large number of stem cells in bioreactors, making the clinical use of stem cell
therapy a reality. In addition to providing a clean environment for stem cell renewal, this
strategy, with the demonstrated biocompatibility and biodegradability of chitosan and alginate,
may potentially allow for the direct implantation of stem cell populated scaffolds for a broad

spectrum of applications in tissue engineering and regenerative medicine.
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Chapter 8: Wnt3a Induction of Human Embryonic Stem Cells on

Aligned Nanofibrous Matrices for Myogenic Differentiation

8.1 INTRODUCTION

The myogenic cells in adult skeletal muscle are present in various stages of differentiation and
commitment. Skeletal muscle comprises bundles of muscle fibers formed by multinucleated cells
through the fusion of muscle cells into contractile myofibers'™®. Satellite cells are the
predominant myoblast progenitor type, express the myogenic regulatory proteins PAX7 and
MYOD, and are found interspersed among the myofibers'”*. During acute injury, the satellite
cells proliferate, migrate to the wound site, and then fuse with the damaged myoblasts''’.
However, degenerative disorders, including Duchenne muscular dystrophy, which results from
incorrect function of the patient’s myogenic cells, cannot be treated by the native stem cell
population. Instead, the transplant of healthy myogenic progenitors may be an approach to
restoring muscle function via fusion with host myofibers and subsequent restoration of healthy

cellular metabolism'’*. This approach requires the generation in vitro of large populations of

myogenic progenitor cells.

Human embryonic stem cells, with their potential to proliferate indefinitely, are a promising
avenue for treatment of degenerative diseases requiring systemic delivery of progenitor cells,
such as muscular dystrophy. Recently, progress has been made toward the directed
differentiation of hESCs into myogenic precursors via activation of the Wnt signaling pathway.
However, the role of environmental cues of the extracellular matrix in hESC differentiation is
largely unexplored. Here we show that by utilizing an aligned chitosan—polycaprolactone
nanofiber ECM substitute we are able to enhance the myogenic differentiation of hESCs. These
highly anisotropic nanofibrous matrices better replicate the in vivo myofibrillar
microenvironment than do traditional two-dimensional culture substrates. The correlation
between the expression of protein and mRNA markers of myogenic lineage and changes in both

ECM and soluble factors was investigated in vitro. BGOlv hESCs cultured in serum-free,
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Wnt3a-containing media on aligned chitosan—polycaprolactone nanofibers displayed increased
expression of MyoD, Myogenin, Myf5, Myf6, and MHC, markers associated with myogenic
differentiation. Morphological changes including templating along nanofibers and elongation
characteristics of myogenic differentiation were observed on cells cultured on aligned chitosan-
PCL nanofibers. Our investigation indicates that the anisotropic properties of aligned
nanofibrous substrates play a significant role in the myogenic differentiation of hESCs. The high
differentiation efficiency for the myogenic lineage suggests that aligned nanofibers can

potentially function as a model system for embryonic myogenesis.

In this study, we develop an in vitro cell culture system for the myogenic induction of hESCs
that integrates soluble factors with aligned chitosan-PCL nanofibrous ECM. The myogenic
behavior of BGOlv hESCs were investigated in culture conditions with media that contains
various soluble growth factors and with substrates of varying compositions and topologies. The
use of soluble recombinant Pax3 to stimulate myogenic differentiation, likewise the combination
of aligned nanofibers with soluble Wnt3a and RA, are novel approaches to induce myogenic
specification in hESCs. The myogenic commitment of hESCs on aligned nanofibers was
compared to those on randomly oriented nanofibers and film of the same composition serving as
topographical controls, and on PCL fibers and collagen I films serving as material controls. The
ability of culture conditions to regulate the myogenesis was evaluated by changes in protein and

gene expression profiles, and cell morphology.
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8.2 METHODS

8.2.1 Cell culture substrate fabrication

Collagen films were fabricated as previously described from freshly harvested rat tail

collagen.'”

Aligned and randomly oriented chitosan-PCL nanofibers and films were fabricated
as previously described using methods developed in our lab.*® Briefly, a 5 wt% chitosan (85%
deacetylated, medium molecular weight; Aldrich, St Louis, MO) solution in trifluoroacetic acid
(TFA, Aldrich) was prepared by refluxing at 70°C for 3 hrs and a 10 wt% PCL solution was
prepared by dissolving PCL (80,000 molecular weight, Aldrich) in 2,2,2 -trifluoroethanol (TFE,
Aldrich). Chitosan and PCL solutions were then mixed at a ratio of 40:60 and vortexed to
produce a working chitosan—PCL solution. The solution was electrospun at 22 kV on a rotating
grounded drum (200 rpm) or a pair of grounded parallel electrodes (separation distance 4 cm), to
collect randomly oriented and aligned nanofibers, respectively. Dilute solutions of chitosan (1
wt%) and PCL (1.7 wt%) were mixed at the same ratio and spin-cast to form two-dimensional
films. The collected nanofiber samples were attached to 10-mm diameter coverslips using poly
(L, lactide) (Boehringer Ingelheim, Germany) dissolved in hexafluoroisopropanol (Aldrich) at
3.5 wt%. To remove residual acids from chitosan—PCL, the samples were neutralized with 14%
ammonium hydroxide for 5 min, followed by rinsing with a copious amount of DI water. Prior to
cell culture studies, the samples were sterilized by incubating in 100% ethanol and rinsing with

DI water.

8.2.2 Cell culture

BGOlv hESCs (ATCC) were expanded as previously described®’ and seeded at 100,000
cells/cm® on either collagen I films, randomly oriented PCL nanofibers, chitosan-PCL films,
randomly oriented chitosan-PCL nanofibers, or aligned chitosan-PCL nanofibers. hESCs were
cultured for 24 hrs on these samples in standard proliferation culture media (ATCC) to facilitate
attachment, and subsequent differentiation was induced with either proliferation media without

serum (serum free media), proliferation media without serum and containing 20 nM Wnt3a
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(Wnt3a®, R&D Systems), 25 nM retinoic acid (RA", Sigma), or 20 nM Pax3 (Pax3", AbNova)
for 48 hrs.

8.2.3 Immunostaining

For flow cytometry analysis, cells were detached from substrates with Versene (Gibco), while
for immunocytochemistry studies the samples were fixed in 4% methanol-free formaldehyde in
PBS for 15 min. The samples were then washed in ice-cold PBS, and the cellular membrane was
permeabilized with 0.25 vol% Triton X-100 (Aldrich) in PBS for 10 min. Following
permeabilization, the samples were incubated with 10% fetal calf serum (Sigma) in PBS for 30
min to block non-specific protein binding, and with primary antibodies (Abcam) at a 1:100
dilution in PBS with 0.25 vol% Triton X-100 for 1 hr at room temperature. The samples were
then incubated in a 1:500 dilution of FITC-conjugated rabbit secondary antibody (Abcam) in
PBS for 1 hr at room temperature. The samples were rinsed three times with PBS after each step.
For flow cytometry, cells were analyzed on a FACSCanto (BD Biosciences). For confocal
imaging, the samples were mounted to a coverslip with Prolong Gold Antifade reagent with
DAPI (Invitrogen), cured overnight, and imaged with a confocal fluorescent microscope (Zeiss

Meta 510 Confocal Microscope, Germany).

8.2.4 Real-time PCR

To extract RNA, the samples were rinsed briefly in PBS to remove serum, and processed with a
Qiagen RNeasy Plus kit: the lysis buffer was pipetted firmly over the substrates to detach cells,
and the Qiagen protocol was followed. The mRNA was concentrated in a 30-ul volume, and
mRNA reverse transcription was performed with a Bio-Rad iScript cDNA Synthesis kit. DNA
transcripts were then probed using Bio-Rad iQ SYBR Green Supermix. Thermocycling was
performed with a BioRad CFX96 real-time detection system at the following conditions: 95°C
for 15 min, 45 cycles of denaturation (15 s, 94°C), annealing (30 s, 55°C), and extension (30 s,
72°C). The relative expression of each gene (Table 2) was normalized by the GAPDH gene

expression.



Table 2: Myogenesis PCR primers

Gene symbol

Forward Primer

Reverse Primer

OCT4
Wntl
Wnt3a
Wnt7a
Pax3
Pax7-1
Myf5
Myf6
MyoD1
MYOG
MHC (MHY1)

5’-CTTGCTGCAGAAGTGGGTGGAGGAA
5’-TCTCTGTCGTGGAGCCATTGAACA
5’-GCATCAAGATTGGCATCCAGGAGT
5’-GGGCGCAAGCATCATCTGTAACAA
5’-TGTTCAGCTGGGAAATCCGAGACA
5’-TGAAGTCCAGCCAGATGGAACAGT
5’-TGCCCTTGTTAATTACCGGAGCGA
5’-AGAAGTGGCAGAAGGCTCTCCTTT
5’-TGTAGCAGGTGTAACCGTAACCCA
5’-GCCTTGATGTGCAGCAACAGCTTA
5’-AAGAGATGGCGGGTCTGGATGAAA

8.2.5 Scanning electron microscopy

Samples were removed from media after 3 days of culture, rinsed with PBS, and fixed with
Karnovsky’s fixative overnight. After fixing, samples were briefly rinsed with DI water and

dehydrated with sequential rinses with 50, 75, and 100% ethanol for 15 min each. Samples were

5’-CTGCAGTG GGGTTTCGGGCA
5’-AACTCGTGGCTCTGTATCCACGTT
5’-TGCACATGAGCGTGTCACTGCAAA
5’-GCCATTGCGGAACTGAAACTGACA
5’-GTCGATGCTGTGTTTGGCCTTCTT
5’-TGTTGGAGCCATAGTACGGAAGCA
5’-TATGCAGGAGCCGTCGTAGAAGTA
5’-TCTTGCAAGCCCAGATCAGACACT
5’-ATTCCCTGTAGCACCACACACCAT
5’-AACTGCTGGGTGCCATTTAAACCC
5’-TGGTCAGGGTGTTGACTTTGTCCT

sputter-coated with Au/Pd for 30 s at 18 mA and imaged with SEM.

8.2.6 Statistical Methods

Statistical analyses were performed using one-way analysis of variance (ANOVA). We

considered p values less than 0.05 statistically significant, and differences between samples

within a group were evaluated using a Student’s #-test (p < 0.05).



54

8.3 RESULTS

8.3.1 Identification of myogenic conditions

To identify prospective combinations of an ECM-like substrate and soluble growth factors for
the myogenic differentiation of hESCs, we examined the expression of the myogenic marker

176

protein MyoD . MyoD is a myogenic transcription regulatory factor that plays an early role in

84,177-179
AT Elow

myogenic differentiation and is commonly used to identify myogenic progenitors
cytometry was used to evaluate the percentage of cells expressing MyoD 48 hrs after induction
in 25 microenvironments with each consisting of a substrate (random PCL fibers, Collagen I
film, random chitosan-PCL (C-PCL) fibers, C-PCL film, or aligned C-PCL fibers) and a growth
media treatment (Wnt3a, RA, Pax3, serum-free media, or standard cell culture media) (Figure
8-1). The growth factor set was chosen as they are involved in the myogenic activation and
muscle development. Soluble Wnt3a addition is known to activate the Wnt pathway and induce
activation of the myogenic differentiation genes32, including MyoD, myogenin, Pax7, and Myo5.

180,181
%" and has successfully

Pax3 is a transcription factor that contributes to muscle development
induced differentiation of hESCs into the myogenic fate'*’. Retinoic acid upregulates Pax3 and
MyoD expression, initiating myogenesis'*>. As shown in Figure 8-la, C-PCL materials
supported more cells with MyoD expression than those on the PCL and collagen controls, with a
maximum of ~22% on aligned C-PCL nanofibers in Wnt3a" media. Wnt3a" media consistently
induced a higher degree of MyoD expression of cells than did the other media (RA, Pax3, no
serum, standard media) for all the substrate materials tested. Among the substrates tested in the
serum-free medium containing Wnt3a', the C-PCL material substrates induced greater MyoD
expression than did random PCL fibers or collagen substrates I (Figure 8-1b). For hESCs
cultured on aligned C-PCL nanofibers, RA", Pax3", and standard media treatments induced
lower levels of MyoD expression than did the serum-free condition, which in turn was less
effective than the Wnt3a" treatment (Figure 8-1c¢). The combination of Wnt3a" media and C-PCL

materials were identified as the most effective environments for the induction of MyoD

expression in BGO1v hESCs and were further investigated.
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Figure 8-1: Flow cytometry analysis of the combinatorial effect of cell culture conditions
including random PCL fiber, Collagen I film, random C-PCL fibers, C-PCL film, or aligned C-
PCL fibers, and one media type, either Wnt3a+, RA+, Pax3+, serum-free media, or standard cell
culture media (medium and substrate types) on MyoD expression of human embryonic stem
cells. (a) Populations of BGO1v hESCs that express MyoD 48 hrs after culture in various media
formulations and substrate materials. Population values along (b) Wnt3a and (c) aligned C-PCL
nanofiber conditions. Results are mean + SD, and * indicates that at each of the means in that

group is statistically different from all means in the other group, p < 0.05, n = 3.

8.3.2 Morphological Analysis

SEM images were acquired to examine hESC morphology in controlled micro-environments
(Figure 8-2a). After 48 hrs of culture in standard media, hESCs retained a spherical morphology
on all substrates (Collagen I, C-PCL film, and C-PCL aligned). Specifically, hESCs displayed
stacked cell colonies on collagen I and C-PCL aligned (Figure 8-2a), but loosely dispersed as
single cells on C-PCL films, indicating reduced initial adhesion and limited colony formation on

the film (Figure 8-2a). hESCs cultured on all substrates in Wnt3a" medium displayed
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significantly different morphologies (Figure 8-2b) than in standard media. On collagen I, cells
displayed spherical and spindle morphologies. On C-PCL films, hESCs exhibited a more spread
and flattened morphology. Notably on C-PCL aligned nanofibers, hESCs displayed an elongated
morphology along the orientation of the aligned nanofibers, with a few spherical cells adhered to

the surface of the aligned cells.

To further illustrate the ability of ECM topology to direct hESC alignment, cellular alignment
was quantified by SEM image analysis. The direction of each hESC was defined as an angle
value relative to the orientation of the aligned nanofibers. Quantitative morphometric analysis
confirmed that ECM topology can direct hESC alignment (Figure 8-2¢). Long-range alignment
of hESCs was observed on C-PCL aligned. In contrast, no long-range order was observed in

hESCs cultured on collagen I or C-PCL film.
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Figure 8-2: SEM images showing the morphology of hESCs cultured in different controlled
conditions. hESCs were cultured on either collagen I (left column), C-PCL films (middle
column), or C-PCL aligned (right column) for 48 hrs (a) in standard medium or (b) in Wnt3a"
medium. The scale bar represents 25 um. (c) Normalized histograms of hESCs orientation after
48 hrs of culture in Wnt3a" medium.

8.3.3 Gene expression analysis

The change in myogenic gene transcription is indicative of myogenic differentiation. Real-time
PCR was performed to examine the myogenic gene expressions of hESCs cultured in controlled
micro-environments (Figure 8-3). Seven marker genes (Pax3, Pax7, My5, My6, MyoD,
myogenin, and MHC) associated with myogenic differentiation were examined. Pax 7, a paired
box transcription factor, is essential for satellite cell formation and particularly important for

124

satellite cell function . Myf5 is the earliest marker of myogenic activity, followed by Myf6 and
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MyoD'®. MyoD signaling upregulates myogenin activity, while activities of both MyoD and
myogenin genes are upregulated by Myf5 and Myf6 activities'®. Myogenin activity is a later
regulator of the myogenic program and is necessary for the expression of muscle structural
protein MHC'®. When hESCs were cultured on collagen I in Wnt3a" medium, only three of the
examined genes (Pax3, Pax7, and MyoD) were elevated as compared to those cultured in
standard and serum-free media (Figure 8-3a). hESCs cultured on PCL randomly oriented
nanofibers displayed myogenic gene expressions similar to those on collagen I (Figure 8-3b). On
C-PCL films, hESCs showed significant up-regulation of all myogenic gene expressions except
MHC (Figure 8-3¢). hESCs on C-PCL randomly oriented nanofibers display increased myogenic
gene expressions except for Myf6 as compared to standard and serum-free media when cultured
in Wnt3a" medium (Figure 8-3d). Notably, on C-PCL aligned nanofibers, hESCs showed
significant increases in the expressions in all myogenic genes in both serum-free and Wnt3a"

media as compared to hESCs cultured in standard (Figure 8-3e).
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Figure 8-3: Myogenic gene expressions of hESCs cultured for 48 hrs on (a) collagen I, (b) PCL
randomly oriented fibers, (c) C-PCL films, (d) C-PCL randomly oriented fibers, and (¢) C-PCL
aligned fibers in standard medium, serum-free medium, and Wnt3a" medium. The values are
presented as relative to the expression of GAPDH. All the results are expressed as the mean +
SD; * indicates the value is statistically different from the other in the same group; ** indicates
the value is statistically different from the standard media value in that group, p < 0.05, n = 3.

The mRNA expression of genes associated with pluripotency and Wnt signaling pathway of
hESCs was also evaluated by real-time PCR (Figure 8-4). OCT4 is a hallmark gene of hESC
pluripotency, and the decreased OCT4 expression indicates differentiation'®'®*. Wntl, Wnt3a,
and Wnt7a are known as gatekeepers of the myogenic program, and their elevated expression

indicates myogenic differentiation’**>!'"®, When cultured in Wnt3a" medium, hESCs on all



60

substrates showed a small, but not statistically significant, decrease in OCT4 expression
compared to hESCs cultured in standard and serum-free media. For hESCs cultured on collagen
I (Figure 8-4a) or PCL randomly oriented nanofibers (Figure 8-4b) in the Wnt3a" medium, an
elevated expression of Wnt3a was observed compared to cells cultured in standard or serum-free
media. When cultured on C-PCL films in Wnt3a" media ((Figure 8-4¢), hESCs showed increased
expressions of both Wnt3a and Wnt7a compared to those cultured in both standard and serum-
free, indicating the occurrence of myogenesis®”. hESCs on C-PCL random induced statistically
significant increases in expressions of Wntl, Wnt3a and Wnt7a genes when cultured in Wnt3a"
medium (Figure 8-4d), which is expected at the onset of myogenic differentiation®****!%,
C-PCL aligned were uniquely able to induce increased expressions of Wnt related genes of

hESCs when they are cultured in both serum-free and Wnt3a" media compared to those cultured

in standard media (Figure 8-4e).
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Figure 8-4: Pluripotency and Wnt signaling pathway assessment of hESCs cultured for 48 hrs on
(a) collagen I, (b) PCL randomly oriented fibers, (c) C-PCL films, (d) C-PCL randomly oriented
fibers, and (e) C-PCL aligned fibers in either standard medium, serum-free medium, or Wnt3a"
medium. The values are presented relative to the expressions of GAPDH. All the results are
expressed as mean + SD; * indicated the value is statistically different from the other in the same
group; ** indicates the value is statistically different from the standard media value in that group,
p<0.05,n=3.
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8.3.4 Protein expression analysis

After gene transcription into mRNA, depending on downstream processing, the mRNA may
translate into functional proteins. To examine the distribution of myogenic marker proteins in
different culture micro-environments, hESCs were immunofluorescently stained for Myf5, Myf6,
MyoD, myogenin, and MHC (FITC, green), and counterstained for cell nuclei (DAPI, blue). As

expected, fluorescence images of hESCs cultured on both collagen I (
Figure 8-5a) and C-PCL aligned (

Figure 8-5b) for 48 hrs showed weak protein expressions of myogenic marker genes. These

results suggest that nanofibers alone could not enhance myogenic differentiation.
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Collagen | Film C-PCL Aligned

Figure 8-5: Immunochemical analysis of hESCs cultured for 48 hrs in standard conditions.
hESCs were cultured on collagen I (left) or aligned C-PCL nanofibers (right). Cells were stained
with DAPI to identify nuclei (blue), and specific antibodies to the proteins of interest (green).
DAPI images (column 1) and specific antibody images (column 2) were merged (column 3) to
illustrate co-localization of protein targets to cellular nuclei. Scale bars represent 20 pm.
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When cultured in Wnt3a" medium, the myogenic marker proteins of hESCs highly expressed on
both collagen I (

Figure 8-6a) and C-PCL aligned (

Figure 8-6b). In contrast, hESCs cultured on C-PCL films displayed no expression of myogenic
proteins (absence of green color) in either standard medium or Wnt3a" medium (

Figure 8-7). In addition, MHC expression was only faintly visible in hESCs cultured on collagen
I(

Figure 8-6a), but was highly expressed in hESCs cultured on C-PCL aligned (

Figure 8-6b).
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Figure 8-6: Immunochemical analysis of hESCs cultured for 48 hrs in differentiating conditions.
BGO1v cells were cultured on either collagen I (left) or aligned C-PCL nanofibers (right) in
media containing Wnt3a. Cells were stained with DAPI to identify nuclei (blue), and specific
antibodies to the proteins of interest (green). DAPI images (column 1) and specific antibody
images (column 2) were merged in column 3 to illustrate co-localization of protein targets to
cellular nuclei. Scale bars represent 20 pm.
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MyoD Myogenin Myf5 Myf6

Figure 8-7: Immunochemical analysis of hESCs cultured for 24 hrs in standard media, and 48 hrs
in Wnt3a" differentiating conditions on C-PCL films. Cells were stained with DAPI to identify
nuclei (blue), and specific antibodies to the proteins of interest (green).

Standard Media

Wnt3a Media

Flow cytometry was then used to quantify the myogenic protein expression of hESCs (

Figure 8-8). Myf5 expression was detected in 83% of hESCs cultured on C-PCL aligned, while
only in 18% of hESCs on collagen I. Myf6 expression was also observed in 91% of hESCs
cultured on C-PCL aligned, compared to 21% on collagen I. Myogenin expression was detected
in 81% of hESCs cultured on C-PCL aligned, compared to 24% on collagen I. Finally, MHC
expression was detected in 63% of hESCs cultured on C-PCL aligned, compared to 4% on
collagen I. Together, these results indicate that culture on aligned nanofibers in the presence of

Wnt3a promotes the directed myogenic differentiation of hESCs.
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Figure 8-8: Myogenic protein expressions of hESCs cultured for 48 hrs in Wnt3a" medium on
collagen I films (top row) and C-PCL aligned nanofibers (middle row) as assessed by flow
cytometry. hESCs were stained against Myf5, Myf6, myogenin, and MHC (red peaks), compared
with hESCs stained with isotype-IgG as negative controls (black peaks). Population percentage
of hESCs stained positive by specific proteins are presented graphically (bottom row).

8.4 DISCUSSION

The study of myogenic differentiation of hESCs and the successful use of hESC-derived
myoblasts for clinical applications will require highly efficient differentiation into the relevant
cell types. In the work presented here, a novel myogenic differentiation system was developed
using a combination of an aligned C-PCL nanofibrous scaffold and a soluble Wnt3a signaling

factor. Here we have demonstrated a myogenic microenvironment capable of inducing greater
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expression of MHC in hESCs than previously reported, while also avoiding the use of gene

transfection or lengthy differentiation periods.

Our initial screening of candidate myogenic conditions was based on expression of the MyoD
protein (Figure 8-1), an early marker for myogenic commitment'”’. Serum-free media resulted in
notable increases in MyoD expression compared to proliferation media, specifically in hESCs
cultured on C-PCL film and aligned C-PCL fibers, which is consistent with previous studies
where serum-free media induced myogenic differentiation®. MyoD expression was not elevated
in either Pax3” of RA" treatments at the 48-hr time point, suggesting that these growth factors
stimulate slower action of differentiation pathways. This finding is consistent with the
observation that the addition of either Pax3''"® or RA'®* induce myogenic differentiation over
the span of weeks. The addition of soluble Wnt3a elevated MyoD expression for all conditions
after only 48 hrs of treatment, but not uniformly. In a separate study, less than 9% of the hESCs
cells were MHC+ after 25 days induction in RA'®’. While Wnt3a has been repeatedly observed

to play a key role in regulating myogenesis**~"~>!"

. our findings further suggest that the degree
of the myogenic response is highly dependent on the combination of both soluble signals and
interaction with an ECM-like matrix. Increasingly, the cellular microenvironment has been found
to affect cell behavior and fate®*'*®. The combination of C-PCL materials and Wnt3a induced
greater increases in MyoD activity than any other combination tested, suggesting a synergistic

interaction between the signaling pathways leading to myogenic commitment.

Visualization of cell morphology by SEM revealed significant differences between conditions
before and after induction of differentiation (Figure 8-2). Collagen I films, C-PCL films, and
aligned C-PCL fibers are particularly illustrative when compared to each other; these three
materials represent, respectively, a common myogenic and tissue engineering

37,38,127,188,189
substrate” 77

, a topologically featureless two-dimensional C-PCL surface, and an
aligned C-PCL fiber matrix with both ECM-scale topology and long-range anisotropy. After 24
hrs in standard media, hESCs in all conditions continue to exhibit spherical morphology typical
of undifferentiated BGO1v'*". However, hESC adhesion to C-PCL film was poor, with minimal
cell spreading. Forty-eight hours after the induction of differentiation in Wnt3a" media, the

topology-induced guidance of the hESC was more evident. While elongated and spread hESCs
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were evident on both collagen I and C-PCL films, the orientation of the cell elongation is
random. In contrast, hESCs on aligned C-PCL fibers were nearly entirely elongated and aligned
parallel to the fiber direction. These images suggest that the majority of hESCs cultured on the
aligned C-PCL fibers differentiated rapidly under the morphogenetic guidance of the fibers, as
has been similarly observed in other studies of cell differentiation on fibers®***""!. Thus, the
topology of the C-PCL ECM replacement was a critical factor for the rapid myogenic
differentiation of hESCs.

The expression of myogenic protein markers was significantly different between 24 hrs in

proliferation media (
Figure 8-5) and 48 hrs in differentiation media (

Figure 8-6). As anticipated from the cell morphology results, expression of myogenic markers
after culture in proliferation media was only minimally observed in either collagen I or aligned
C-PCL fiber cultured cells. Quantitative assessment of myogenic protein expression (Figure 8-8)

in differentiating conditions corroborated immunohistological observations (

Figure 8-6). Significantly, while MyoD, myogenin, Myf5, and Myf6 expression were observed
in hESCs cultured on both collagen I and aligned C-PCL fibers, expression levels of these
proteins were consistently elevated in the aligned C-PCL fiber condition. MHC expression was
detected only in hESCs cultured on aligned C-PCL fibers, suggesting that terminal myogenic

differentiation was achieved only in the aligned fiber extracellular environment.

Myogenic gene expression profiles of hESCs cultured in varying media conditions and substrates
mimicking the ECM highlight the significant additive effects of appropriate microenvironmental
signals toward myogenic differentiation. Comparing standard media, to serum-free media, and
Wnt3a" media, increasing myogenic activity can be observed in the transition from 2D to
randomly oriented nanofibers, and then to aligned nanofibers (Figure 8-3). Interestingly, in the
highly myogenic aligned C-PCL fiber condition, both serum-free and Wnt3a" differentiating
media induced similar magnitudes of myogenic protein expression, suggesting that in this case,
the influence of the ECM dominated the role of soluble factors in regulating the myogenic

program. When examining genes relating to pluripotency and embryogenesis, we observed
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similar patterns in changes to gene expression from the combination of soluble and matrix
factors (Figure 8-4). Expression of the pluripotency marker OCT4 declined slightly, but
progressively in increasingly complex differentiating microenvironments. Wnt signaling via f3-
catenin likely acts as a molecular switch that regulates the transition from cell proliferation to
myogenic differentiation™, while concurrently, Wnt7a activation is implicated in the symmetric

186
S

expansion of ES™™, which may allow for the greater density of cells in highly differentiated

aligned C-PCL fiber cultures as observed in SEM.

Though the Wnt pathway is important for myogenic differentiation, the effect of soluble Wnt
factors in media cultures systems have not been investigated. Importantly, in this study we
demonstrated the first implementation of Wnt3a-soluble media condition and aligned ECM-like
material to induce myogenic differentiation of upwards of 63% of hESCs. The efficient and fast
commitment of hESCs to myogenic progenitors on the aligned C-PCL illustrates the promise of a

tailored microenvironment with appropriate soluble growth factors for treatment for muscle

injury.

8.5 SUMMARY

We have demonstrated a novel approach for the rapid, highly efficient differentiation of hESCs
into myogenic precursors using a combination of soluble Wnt3a and aligned C-PCL nanofibers.
The unique topology of the aligned nanofibers significantly increased expression of mRNA and
protein markers of myogenic differentiation, resulting in hESCs terminally differentiated to the
myogenic lineage based on gene expression analysis of MHC. This cell culture system would
facilitate studies of myogenesis by shortening experimental times, and serving as a consistent
model of embryonic myogenesis. In addition, the system can be used to quickly generate large
populations of highly committed myogenic progenitors, which are necessary for any cell-based
therapy. Taking into consideration the demonstrated biocompatibility of chitosan and PCL, this
work may allow for the direct construction of myogenic progenitor constructs for a broad

spectrum of applications in tissue engineering and regenerative medicine.
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Chapter 9: Tenogenic Differentiation of Human Bone Marrow Stem

Cells on Aligned Nanofibrous Matricies

9.1 INTRODUCTION

In this study, we investigate whether C-PCL nanofibers in combination with TGF-f3 growth
factor can provide an adequate environment that can significantly improve and accelerate the
tenogenic differentiation of BMSCs. TGF-f3, a member of the transforming growth factor beta
protein family, is essential for tendon progenitor cell maintenance and tenocyte function
regulation>®'”’. Tt was demonstrated that inhibition of TGF-B3 signaling with SB-431542
prevented the formation of tendon-like tissue from BMSCs'*. TGF-B3 negative mice embryos
do not develop tendons in the limbs, trunk, tail, or head"’. In addition, many studies showed that
TGF-B3 is an effective growth factor for inducing tenogenic differentiation of human BMSCs,
and only a very low concentration is needed'**"**!*’. As discussed previously, BMSCs are a
promising candidate cell source for tendon repair as they are readily available in the adult, and

being autologous, are not limited by challenges with immunorejection.

For tendon tissue engineering, the scaffold candidate should desirably mimic the native tendon
extracellular matrix (ECM) in structure and function. The scaffold should thus have anisotropic
properties as native ECM, possess sufficient mechanical strength to support the healing tissue,
and provide a favorable substrate for cell attachment, proliferation, and matrix
deposition'*714>146-135159 " Our previous studies demonstrated that the highly aligned C-PCL
nanofibers support the proliferation and differentiation of various anisotropically aligned cell
types, including nerve and muscle cells'*'**. Chitosan, a biodegradable natural polysaccharide
derived by the partial deacetylation of chitin, shares structural similarities to glycosaminoglycans
present in the native tendon ECM. PCL is a biocompatible polymer with excellent stability in
vivo."*” By combining chitosan with mechanically strong PCL, C-PCL nanofibers exhibit high
stability, excellent mechanical properties, and good cellular compatibility'**. More importantly,
the aligned C-PCL nanofibers have an elastic modulus of 51.54 + 9.54 MPa in the direction

longitudinal to the fiber orientation'*”. which is comparable to the modulus of the flexor
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digitorum profundus in the hand with typical modulus of 39.15 + 9.98 MPa'”°. The C-PCL

aligned nanofibers are a potential candidate material for tendon tissue engineering.

The tenogenic commitment of BMSCs on aligned C-PCL nanofibers was compared with those
on tissue culture polystyrene (TCPS) as a material control, and with those on C-PCL film and
randomly oriented C-PCL nanofibers of the same composition as topographical controls, in
standard proliferation medium or differentiation medium containing TGF-B3. Tenogenic
commitment was characterized via analysis of cell morphology, orientation, and gene and protein

expressions over 10 days.

9.2 METHODS

9.2.1 Chitosan-poly-caprolactone material synthesis

Aligned and randomly oriented C-PCL nanofibers with 200-nm diameter and 2D films were
fabricated using the methods developed previously in our lab®. Briefly, 5 wt% chitosan (85%
deacetylated, medium molecular weight; Aldrich, St Louis, MO) solution in trifluoroacetic acid
(TFA, Aldrich) was prepared by refluxing at 70°C for 3 hr, and a 10 wt% PCL solution was
prepared by dissolving PCL (80,000 Da, Aldrich) in 2,2,2 -trifluoroethanol (TFE, Aldrich).
Chitosan and PCL solutions were then mixed at a ratio of 40:60 by volume and vortexed to
produce a working C-PCL solution. The solution was electrospun at 22 kV on a rotating
grounded drum (200 rpm) or a pair of grounded parallel electrodes (4 cm, separation distance), to
collect randomly oriented and aligned nanofibers, respectively. Dilute solutions of chitosan (1
wt%) and PCL (1.7 wt%) were mixed at the same ratio as that for producing C-PCL nanofibers,
and the resultant solution was spin-casted to form 2D films. The collected nanofiber samples
were attached to 10-mm diameter coverslips using poly (L, lactide) (Boehringer Ingelheim,
Germany) dissolved in hexafluoroisopropanol (Aldrich) at 3.5 wt%. To remove residual acids

from C-PCL, the samples were neutralized with 14% ammonium hydroxide for 5 min, followed
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by rinsing with a copious amount of DI water. Prior to cell culture studies, the samples were

sterilized by 70% ethanol.

9.2.2 Cell culture

Primary human BMSCs (Millipore) were expanded according to the manufacturer supplied
protocols. BMSCs were seeded at 50,000 cells/cm” on each sample of tissue culture polystyrene
(TCPS), C-PCL films, randomly oriented C-PCL nanofibers (C-PCL rand.), and aligned C-PCL
nanofibers (C-PCL aligned). To induce tenogenic differentiation, mesenchymal stem cell
expansion medium (standard medium) supplemented with 10 ng/ml TGF-f3 (R&D Systems)
was prepared. BMSCs were cultured in either standard medium for proliferation (-TGF-B3
proliferation medium), or standard medium supplemented with 10 ng/ml TGF-B3 for
differentiation induction (+TGF-B3 differentiation medium). The cell culture medium was

refreshed every other day.

9.2.3 Morphological analysis

Cell-material samples were removed from medium, rinsed with PBS, and fixed in DMEM
(Gibco) containing 2.5% glutaraldehyde (Sigma) overnight at 4°C. After fixing, samples were
rinsed three times with DI water and dehydrated with sequential incubation in 25%, 50%, 75%,
95%, and 100% ethanol for 10 min each. To assess the morphology, the samples were dried with
a critical point dryer (Denton DCP-1, Cherry Hill, NJ), sputter-coated with Au/Pd for 80 s at 18

mA on an SPI sputter coater, and then imaged with a JEOL 7000F scanning electron microscope.

9.2.4 Orientation analysis
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To determine BMSC orientation, images of aligned nanofiber samples were oriented
horizontally. The angle of cell body relative to the horizontal axis was measured, with the value
of 0° denoting parallel to the orientation of the aligned nanofibers, and 90° representing

perpendicular to the nanofiber orientation.

9.2.5 Gene expression analysis

Cell-scaffold constructs were homogenized by vortexing and passing through QIAshredder
columns (Qiagen). Total RNAs were isolated using RNeasy (Qiagen), and 30 ng of the total
RNA for each sample was converted to cDNA using the iScript cDNA Synthesis Kit following
the manufacturer’s instruction (BioRad). iQ SYBR Green Supermix (BioRad) was used for
template amplification with a primer for each of the transcripts examined. Thermocycling was
performed at the following conditions: 95°C for 15 min, 45 cycles of denaturation (94°C, 15 s),
annealing (55°C, 30 s), and extension (72°C, 30 s). The reaction was monitored in real time
using a CFX96 (BioRad). The relative expression of each gene was normalized by B-actin

(ACTAZ2) expression of each sample. The primers used are listed in Table 3.

Table 3: Tenogenesis PCR primers

Gene symbol Forward Primer Reverse Primer

B-actin (ACTA2) 5’- TCGCATCAAGGCCCAAGAAA 5’- CAGGATTCCCGTCTTAGTCCC
Scleraxis (SCXA) 5’- GAACACCCAGCCCAAACA 5’- CTGCGAATCGCTGTCTTTCT
Tenomodulin (TNMD) 5’- GATCCTGTGACCAGAACTGAAA 5’- CGAAGTAGATGCCAGTGTATCC
Collagen I (COL1ALl) 5’- ACATGTTCAGCTTTGTGGACC 5’- CATGGTACCTGAGGCCGTTC
Collagen III (COL3A1) 5’- ATGTTGTGCAGTTTGCCCAC 5’- TCGTCCGGGTCTACCTGATT

9.2.6 Cell viability and protein expression imaging

To visualize viable BMSCs and Collagen I protein expression, samples were rinsed with PBS to
remove culture medium. The samples were then incubated for 30 min in a solution of 10% FBS
in PBS to block non-specific protein binding, and then conjugated with monoclonal mouse anti-
Collagen I antibody (Abcam) at a 1:100 dilution in PBS with 1% bovine serum albumin (BSA,
Sigma) for 1 hour at 37°C. The samples were then incubated in a 1:500 dilution of Texas Red
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conjugated rabbit anti-mouse secondary antibody (Abcam) in PBS for one hour at 37°C. The
samples were rinsed three times with PBS for after each step. Twenty minutes prior to imaging,
fluorescein diacetae (FDA) was added to the PBS to a final concentration of 2 pg/ml. Samples
were imaged on a Nikon upright fluorescent microscope with Texas Red and fluorescein filters.
The percentage of Collagen I-positive cells/total viable cells was quantified from fluorescent

images, with 50 nuclei counted per triplicate sample per condition.

9.2.7 Protein expression analysis

To quantify protein expression, BMSCs were detached from the material sample with Versene
(Gibco) for 10 min at room temperature, counted with a hemocytometer, frozen at —80 °C, and
lysed with RIPA buffer (Sigma). Cell lysate, which was equivalent to at least 100k cells, was
resuspended in Laemmli buffer (BioRad), and spotted onto a PVDF membrane (BioRad). The
membrane was probed with monoclonal mouse anti-Collagen I antibody (Abcam) at a 1:200
dilution in PBS, washed with PBS, labeled with alkaline phosphatase conjugated goat anti-mouse
secondary antibody (BioRad) at 10 pg/ml in PBS, and visualized with Immun-Star alkaline
phosphatase reagent (BioRad) on a ChemiDoc (BioRad). The relative intensity was measured

with ImageJ to perform quantitative densitometric immunofluorescent analysis.

9.2.8 Statistical analysis

Acquired data are expressed as mean + SD. Statistical significance was determined using one-
way analysis of variance (ANOVA) and Student’s #-test. Values of p < 0.05 were considered

statistically significant.

9.3 RESULTS
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9.3.1 Morphological analysis

Human primary BMSCs were seeded at the density of 50,000 cells/cm? on tissue culture
polystyrene (TCPS), C-PCL films, randomly oriented C-PCL nanofibers (C-PCL Rand.), or
aligned orientated C-PCL nanofibers (C-PCL Align.). BMSCs were cultured in either standard
medium for proliferation (—TGF-B3 proliferation medium), or standard medium supplemented

with 10 ng/ml TGF-B3for differentiation (+TGF-B3 differentiation medium).

The morphology of BMSCs cultured on various substrates scaffolds under different cell culture
conditions was examined with SEM imaging. Significant differences in BMSC morphology were
observed 24 hrs after cell seeding in different cell culture conditions (Figure 9-1). While cell
density and degree of initial spreading were similar among all eight culture conditions tested,
distinct responses to substrate topology were observed. On TCPS, C-PCL film, and C-PCL
random materials, BMSCs oriented in random directions. Stellate morphology was observed on
TCPS and C-PCL films in both -TGF-B3 proliferation medium and +TGF-3 differentiation

media. On both random and aligned nanofibers, fibroblast morphology was observed.

TCPS C-PCL Film  C-PCL Rand.

C-PCL Align.
0§ == : =
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+TGF-B3
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Figure 9-1: SEM images of BMSCs cultured for 24 hrs on TCPS, C-PCL films, C-PCL randomly
oriented nanofibers (C-PCL Rand.) and C-PCL aligned nanofibers (C-PCL align.) in standard
culture medium (bottom row) and +TGF-f3 differentiation medium (top row). Aligned C-PCL
nanofibers (C-PCL Align.) are oriented horizontally in the images. Scale bar represent 25 pum.

The BMSCs had uniform adhesion and coverage on all the samples in all media tested after 5
days of cell culture (Figure 9-2). The number and size of BMSCs in all culture conditions
increased over time during this period. Generally, for the same material substrate, the cell density
was higher in -TGF-B3 proliferation medium than in +TGF-B3 differentiation medium.
Specifically, when cultured on TCPS in either medium, BMSCs were observed to form a
monolayer where BMSCs were parallel to each other, but with an overall random orientation
across the entire surface. On C-PCL films, BMSCs were observed to form layers superimposed
on top of each other, with local regional alignment similar to those observed on TCPS. On C-
PCL random, BMSCs were observed to form multi-layered aggregates with no apparent cellular
alignment. On C-PCL aligned, BMSCs formed a dense monolayer, with cells aligned parallel to
the direction of the nanofiber orientation. After 10 days in culture, further increased cell density
and cellular spreading were observed on TCPS, C-PCL film, and C-PCL random (Figure 9-3), as
compared to cells cultured for 5 days. Comparing the cells on the same materials but in different
culture media, the BMSC density was again greater in -TGF-f3 proliferation medium than in

+TGF-B3 differentiation medium.

TCPS C-PCLFilm  C-PCL Rand. C-PCL Align.

+TGF-B3

-TGF-B3
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Figure 9-2: SEM images of BMSCs cultured for 5 days on TCPS, C-PCL films, C-PCL
randomly oriented nanofibers (C-PCL Rand.) and C-PCL aligned nanofibers (C-PCL Align.) in
standard culture medium (bottom row) and +TGF-B3 differentiation medium (top row). Aligned
C-PCL nanofibers (C-PCL Align.) are oriented horizontally in the images. Scale bar represent 25
um.

TCPS C-PCLFilm C-PCLRand. C-PCL Align.

R

+TGF-B3

-B3

-TGF

Figure 9-3: SEM images of BMSCs cultured for 10 days on TCPS, C-PCL films, C-PCL
randomly-oriented nanofibers (C-PCL Rand.) and C-PCL aligned nanofibers (C-PCL Align.) in
standard medium (bottom row) and +TGF-B3 differentiation medium (top row). Aligned C-PCL
nanofibers (C-PCL Align.) are oriented horizontally in the images. Scale bar represent 25 pm.

9.3.2 Orientation analysis

To further determine if BMSCs can be directed by ECM topology as an environmental cue,
cellular orientation was quantified through the analysis of SEM images. As BMSCs established a
consistent cell shape and size after 5 days of culture in +TGF-B3 differentiation medium,
imaging data from 5 and 10-day time points were analyzed (Figure 9-4). The orientation of each
BMSC was assigned an angle value relative to the direction of aligned nanofibers. Quantitative
morphometric analysis confirmed that the environmental role of nanofiber topology in directing
BMSC orientation when cultured in +TGF-B3 differentiation medium (Figure 9-4). Long-range
orientation of BMSCs along the aligned nanofibers was observed on C-PCL aligned after 5 days

of culture (Figure 9-4, upper row), which was maintained at day 10 (Figure 9-4, lower row). In
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contrast, no long-range order was observed for BMSCs cultured on TCPS, C-PCL film, or C-

PCL random materials.
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Figure 9-4: Quantitative morphometric analysis of BMSC orientation relative to samples after
cultured in +TGF-B3 differentiation medium for 5 days (top row) and 10 days (bottom row) on
TCPS, C-PCL films, C-PCL randomly oriented nanofibers, and C-PCL aligned nanofibers. Cells
aligned horizontally were assigned a value of 0 degrees.

9.3.3 Gene expression analysis

To determine whether the tenogenic marker expressions were altered by the culture conditions,
the mRNA expression of the cultured BMSCs were evaluated with real-time quantitative PCR
after 5 and 10 days of cell culture. Tenogenic differentiation is regulated by the activity of
scleraxis (SCXA)"™' and tenomodulin (TNMD),"” while the COL1A1 gene for proteins
Collagen I (a structural protein in mature tendon) and the COL3A gene for synthesis of Collagen
III are highly regulated in differentiated tenocytes.'*”'**!* Scleraxis, a marker of tenogenic
commitment,'”® is a regulatory protein induced during embryogenesis and the early formation of
tendon tissues, and positively upregulates tenomodulin expression."””! Tenomodulin is a marker
for tendon proliferation and maturation,'®” and it is expressed in series after scleraxis in vivo in
developing tendon tissues.'*** Collagens are the primary ECM proteins that comprise the tendon,
with Collagen I composing the majority of total tendon mass, and approximately 95% of total
protein mass.'* Over-expression of both Collagens I and III are hallmarks of the early stages of

tendon repair.'>?
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The combination of environmental and biological cues had profound effects on BMSC gene
expression profiles (Figure 9-5). Scleraxis was highly upregulated in both C-PCL random and
C-PCL aligned regardless of TGF-B3 addition (Figure 9-5). Interestingly, tenomodulin, a

20, 3515,31 was

downstream marker of tenogenic differentiation and maturation relative to scleraxis,
strongly upregulated only on C-PCL random and C-PCL aligned in combination of TGF-33
(Figure 9-5). Similarly, the expression of Collagen III, a structural protein in mature tendon, was
increased after 10 days of cell culture only in the presence of both C-PCL aligned nanofibers and
TGF-B3, compared to BMSCs on either TCPS or C-PCL films in any culture conditions.
Therefore, while environmental cues alone can initiate tenogenic differentiation, the addition of
growth factor TGF-B3 as biological cue may be necessary for tenocyte maturation. While
increased Collagen III expression is associated with the wound healing response,lgg’200 Collagen
I constitutes 60% of the dry weight of native tendons, and is the essential protein for tendon
function. After 10 days of cell culture, BMSCs cultured on C-PCL aligned in +TGF-B3

differentiation medium were observed to have greatest Collagen I transcription compared with

all other culture conditions (Figure 9-5).
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Figure 9-5: Gene expression of tenogenic markers assessed by real-time PCR after cells were
cultured for 5 days (left) and 10 days (right) on various substrates in either standard culture
medium (-TGF-B3) or +TGF-B3 differentiation medium (+TGF-B3). The values are presented as
relative to the expression of BMSCs cultured for 1 day in standard proliferation conditions.
Statistically significant values from others in the same group (*), are p < 0.05.
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9.3.4 Protein expression analysis

To further verify tenogenic differentiation in tenogenic conditions, the protein expression
profiles of cultured BMSCs were assessed by immunofluorescence staining. BMSCs were
immunofluorescent-labeled for Collagen I and counter-stained for cell viability by fluorescein
diacetae (FDA), which is metabolized into fluorescent green fluorescin by living cells only, and
thus only viable cells are labeled green.””' Cells were viable and well spread 24 hours after
seeding, but the expression of Collagen I (yellow) was very limited for all culture conditions
(Figure 9-6). The collagen I expression was well localized to viable BMSCs for all the culture
conditions after cells were cultured for 5 days (Figure 9-7) and 10 days (Figure 9-8). Cell
counting for Collagen I expressing cells as a percentage of total viable cells confirmed that the
percentage of Collagen I expressing BMSCs increased most rapidly in +TGF-B3 differentiation
medium on C-PCL aligned, with the greatest percentages of Collagen I expressing cells at both 5

days and 10 days versus all other culture conditions (Figure 9-9).

C-PCL Film  C-PCLRand. C-PCL Align.

+TGF-B3

Figure 9-6: Fluorescence images of viable BMSCs cultured on various substrates in either
standard culture medium (-TGF-B3) or +TGF-B3 differentiation medium (+TGF-3) for 24 hrs,
assessed by FDA staining (green) along with Collagen I expression determined by
immunofluorescent staining (yellow). Aligned C-PCL nanofibers (C-PCL Align.) are oriented
horizontally. The scale bar represents 25 pm.
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+TGF-B3

-TGF-B3

Figure 9-7: Fluorescence images of viable BMSCs cultured on various substrates in either
standard culture medium (-TGF-B3) or +TGF-B3 differentiation medium (+TGF-B3) for 5 days,
assessed by FDA staining (green) along with Collagen I expression determined by
immunofluorescent staining (yellow). Aligned C-PCL nanofibers (C-PCL Align.) are oriented
horizontally. The scale bar represents 25 um.

+TGF-B3

-TGF-B3

Figure 9-8: Fluorescence images of viable BMSCs cultured on various substrates in either
standard culture medium (-TGF-B3) or +TGF-B3 differentiation medium (+TGF-B3) for 10 days,
assessed by FDA staining (green) along with Collagen I expression determined by
immnofluorescent staining (yellow). Aligned C-PCL nanofibers (C-PCL align.) are oriented
horizontally. The scale bar represents 25 pm.
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Figure 9-9: Collagen I positive cells as a percentage of total viable cells. BMSCs were cultured
for either 24 hrs, 5 days, or 10 days on various substrates in either standard culture medium
(-TGF-B3) or +TGF-B3 differentiation medium (+TGF-B3). Statistically significant values from
others at the same timepoint (*) are p < 0.05.

Furthermore, dot blot analyses were performed to quantify the production of Collagen I. The
result indicated that the combination of +TGF-B3 differentiation medium with either C-PCL
random or C-PCL aligned induced significantly increased Collagen I production after 5 days of
culture (Figure 9-10). After 10 days of cell culture, the amount of Collagen I produced was
greatest in the combination of C-PCL aligned and +TGF-B3 differentiation medium among all

the culture conditions tested, with a 4-fold increase compared to those in proliferation conditions.
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Figure 9-10: Collagen I expression determined by dot blot analysis after 5 and 10 days of cell
culture. BMSCs were cultured on various substrates in either standard culture medium (-TGF-
B3) or +TGF-B3 differentiation medium (+TGF-B3). The values are presented relative to the
expression of BMSCs cultured for 1 day in standard proliferation conditions. Statistically
significant values from others in the same group (*), or from all other values (+) are p < 0.05.

9.3.5 Discussion

Overall, significant differences in cell morphology were found between tested samples. For the
same sample material, there was no significant difference in cell morphology between cells
cultured in -TGF-B3 proliferation medium and +TGF-B3 differentiation medium. Significantly,
when cultured on TCPS and C-PCL film in either medium, the BMSCs maintained a monolayer
structure. On C-PCL random, the BMSCs exhibited increased spreading, with no local alignment
similar to those observed on C-PCL films. On C-PCL aligned, the BMSCs morphology was
similar to the cells cultured for 5 days, both maintaining a high level, uniform alignment along
the nanofiber orientation. Notably, the in vivo tendon tissue is composed of tenocytes arranged in
longitudinal rows along each collagen fascicle."” The C-PCL aligned material has induced an
anatomically relevant cell morphology that the C-PCL 2D films and random nanofibers were not
able to achieve after 5 days, highlighting the importance of the ECM nanotopology. When

BMSCs were cultured on C-PCL aligned, cell-nanofiber interaction continued to be favored over
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cell—cell attachment after 10 days of culture, and all BMSCs on C-PCL aligned spread out into
a monolayer aligned parallel to the orientation of nanofibers. In contrast, BMSCs cultured on
TCP, C-PCL films and C-PCL random formed overlapping cells layers without long-range
organization. The C-PCL film and C-PCL random as material controls for the C-PCL aligned
demonstrate the importance of nanotopology in addition to material properties. This result

verified the importance of ECM topology in directing cell morphology.

The tenogenic differentiation efficiency of the cells on C-PCL aligned in +TGF-$3
differentiation medium is much higher than that reported in the literature.”> > ** For example,
the mRNA expression of Collagen I of BMSCs cultured on CPCL aligned in bFGF
differentiation medium increased five-fold at day 1 while BMSCs cells on Collagen I silk
sponges with dynamic mechanical stimulation did not yield increased Collagen I mRNA
expression until 14 days of culture, and increased scleraxis was observed at day 7 but decreased
at day 14."> BMSCs on knitted PLGA silk fibers resulted in up-regulation of Collagen I mRNA
at day 14 after induction of differentiation with bFGF by a factor of only 1.3 compared to day
zero.'> Additionally, the up-regulation of tenogenic markers including scleraxis were not
observed,'*® indicating the lack of terminal tenogenic differentiation. BMSCs on braided poly(l-
lactic acid) nanofibers in the presence of tenogenc growth factors and stimulated with cyclic
tensile strain had 4.5-fold increase in scleraxis and no increase in Collagen I after 17 days of cell
culture.””* Therefore, while previous studies have demonstrated the expression of tenogenic
markers, the combination of C-PCL nanofibers as an inductive ECM, with the soluble growth
factor TGF-B3, induced high levels of expression of both key tenogenic markers, Collagen I and

scleraxis.

The Collagen I protein translation confirms that the changes in mRNA expression induced by the
culture conditions had translated directly into varying protein expression. A previous study that
combined aligned fibers with soluble FGF- for the tenogenic differentiation of BMSCs did not
observe an increase in Collagen I production until 21 days of differentiation'>. Comparatively,
prior studies in tenogenic differentiation of BMSCs have demonstrated an increase in Collagen I
mRNA expression after differentiation with exogenous TGF-3 on 3D fibrin scaffolds at 7 days,

but not an increase in Collagen I protein expression.'*® Taken together, gene and protein



84

expression results indicate that the aligned C-PCL nanofiber and TGF-B3 cell culture system can

effectively differentiate BMSCs into tenocytes.

9.4 SUMMARY

We have established a bioengineering strategy to significantly enhance and accelerate the
tenogenic differentiation of primary human BMSCs in vitro by using tissue-engineered tendon
scaffolds composed of aligned C-PCL nanofibers in combination of exogenous TGF-33.
Morphological and orientation analysis of BMSCs revealed that the topology of ECM micro-
environment is essential for determining the BMSC morphology and orientation. mRNA analysis
of tenogenic differentiation markers indicated that C-PCL aligned nanofibers combined with
TGF-B3 induced tenogenic differentiation into tenogenic lineage after 5 days of cell culture.
Protein expression showed that when cultured on aligned C-PCL nanofiber with TGF-B3,
BMSCs expressed significantly elevated Collagen I after 10 days of cell culture, compared to
BMSCs cultured on TCP, C-PCL films, and random C-PCL nanofibers in either standard or
differentiation medium. The speed of tenogenic differentiation from BMSCs is much greater
than those achievable with existing scaffolds stimulated with growth factors or dynamic forces,
which usually take weeks for tenogenic differentiation to occur. This study indicates that the
combinative environmental and biological cues from aligned chitosan-poly-caprolactone
nanofibers and TGF-B3 would provide synergistic effect to induce the tenogenic differentiation
of BMSCs. The unique structural and biological properties of this culture system may provide an

alternative approach to tendon repair.
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Chapter 10: Conclusions

Three- and two-dimensional chitosan-based scaffolds and fiber matrices have been identified as
generating cellular microenvironments capable of directing cell fate and function. We have
demonstrated the use of 3D chitosan—alginate scaffolds for the maintenance of hESC
pluripotency. Further, we have demonstrated that 2D chitosan—polycaprolactone nanofibers with
unidirectional alignment provide a distinct set of ECM signaling cues that direct myogenic
differentiation by hESCs, and tenogenic differentiation by BMSCs. Rational design strategies
were applied to successfully generate cell culture microenvironments that elicited specific
cellular responses. We have demonstrated potential tissue engineering applications of our 3D

chitosan—alginate scaffolds and 2D chitosan—polycaprolactone nanofibers.

By culturing BGO1v hESCs on 3D CA scaffolds in the presence of specific soluble factors, we
maintained the pluripotency of the hESCs without the use of feeder cells or conditioned media.
Both feeder cell contamination and the presence of undefined conditioned media are significant
barriers to systematic studies of hESC behavior in vitro and would prevent the safe implantation
of hESC in vivo and clinically. The elimination of both challenges with the culture method we
developed represents a significant step forward in hESC culture technology. Additionally, the 3D
microenvironment offered by the CA scaffold is fully biocompatible in vivo, and may be

developed as a future device for hESC tissue engineering.

The myogenic differentiation of hESCs on 2D aligned C-PCL nanofibers was accomplished via
the development of a novel differentiation media containing a defined combination of growth
factors. To date, only limited success has been reported on the myogenic differentiation of
hESCs, which may be a viable therapy for muscular degenerative diseases where the patient’s
native myogenic progenitor population is inadequate. Myogenic differentiation was
accomplished with a higher efficiency and rate than previously reported from hESC, the result of
combining both physical cues from the nanofibrous ECM, and soluble signaling factors. Future
in vivo study of this muscle tissue construct in a skeletal muscle disease model is the necessary

next step.
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Adult BMSCs were differentiated into tenogenic cells on 2D aligned C-PCL nanofibers by

developing a unique combination of nanotextured ECM and soluble signaling factors. This
application addresses the specific lack of tendon grafts that combine high tenocyte cellularity
with a scaffold material that recapitulates both the topology and mechanical properties of the
native tendon tissue available in the clinical setting. The tissue engineered tendon graft expressed
high levels of tendon specific markers including functional proteins, along with high cellularity
and viability. Again, the significance of combinatorial signaling from the nanotopology of the
ECM with specific soluble factors in directing differentiation was verified. The successful use of
adult BMSCs in the generation of the tendon suggests the potential for tendon repair therapy
using the patent’s autologous progenitor cells. This tissue engineered tendon merits further in

vivo study as a therapeutic method.

Each of the three applications developed here have significant potential for research and clinical
treatment. The feeder-free maintenance of hESC with CA scaffolds may allow for the end of
exogenous feeder cell contamination, along with providing a biocompatible 3D
microenvironment suitable for differentiation into therapeutic progenitor cells and direct
implantation into the patient. The rapid myogenic differentiation of hESC on 2D chitosan—
polycaprolactone nanofibers paves the way for future scale-up into a muscle repair graft.
Similarly, the tenogenic differentiation of BMSCs presents a highly promising alternative to
current acellular tendon repair methodologies, by offering a personalized cellularized tendon
graft for the patient. Overall, we have made significant discoveries into the combinatorial
interactions of ECM topology with soluble growth factors in determining cell fate by

determining that both factors are necessary for rapid and efficient cell differentiation.
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Nanofibrous structures developed by electrospinning technology provide attractive extracellular
matrix conditions for the anchorage, migration, and differentiation of tissue cells, including those
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nanofibrous matrices, it is possible to provide artificial materials with im proved cellular responses and
therapeutic efficacy. These studies have mainly focused on the regulation of stem cell behaviors for
use in regenerative medicine and tissue engineering. While there are some challenges in achieving
controllable delivery of bioactive molecules and complex-shaped three-dimensional scaffolds for tissue
engineering, the electrospun nanofibrous matrices can still have a beneficial impact in the area of
hard-tissue regeneration.

Keywords: Electrospinning, hard-tissue regeneration, composites, drug delivery, stem cells
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