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ABSTRACT OF THE DISSERTATION

Implementation and Advancement of Novel Technologies for
Understanding Skeletal Myogenesis and Treating Peripheral Artery

Disease

by

Nikhil Rao

Doctor of Philosophy in Bioengineering with a Specialization in Multi-Scale
Biology

University of California, San Diego, 2014

Professor Karen Christman, Chair

Tissue engineered therapies have demonstrated promise for multiple injuries

and diseases that in particular affect muscle. Over the last decade, many groups

have shown that these therapies could provide an alternate avenue for biologi-

cal therapies that obviate the need for systemic drugs, invasive procedures, and

repeated treatments. In particular, cell therapy has shown much promise in re-

pairing damaged muscle tissue. This has mainly been exemplified in damaged

cardiac tissue but more recently has been used to treat skeletal muscle ailments

such as peripheral artery disease (PAD). PAD effects over 27 million people in

xv



Europe and North America alone. This chronic disease is typically caused by an

atherosclerosis of the leg, decreasing blood flow, and leading to eventual muscle

atrophy. This can cause extreme pain at rest and could lead to amputation. Skele-

tal myoblast cell therapy has been shown to be a promising therapy by increasing

blood vessel formation by paracrine signaling and repairing damaged muscle by

engraftment into host tissue. However, few of these cells upon injection stay viable

and localized to the site of delivery. The inability to administer, remain viable,

and engraft efficiently has led scientists to explore alternative ways to deliver these

cells. In this thesis, we examine the behavior of myoblasts in response to fibrob-

lasts via a state-of-the-art co-culture device in vitro. Next, we make the system

more physiologically relevant by adding a substrate that can be tuned to a specific

stiffness. Then we utilize previous co-culture findings and implement them into a

decellularized skeletal muscle matrix hydrogel (SkECM) that can be easily injected

in vivo. We show that combining both myoblasts and fibroblasts in the SkECM

improves myoblast differentiation and metabolic activity when cultured in 3D. We

also show that the SkECM and fibroblasts promote myoblast engraftment in mus-

cle tissue compared to injections in saline. Lastly, we demonstrate an increase in

blood perfusion in ischemic limbs when myoblasts are injected with SkECM. This

work provides a way to study myoblast differentiation and viability in vitro and

a delivery system that improves on the current method used in clinical trials for

PAD treatment.
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Chapter 1

Introduction to skeletal muscle

tissue engineering

1.1 Introduction

Developing or improving a tissue-engineered therapy to translate into hu-

mans can be researched at various stages of development. This scale ranges from

understanding the basic biology and its implications at a molecular level to a

macroscopic analysis of functional improvement and quality of life. Cell and molec-

ular biologists are involved in the former while clinicians and doctors in the latter.

Tissue engineers bridge the gap between the two by translating findings at a micro

level to apply to a physiologically relevant macroscale. This thesis acknowledges

the steps in the "process development" of a viable tissue engineering therapeutic.

This involves observational cell biology, understanding cell-cell and cell-matrix in-

teractions, engineering and improving a novel in vitro technology, and translating

such findings to advancing the treatments utilized in clinical trials. In this thesis

we use this methodology to improve on the current treatments for peripheral artery

disease (PAD) [1].

1
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1.2 Skeletal muscle physiology

Skeletal muscle is a highly organized organ that controls most of the vol-

untary movements in our body. The ability to voluntarily move skeletal muscle

makes this organ distinct from other muscle types, such as smooth or cardiac.

It comprises approximately 40% of all muscle mass [2]. It is a striated muscle

made up of striped and aligned muscle fibers. These muscle fibers are composed of

myocytes, muscle cells that are cylindrical and multi-nucleated. This muscle move-

ment (muscle contraction) is carried out by the contractile entities of myocytes, i.e.

the interplay of actin and myosin proteins in sarcomeres [2]. Movement of myosin

is governed by calcium concentration and ATP binding and subsequent conversion

to ADP. Not only is intracellular protein movement important but functional force

generation by these cells is also governed by the extracellular matrix (ECM). This

ECM provides the scaffolding and structure necessary to allow for passive force,

but also helps in stabilizing muscle, facilitating muscle growth, and housing im-

portant cells responsible for overall muscle function. It has also been shown to be

important in the biochemical framework surrounding the muscle cells.

Collagen makes up the majority of this ECM and can account for up to 10%

of muscle’s dry weight [3]. Multiple sub-types of collagen (collagen I, II, V, VI,

etc.) make up the total collagen content in the muscle. In the basement membrane,

in particular, a large number of collagen interacts with proteoglycans, most note-

ably Decorin [4]. Proteoglycans along with glycosaminoglycans are responsible for

binding various growth factors that regulate collagen synthesis. In healthy mus-

cle, MMP-2, MMP-9, and other secreted collagenases are present and increase in

concentration when injury occurs to help in general muscle repair [5, 4]. They are

responsible for normal muscle ECM turnover, degradation and subsequent muscle

growth.

The ECM greatly influences overall stiffness of the tissue. Skeletal muscle

has an "intermediate" stiffness relative to the other organs in the body. At the

extremes lie fat tissue (extremely soft < 1 kPa) and bone (extremely stiff > 100

kPa). Individual muscle fibers are on the order of 10 kPa [6]. Fibers supported

by extracellular matrix have an increased modulus of approximately 40kPa [4].
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This demonstrates that the ECM is a very important biochemical and structural

component of the muscle. Furthermore, skeletal fibroblasts in the basal lamina and

surrounding the myocytes in muscle are responsible for producing this extracellular

matrix [4]. These cells have been shown to also secrete important paracrine factors

for maintaining healthy muscle tissue [7, 8]. They are not the only important cell

type involved in muscle function but will be a major focus in the following chapters.

1.3 Skeletal myoblasts

Muscle has a limited reparative capacity. Intrinsic muscle repair is due to

an acute signaling cascade that occurs upon injury that leads to quiescent satellite

cells to be activated [9]. These quiescent cells lie nascent to mature muscle fibers

in the basal membrane (ECM) and are considered "precursor" muscle cells [10].

Upon activation, they proliferate and migrate to the site of injury and become

what is known as the "myoblast." At the damaged region, they fuse with endoge-

neous muscle and with one another to form multi-nucleated myotubes [11]. This

differentiation is key in creating myotubes, the functional building blocks of mus-

cle fibers. Myoblast cells go through a very complex albeit well-studied change in

gene and protein expression as a function of differentiation. Transcription factors

such as Pax 7, MyoD, and Myf 5 are prevalent at the early stages of satellite cell

activation [12]. Myogenin, a later transcription factor turns on as these myoblasts

begin to differentiate while Pax 7 and Myf 5 are no longer expressed. [12]. Proteins

such as desmin, myosin heavy chain, and z-proteins responsible for mature muscle

formation tend to increase as a function of this differentiation process.

1.4 Peripheral artery disease

We are interested in developing technologies for skeletal muscle repair specif-

ically for peripheral artery disease (PAD). PAD currently affects 8 million people in

the United States alone today [13]. Due to the growing number of people affected

by the disease every year, there is an increasing need for a successful treatment.
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There are a number of factors that put an individual at risk for the disease including

diabetes, smoking, obesity, hypertension, coronary arterial disease, cerebrovascu-

lar disease, and a host of other variables [14, 15, 16]. In early stages of PAD

onset, blood vessels are partially occluded by either calcification or atherosclerotic

plaques. This leads to decreased blood flow in the legs. Over time, this lack of

blood flow causes a scarcity of nutrients to the tissues in the leg, particularly the

muscle. The most common symptom for early onset of the disease is intermittent

claudication, or pain during walking [14]. The muscle atrophies and leads to ex-

treme pain for individuals even at rest. This can result in eventual amputation

or even mortality. Over a third of the patients diagnosed with late-staged PAD

require major amputation [17]. Worse, a 1-year mortality rate of about 20% is

observed for these late-staged patients [18].

1.4.1 Treatments and other investigated therapies

PAD treatments involve a two-front approach. The progression of the

atherosclerosis must be impeded and interventions to increase blood flow to the

limbs and improvement of quality-of-life must also be addressed. If the claudica-

tion is lifestyle-limiting and cannot be treated with improvement in the quality of

life or with pharmacotherapy then catheter procedures or surgery is required by

either surgical revascularization or endovascular interventions [14]. These proce-

dures involve stents, atherectomy, bypass grafting, and angioplasty. Some of these

techniques are highly invasive, require multiple follow-up procedures, and none are

a full-proof solution. Unfortunately, few individuals diagnosed with PAD are even

candidates for these treatments. The search for a solution has researchers exten-

sively investigating cell delivery, gene delivery, growth factors, and biomaterials for

increasing blood perfusion and subsequent muscle regeneration into the affected

limbs.
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1.4.2 Cell delivery treatments

Current and past clinical trials have utilized multiple cell types to treat

PAD. These include, but are not limited to: mesenchymal stem cells, hematopoietic

stem cells, mononuclear cells, endothelial progenitor cells, and skeletal myoblast

progenitor cells [19, 20, 21, 22, 23, 24].

Bone marrow and peripheral blood mononuclear cells, also known as en-

dothelial progenitor cells (EPCs) have been the most highly investigated cell type

in the last decade. They have shown increased proliferation and differentiation in

ischemic tissue with the potential to home to the damaged site [25, 26]. These

cells express CD-34 and share other hematopoieitic stem cell protein moieties. In

preclinical studies they have been shown to increase capillary density in hind limb

ischemia. As of 2008 there have been over 25 reports of studies using EPCs in

PAD clinical trials [27]. These have shown the best clinical phase 2 outcomes in

terms of lowering amputation rate compared to placebo, though not significantly

(p=0.134) [28].

Mesenchymal stromal cells (MSCs) are the most investigated pre-clinical

cell type with the least amount of human clinical data thus far [29]. Most of the

current and ongoing clinical trials for PAD or criticial limb ischemia are utilizing

MSC delivery. Currently, 13 clinical trials inject MSCs either intramuscularly or

intervenously for improving intermittent claudication symptoms and attenuating

the innate immune response [29]. They can be used from an autologous cell source

which is beneficial as it avoids potential immune rejection. These cells posses the

capability to differentiate into multiple lineages such as bone, blood, and muscle.

The hope for most of these studies is that they provide a stem-like, angiogenic

potential upon delivery to the ischemic region. Once integrated into the host

tissue, they will differentiate into the physiologically required cell type. MSCs

appear promising as a therapeutic, however as mentioned there is little clinical

data as to whether this cell type presents better outcomes compared to placebo

groups.

A number of other clinical trials use multiple cell delivery as a mode of

treatment [29]. In 2011, a phase 2 clinical trial completed involved the injection
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of lymphoid cells and myeloid cells in tandem [30]. There were some significant

results: the time of first occurrence to treatment failure was much greater in this

cell group compared to the control [30]. This was a last measure readout indicating

that it did not aid in improvement of the disease but rather prolonged the inevitable

outcome of amputation. In general there was little difference in efficacy endpoints

to treating the disease.

Skeletal myoblasts have been studied extensively as a therapeutic in many

cardiovascular animal disease models, particularly in cell delivery into myocardial

infarct and hindlimb ischemia models. In 2000, these cells were first realized to

be potentially valuable for cell therapy in the infarcted heart [31]. These cells

possess the capability of secreting important paracrine factors that are responsible

for angiogenesis and increasing viability of other necessary cells. Harnessing this

intrinsic ability and utilizing these cells as an in vivo therapeutic has obvious

advantages. First, these cells are easily expandable, and culture well in vitro.

Consequently, mass scale up is not a limiting factor unlike many other cell types.

These cells also can be used as an autologous cell delivery option, which minimizes

or eliminates any negative host response. They also have a "myogenic-restricted"

lineage capacity. In other words they are unable to differentiate into any other

(unwanted) cell type and thus avoids tumorogenecity [31]. Lastly, they integrate

well into ischemic tissue to reform damaged muscle tissue by fusing with existing

or regenerating myotubes.

Currently there are approximately 15-20 clinical trials that are in progress

or have completed that utilize myoblasts as a cell delivery therapeutic for ischemia

or muscle incontinence [32]. These clinical trials are not always successful, or if

they are, they show marginal improvement [33, 34, 35, 20, 36, 37]. This is due

to the inability for myoblasts to be delivered locally, stay at the site of injection,

remain viable in ischemic environments, and engraft into the local tissue. Groups

have shown that up to 90% myoblast cells will die over the first two days of

implantation in both the heart and skeletal muscle [31]. Injecting larger numbers

of cells as a compensatory mechanism can actually have a negative effect as a

result of increased shear death through the syringe, over packing into the muscle
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tissue and potential overgrowth. Groups have hypothesized that physical strain of

the needle, inflammatory response, ischemia, and loss of the native extracellular

matrix could all be contributing factors to the increased cell death [31]. Thus,

there could be an improvement in the cell delivery vehicle by use of a gel/scaffold

or addition of another cell type providing anti-apoptotic cues. For example groups

have shown improvement in myoblast retention when co-injecting them with bone

marrow stem cells [31].

Because retention and viability is a major hurdle for these cell types, inves-

tigators are looking elsewhere for strategies to repair muscle. For instance, many

groups are studying the upstream muscle stem cells that have shown to be more

plastic, can handle hypoxic environments, and engraft far better than myoblasts

[38]. However, these cells are extremely difficult to isolate, culture, and expand to

cell numbers that are therapeutically suitable for in vivo delivery [32].

1.5 Co-culture as an in vitro system to improve

cell therapies

1.5.1 Evolution of co-culture

In order to improve current cell therapies for PAD, a larger knowledge

base and further biological investigation at a cellular and molecular scale may be

required to best utilize the cell type of interest. In recent years, tissue engineers

have acknowledged the necessity to better model physiological environments in

vitro by including multiple cell types, ECM proteins, substrate elastic moduli,

and paracrine signals to a particular cell type of interest. Co-culture, a tool that

has been used since the early 1980’s, is a powerful method for understanding

cellular interactions with their surrounding cell environment [39]. It has been

continually gaining traction in the field as incredibly important in understanding

many physiological processes.

Co-culture involves the study of two or more cell types and specifically the

investigation of one cell type of interest, or the "target cell." The other cells, or
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"assisting cells," are included in order to either mimic the native physiology of the

in vivo environment by studying cell-cell interactions via gap junctions, adhesion

molecules, signaling molecules and migration, or to guide the target cells toward

a specific cellular behavior [39]. These behaviors can include but are not limited

to proliferation, increased matrix production, migration, maintenance of "stem-

ness," mechanical maturation, differentiation, electrical propagation, or metabolic

changes. Co-cultures have been used to study natural interactions between mul-

tiple populations such as infection studies, creating biomimetic environments in

vitro, tissue level drug effects, and improving overall culture success of the target

cell with the help of the assisting cell [40].

Co-culture has previously been an unorganized mixture of multiple cell pop-

ulations in direct contact with one another. This direct co-culture has evolved to

include technologies that better parse out the signaling and readouts such that

the user has a clearer understanding of why certain behaviors are observed. Indi-

rect co-culture, such as conditioned media assays and transwell assays allow the

user to observe changes in cell behavior due to only another cell type’s autocrine

and paracrine signaling respectively. These cultures do not allow cells to interact

in contact. In other words, cell behavioral changes in these contexts cannot be

attributed to cell adhesion between the cell types or linkage through the ECM.

In addition, there are a number of other technologies groups have developed

to create organized co-cultures. Fluid channel connection between compartments,

compartments separated by membranes, cells in droplets, colonies of cells in petri

dishes, gaseous substance exchange, cells encased in gels, and cell layers on glass

slides have all ben used and tested for various cell-cell interaction applications [40].

With so many various technologies that allows the user to explore cell behavior it is

important to choose the technology that will allow a simple answer to a biological

problem.

Variables that are involved in implementing a co-culture device depend on

the degree of contact between populations and how the boundaries between the two

populations exchange information [40]. For example, substance exchange between

populations is an important influence on cell fate. As a result, diffusion rates
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of the substance must be considered as this rate will vary through a membrane

and as a function of cell population distance [41]. Changing separation distance

between two distinct populations has also shown a vast behavioral change in cell

phenotype [42]. Likewise, when controlling studies for cell-cell contact the type

of micropattern or microfluidic device used will also play a role in the overall

cell behavior(s) in culture [43, 44]. Most of these devices require finely tuning

parameters such as flow rate, cell density, and cell passage number which makes

the assay extremely sensitive and can greatly influence measured cell behaviors.

In recent years it has become of utmost importance to best mimic the in

vivo environment by understanding cell-cell and cell-matrix interactions in 3D. 3D

culture poses very difficult challenge for developing co-culture technologies that

allow analysis of one cell type in a multiple-cell population in organized fashion.

Currently, there are products that allow the user to seed cells in manfucatured

scaffolds (Alvetex R©, 3DKubeTM, etc) that are highly porous and claim to re-create

organotypic tissues. Unfortunately, the scaffold porosity, stiffness, thickness, and

biochemical ECM makeup greatly affects this behavior. Consequently, for a given

application it is important for the user to finely tune the scaffold-cell microenvi-

ronment to allow for these cues and in vivo like characteristics. Even though no

3D device or co-culture scaffold is perfect, understanding cell-cell interactions on a

three dimensional co-culture model has shown promise in the field by recapitulating

the in vivo microenvironment [45].

Major advances in tissue engineering have been attributed to studying cells

in co-culture. In the heart, cardiac fibroblasts have been shown to significantly

drive embryoid bodies into beating cardiomyocyte-like 3D structures with indirect

co-culture [46]. Cardiac progenitor cells, a cell type only recently discovered and

investigated, has been shown to express more mature cardiac activity when co-

cultured with cardiomyocytes [47]. Cardiac fibroblasts have also been shown to be

integral in mature electrical propagation in beating cardiomyocytes in vitro and

when injected in vivo [48].

Thus far there is less literature in the field on skeletal muscle cell engineer-

ing and the implications of adding multiple cell types to repair functional muscle.
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Like cardiac muscle, skeletal muscle is highly organized, contains many ECM com-

ponents and has limited regenerative capacity in vivo. There is thus a great deal

of rationale in co-culturing other cell types to either push regeneration via endo-

geneous cells, engineer muscle ex vivo for implantation, or investigate other cell

types for such repair.

1.5.2 Limitations of co-culture systems

As previously mentioned co-culture has gained the attention and respect of

many scientists for understanding complex cell interactions. As a result, there has

been a need to continually improve on the pre-existing technologies to make better,

more useful tools [49]. The need for advanced tools is partially due to the limi-

tations of co-culture in analyzing and studying cellular behavior. As mentioned,

in direct co-culture cell-cell interactions can be observed for both contact and

paracrine signaling. However, an observer is unable to parse out whether contact

or paracrine are more important, analyze only one cell type of interest (without

doing some sort of cell sorting), or understand mechanistic causation (i.e. is there

a synergism, antagonism, no effect, etc) [50]. Autocrine signaling via conditioned

media yields even less information regarding how cells interact since this culturing

method does not allow heterotypic cell signaling [51]. Transwell, perhaps one of the

most organized indirect co-culture methods, still does not allow for visualization

of contact-dependent interactions and has a fixed large 1.35 mm distance between

the cell types which may be potentially too far for certain paracrine signals to

traverse in culture.

Lastly, there are a host of microfluidic devices and patterned co-culture

devices being created [49]. However, these usually can only be utilized with small

cell numbers and does not represent a population-scale cell behavior. Additionally,

sample prep can be incredibly difficult and tedious for the user [52]. These still

do not always accurately mimic the native microenvironment in the body. There

is thus a pressing need in the field to improve on these technologies to accurately

predict biological behavior in vitro. As mentioned in the previous section, the

number of variables required to best model an in vivo environment is extensive,
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but by providing the majority of these cues one can better model cell-cell behavior

in vitro

1.6 Scope of dissertation

Myoblast differentiation for skeletal muscle repair is still not well under-

stood. The intrinsic ability for these cells to repair muscle in vivo upon injury is

a physiological work of art. Since this regeneration is limited, it is of interest in

this thesis to understand the following. First, using a novel, improved co-culture

technology we show how these cells act as target cells in response to skeletal fibrob-

lasts. Then we advance this technology and demonstrate, as a proof-of-concept,

how myoblasts along with a specific substrate stiffness can push myogenic differ-

entiation of adult stem cells. Lastly, we translate of some of these findings into a

markedly improved in vivo therapeutic for peripheral artery disease.

Chapter 1 gives an overview of skeletal muscle physiology, the current ther-

apies in peripheral artery disease, and how myoblasts can aid in repair. It also

expounds on the ways in which researchers can study cells in more physiologi-

cally relevant contexts or to achieve increased mature tissue formation by using

co-culture.

Chapter 2 investigates the role of a mature fibroblast phenotype on a skeletal

myoblast cell on a novel reconfigurable co-culture device. These experiments show

an increase in alignment of myotube formation in direct contact with fibroblasts,

but an overall inhibition of differentiation when fibroblasts are present at all.

Chapter 3 explains the method and results of advancing the co-culture

technology to include a tunable stiffness such that the elastic modulus, con-

tact/paracrine signaling, and protein attachment can be user-defined and well

controlled. We show that adipose derived stem cells on a muscle-like stiffness

and in co-culture with myoblasts pushes myogenic differentiation in vitro.

Chapter 4 uses rationale from results in Chapter 2 combined with a previ-

ously successful decellularized skeletal muscle matrix hydrogel to create a 3D co-

culture system in vitro. This system increases viability and differentiation. Upon



12

implementation in vivo, this technology yields improved engraftment of myoblasts

and perfusion in the hindlimbs of a murine peripheral artery disease model.

Chapter 5 summarizes the work and conclusions in this dissertation and ad-

dresses some potential limitations. It also provides suggestions for further avenues

of investigation for improved skeletal muscle repair.



Chapter 2

Understanding the role of fibroblasts

on myoblast differentiation by a

novel co-culture technology

2.1 Introduction

As mentioned in Chapter 1, myoblasts fuse with one another upon skeletal

muscle injury to create terminally differentiated myotubes, the building blocks of

muscle fiber formation [11]. It is well established that most skeletal muscle has

a large regenerative capacity due to satellite cell infiltration in response to injury

[53]. However, in larger and more severe injuries, skeletal muscle may not regen-

erate completely, and fibrosis and scar tissue can cause decreased functionality of

the tissue [54]. Additionally, in regions that are not associated with limbs, there

is heterogeneity in the proliferation efficiency of these satellite cells due to injury

response, and simultaneously there may be a lack of these cells to cause an ap-

preciable difference in repair at the site of injury [55]. There is therefore a need

to develop strategies for skeletal muscle repair. A number of other cell types may

be potentially important in this repair and satellite cell differentiation process. In

vivo, myogenic cells are also influenced by fibroblasts at the site of injury, par-

ticularly in establishing a stabilizing extracellular matrix [56]. These fibroblasts

13



14

sit in close proximity to muscle tissue and develop the basement membrane of

this tissue. This relationship between fibroblasts and myocytes is well character-

ized in the heart. Cardiomyocytes undergo phenotypic and morphological changes

when in the presence of cardiac fibroblasts in vitro, including increased contrac-

tility [57]. It has also been shown that merely the fibroblast paracrine signals

are enough to attribute to these differences [57]. Other studies have shown that

cardiomyocytes align, contract, and avoid apoptosis pathways when co-cultured

with cardiac fibroblasts [58]. Extensive in vitro data has suggested that cardiac

fibroblasts are necessary in repair, function, matrix synthesis/degradation, and im-

portant cytokine secretion [59, 60]. Moreover, producing functional cardiac tissue

in vivo improves with the implantation of both fibroblast and cardiomyocyte cell

types in organized cell sheets [61]. The requirement for these two cell types to be

present and synergistically create a functional tissue could analogously have similar

implications for skeletal muscle; however, the effect of fibroblasts on myoblast dif-

ferentiation and alignment has not been well documented or studied. Interestingly,

in diseased models such as arrhythmia and myocardial infarction, myofibroblasts

actually have a negative effect on cardiac remodeling. They can undergo "fibrotic

remodeling" which causes an overabundant secretion of ECM proteins that sepa-

rates cardiomyocytes and inhibits electrical conduction [62]. These cells are un-

able to go through normal apoptosis in this state, and persist to create scar tissue

[63, 64, 62]. From this data, there is a potential for skeletal fibroblasts to also have

a negative effect on skeletal muscle formation in characteristic phenotypic states.

Few groups have studied how fibroblasts influence skeletal myoblasts. The most

extensive study to date involved plating C2C12 myoblasts on a fibroblast feeder

layer, which resulted in myotubes that were highly adherent and contractile with

functional electrical propagation as evidenced by calcium transients between cell

types [65]. This study showed that fibroblasts play a beneficial role in maintain-

ing mature myotube functionality. However, it did not examine how fibroblasts

influence differentiation of myoblasts into mature myotubes. Another more recent

study used a transwell assay to co-culture myoblasts and fibroblasts, and demon-

strated that fibroblast paracrine factors protected myoblasts from apoptosis when
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undergoing differentiation [66]. Understanding fibroblast influence on these muscle

progenitor cells, as in the case with cardiac muscle cells, could have direct impli-

cations on cell therapies for repairing skeletal muscle, which have to date only

utilized skeletal myoblasts or stem cell populations alone [67]. Those that have

used myoblast or satellite cell therapies alone have shown some improvement, but

demonstrate the need for more efficient delivery, inhibited apoptosis, and increased

therapeutic response [68, 69, 70, 71, 67]. In this study, we investigated the role

of fibroblasts on skeletal muscle progenitor differentiation and alignment using a

microfabricated, reconfigurable co-culture device [50]. This setup allows for both

contact and paracrine signals to be monitored independently and in tandem. It

also provides the user with the ability to separate two cell populations and dynam-

ically study and manipulate the co-culture configuration [50]. Furthermore, this

technology can: 1) determine whether a cell type has an influence on another’s

differentiation, proliferation, etc., 2) conclude whether a paracrine signal or a con-

tact dependency is needed, and 3) isolate only the cell type of interest for analysis.

These advantages allow one to better understand the mechanisms of cross talk

between two cell types of interest. Herein, we analyzed C2C12 murine myoblasts

co-cultured with 3T3 murine fibroblasts on the reconfigurable co-culture device.

We demonstrate that fibroblasts inhibited myoblast differentiation independent of

contact, while cell-cell contact between the two cell types yielded more organized

alignment of myotubes upon differentiation. Secretion of basic fibroblasts growth

factor (FGF-2) is an important player in both regulating differentiation and, in

conjunction with contact signals, improving myotube alignment. Lastly, these two

cell types are required to be in the presence of one another to elicit such responses.

It has been shown with multiple cell types, most commonly with tumor or cancer

cell communication, that protein signaling is only turned on when two or more

cells "cross-talk" with one another [51]. In this study we show that fibroblasts

and myoblasts must be in close proximity with one another (as opposed to using

conditioned media of one on the other) to show these differences.
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2.2 Methods

2.2.1 Cell culture

Murine C2C12 myoblasts and 3T3 fibroblast cells (ATCC, Manassas, VA)

were each cultured in growth media (GM) consisting of high glucose Dulbecco’s

Modified Eagle Medium (Gibco, Grand Island, NY) containing 10% fetal bovine

serum (Hyclone), 100 units/mL penicillin, and 100 ţg/mL streptomycin (Gibco,

Grand Island, NY). 3T3 and C2C12 cells were cultured at 37◦C and 5% CO2 and

split at 1:10 when 80% confluence was reached; media was changed every two days.

For myoblast culture, tissue culture flasks were coated with 1 mg/mL collagen in

0.1 M acetic acid for 1 hour at 37◦C and rinsed with 1X Dulbecco’s Phosphate

Buffer Saline (PBS) prior to seeding. Fibroblasts were cultured on uncoated tissue

culture flasks.

2.2.2 Reconfigurable co-culture device

The silicon reconfigurable co-culture devices were fabricated according to

previously established protocols [50]. Each half of the device, called "combs" were

individually coated with 1 mg/mL collagen prior to seeding for 1 hour. The colla-

gen was removed and the combs were rinsed with sterile PBS. For each comb pair,

myoblasts were seeded on the male half; the female half was seeded with either

fibroblasts or myoblasts. Each collagen coated comb half was placed in a 12-well

plate. Approximately 1,000,000 C2C12 and 750,000 3T3 cells were added to each

half to create complete confluence upon seeding. The plate was then placed in the

incubator at 37◦C. In order to achieve a complete monolayer on the devices, the

plate was lightly shaken for 5 seconds by hand after 30 minutes and 1 hour after

seeding. After six hours, the combs were each individually rinsed with 1X PBS

and the parts were fit together with sterile tweezers (SPI, West Chester, PA). The

combs were connected in the proper configuration and maintained in a new 12-well

plate containing 2 mL of cell culture media. The combs were visualized via an up-

right microscope to ensure that the fingers fit properly (in either gap or contact)

and no cellular debris was floating in the media. Media was changed every two
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days. The following groups were examined: myoblasts cultured with myoblasts

in gap, myoblasts cultured with myoblasts in contact, myoblasts cultured with

fibroblasts in gap, and myoblasts cultured with fibroblasts in contact (4 groups).

Each group contained two sets of comb pairs and every finger of the male combs (9

fingers per comb), containing the cells of interest, was individually analyzed (n =

18 per group). After six days the four groups were stained, mounted and analyzed

by immunofluorescence as described below. For the FGF-2 neutralization experi-

ments, 2 comb pairs (n=18) per group were cultured with anti-FGF-2 neutralizing

antibody (Millipore, Temecula, CA) at 10 µg/uL for six days. This was well mixed

in pre-warmed media and replenished every 2 days. 2 mL of this media was added

to each comb in the same manner as stated previously.

2.2.3 Conditioned media assays

3T3 fibroblasts were cultured independently of C2C12 myoblasts prior to

the experiment. Once the fibroblasts had reached confluence, myoblasts were

seeded at 500,000 cells/well in eight wells of a collagen coated (1 mg/mL) 48-well

plate. The wells were filled with a total volume of 1mL of GM. Once the myoblasts

were confluent, media was removed from these wells and 500 µL of new GM was

added with 500 µL of media from cultured fibroblasts. In the other four wells, this

50:50 ratio was composed of new GM and myoblast cultured media. 500 ţL of me-

dia was removed from these wells and 500 µL of fresh GM was added. These media

changes were carried out from day 1 and continued every subsequent day until day

6. On day 6, the media was removed and cells were rinsed with PBS. They were

fixed with 4% paraformaldehyde, stained, and imaged as described below. Three

200X images were taken for each well (n=12).

2.2.4 Transwell assays

Eight wells of a 24-well transwell plate (Corning, Union City, CA) were

coated with 1 mg/mL collagen. Four of the wells contained 3T3 fibroblasts on

a membrane over C2C12 myoblasts. The other four were myoblasts co-cultured



18

over myoblasts. All wells were seeded with 500,000 C2C12s and the membrane

was seeded with either 100,000 myoblasts or fibroblasts. The cells on membranes

were cultured separately until adherent, at which point they were placed on top of

the myoblast wells. A total of 700 µL of GM covered each transwell. This media

was changed every two days and on day 6, the membranes were removed and wells

were fixed and stained according to the immunofluorescence procedures outlined

below. Three 200X images were taken per well for analysis (n=12).

2.2.5 Immunofluorescence quantification

After 6 days, cells were fixed with 4% paraformaldehyde (Wako Chemicals,

Richmond, VA) for ten minutes at room temperature. Once fixed, the cells were

rinsed with PBS to remove any excess paraformaldehyde. The fixed cells were

permeabilized, and blocked in "blocking buffer," containing .03% Triton-X 100

and 1% Bovine Serum Albumin in 1X PBS. Primary antibody, mouse anti-mouse

myosin heavy chain (skeletal, fast, 1:200, SIGMA, St. Louis, MO), was incubated

in the blocking buffer for 1 hour at room temperature. Secondary antibodies

(Alex Fluor 588, 1:200, Invitrogen, Carlsbad, CA) were incubated for 30 minutes

at room temperature in blocking buffer. Cells were stained with Phalloidin 468

(1:200, Millipore, Temecula, CA) in buffer for 30 additional minutes. Hoescht

33342 (0.1µg/ml in DI water, Invitrogen, Carlsbad, CA) staining was used to

visualize the nuclei. Once stained, the combs were taken out of wells and mounted

on slides with Fluoromount-G (Southern Biosciences, Birmingham, AL). A Zeiss

Observer.D1 fluorescent Axio Observer scope was used for image acquisition, and

Axiovision software was employed for image analysis. 100X images were taken at

the free end of the finger of each male comb. Three 200X images were analyzed from

each well of the conditioned media and transwell assays. Percent differentiation

was calculated by manually counting the total number of nuclei within myotubes

and dividing by total nuclei within the image. The total number of nuclei was

quantified automatically via AxioVision software. Each myotube was identified

and the angle deviation relative to the parallel of the comb finger was measured

by AxioVision angle measurement tool.
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2.3 Results

To study the effect of the presence of fibroblasts on myoblast differentiation

and subsequent alignment, we employed a previously described microfabricated co-

culture device [72]. This device has interlocking "combs" that can be positioned

either to allow direct cell-cell contact or to separate the cell populations by a gap

of 80 µm (Fig. 2.1). In this study, the male end contained the analyzed cell type

(myoblasts only) and the female end contained either fibroblasts or myoblasts.
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Figure 2.1: Visual representation of the reconfigurable co-culture device.
(a) Both male and female pairs of "combs." The holes in the comb allow the user
to move and manipulate the device with the use of forceps. (b) Photo of a comb
pair in gap mode. (c, d) 40X brightfield images in both contact and gap mode
respectively. Orange box represents area of interest for analysis in which we refer
to as the "finger" of the comb. An 80 micron gap separates the fingers in gap
mode. Cells are unable to traverse this gap, only secreted factors.
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Each finger of every configuration (myoblasts co-cultured with myoblasts

or myoblasts co-cultured with fibroblasts, in gap or contact) was imaged by the

methods described above. Figure 2.2 demonstrates examples of comb images with

staining for F-actin, myosin heavy chain, and nuclei, as shown in green, red, and

blue respectively. Each of the four images represented are one of 18 fingers analyzed

for each of the four groups. The 80 µm gap was clearly visible in these cultures and

showed no positive staining. Myosin heavy chain, a marker for myotube formation,

was used to determine percent differentiation of myoblasts. Fibroblast comb halves

did not stain positive for myosin heavy chain as expected. This demonstrates that

no cross-contamination had occurred in either gap or contact configurations. Per-

cent differentiation, as reflected by myosin heavy chain positive cells and highly

aligned myotubes are two phenotypic characteristics reflective of a mature mus-

cle phenotype. To assess the effects of fibroblasts on myoblast maturation, we

quantified both the percent differentiation and degree of alignment of myoblasts

in myoblast-myoblast and myoblast-fibroblast co-cultures, when in contact and in

gap.
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Figure 2.2: Immunofluorescent images of a given myoblast finger in all
culture configurations after 6 days in culture. Nuclei, f-actin, and myosin
heavy chain are stained in blue, green, and red respectively (scale bar = 200 µm.)
(a) Myoblasts co-cultured with myoblasts in contact configuration. (b) Myoblasts
co-cultured with myoblasts in gap mode. (c, d) Fibroblasts co-cultured with
myoblasts in contact and gap mode respectively. Note: No myosin heavy chain
staining is found on fibroblast fingers.
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2.3.1 Myotube alignment is increased only when in con-

tact with fibroblasts and percent differentiation is de-

creased in the presence of fibroblasts

Myotube alignment, as well as percent differentiation, is a desirable phe-

notype for myoblast differentiation into mature myotubes. More highly aligned

myotubes recapitulates the more favorable mature muscle phenotype in vitro. We

quantified the alignment of the myotubes on the fingers of each of the male combs

(n=18). The alignment was calculated by averaging all of the angles between each

myotube and that of the parallel of the finger of the comb. After six days in cul-

ture, the co-cultures containing fibroblasts in contact with myoblasts showed an

increase in alignment with the finger parallel by approximately 10 degrees (Figure

2.3a), which is more evident when representing the data in a histogram format

(Figure 2.3b).
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Figure 2.3: Quantification of myotube alignment in the reconfigurable
co-culture device after 6 days in culture. "M" represents myoblasts; "F"
represents fibroblasts in each figure. Contact mode is represented by adjacent
boxes touching one another and gap is represented by a space between boxes.
(a) Graphical representation of degrees from parallel versus culture type. Lower
values indicate more aligned myotubes. The average degree from parallel of the
finger of the comb in the myoblast- fibroblast contact co-culture was significantly
less (*p < 0.05) compared to all other groups, indicating that the myoblasts were
more aligned. (b) Histogram representation of myotube alignment. The data for
degrees from parallel is grouped into 6 bins. Lower bin numbers represent more
aligned myotubes with the comb finger. Graph shows a skewed distribution of
myoblasts and fibroblasts in contact toward lower degree numbers.
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Myoblast-fibroblast cultures in contact show a skewed distribution towards

lower degree angles, suggesting that a larger number of myotubes are more highly

aligned to the parallel in this culture type. All other co-culture settings showed no

significant difference in alignment between each other. We show that regardless of

configuration, contact or gap, fibroblasts caused a significant inhibition of myoblast

differentiation (Figure 2.4). Since percent differentiation between gap and contact

in myoblast-fibroblast co-cultures showed no differences, this further suggested that

the inhibition of differentiation seen in fibroblast cultures is due to a paracrine

signal and not a contact dependent signal. In myoblast-myoblast co-cultures, a

higher percentage of nuclei were contained within myotubes than in co-cultures

with fibroblasts. There were up to 50% more nuclei that co-stained positive with

myosin heavy chain for these myoblast only cultures. No significant differences

were observed between myoblasts in either contact or gap. This finding suggested

that fibroblasts inhibited this myotube formation in culture on the male half of the

comb. Unlike these differentiation studies, myotube alignment was only increased

in contact with fibroblast cultures, suggesting contact dependent (alignment) and

contact independent (differentiation) pathways underlying the effects of fibroblasts

on myoblast differentiation.



26

Figure 2.4: Quantification of percent differentiation in the reconfigurable
co-culture device. Co-culture with fibroblasts reduced the percent differentiation
on the myoblast comb compared to myoblast only cultures regardless of configu-
ration after 6 days (*p <0.01), suggesting a paracrine factor is responsible.
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2.3.2 Myotube differentiation is reduced and alignment is

increased in fibroblast co-culture through an FGF-2-

dependent mechanism

It is well documented that FGF-2 has a major influence on increasing skele-

tal muscle cell proliferation and prevents their terminal differentiation [73, 74, 75].

To determine whether FGF-2 could influence differentiation of myoblasts in con-

tact with fibroblasts, we sought to assess percent myoblast differentiation in these

co-cultures containing media, which includes or excludes neutralizing antibodies to

FGF-2. Neutralizing antibodies to FGF-2 have been shown to bind and neutralize

the effects of soluble FGF-2 to its receptors, and thus eliminate its functionality

[76]. Unlike our previous observations, we show that fibroblasts do not significantly

influence myoblast differentiation and alignment in myoblast-fibroblast co-cultures

in the presence of FGF-2-neutralizing antibodies, when compared to other co-

culture conditions (Figure 2.5). Interestingly, our results reveal that the percent

of differentiated myoblasts in myoblast-fibroblast co-cultures increased to the level

endogenously observed in myoblast-myoblast cultures. However, myotube align-

ment in these studies remained similar to what was previously observed in all other

cell culture types.
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Figure 2.5: FGF-2 blocking by anti-FGF-2 neutralizing antibody. No sig-
nificance is found between any groups for (a) percent differentiation or (b) quan-
tification of alignment of myoblasts after 6 days in co-culture with an FGF-2 neu-
tralizing antibody added into the media. Percent differentiation of both myoblast-
fibroblast contact and gap cultures and alignment in the fibroblast-myoblast con-
tact culture increased as a result of adding the neutralizing FGF-2 antibody.
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2.3.3 Bi-direction signaling is critical in myoblast-fibroblast

interactions

In this study we show that FGF-2 plays a major influential role in myoblast

differentiation and alignment in myoblast-fibroblast co-cultures. We wanted to fur-

ther explore whether fibroblast-secreted factors, independent of a myoblast signal,

resulted in the same effect. We tested this scenario by growing myoblasts in me-

dia transferred from fibroblast cultures. By utilizing this conditioned media, we

were able to determine whether fibroblast secreted factors were enough to main-

tain the phenotypic changes seen when the cells were in direct co-culture. We

reproducibly show that there are no statistical differences in percent myoblast dif-

ferentiation when myoblasts are cultured with fibroblast-conditioned media (Fig.

2.6). Percent differentiation in both groups lied between 13-15% after six days.

Conditioned media experiments, therefore, did not produce the same result as the

gap configuration from our previous co-culture experiments. One possible expla-

nation of this phenomenon could be due to the secreted factors having only a

short-range paracrine effect, which has previously been observed in gap co-culture

[50]. To test the hypothesis whether paracrine factors were responsible in elicit-

ing differentiation changes between co-culture types, we mimicked gap conditions

of the comb by utilizing a transwell assay where fibroblasts were separated from

myoblasts by a transwell membrane. The major differences between these assays

and the gap conformation is 1) a larger distance separates the two cell types (1.35

mm rather than 80 µm), and 2) spatially the transwell has cells on top of one

another (z-direction) rather than adjacent to one another on the same plane. The

transwell assays recapitulated our findings from the reconfigurable co-culture de-

vice. We show that myoblast differentiation was inhibited by up to 10% in the

presence of fibroblasts that were separated from myoblast-myoblast wells (Fig.

2.7). The difference in inhibition between culture types could be readily visual-

ized by comparing the number of myotubes in 100X images of each culture type.

The behaviors of Transwell and gap co-cultures were similar, which is not consis-

tent with short-range paracrine signaling [76]. Instead, the data support a critical

role for bi-directional signaling, or cross talk. Constitutively expressed fibroblast
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paracrine factors captured in conditioned media do not produce the same behavior

that occurs when feedback signaling between the two cell types is made possible.

As mentioned previously many cells only secrete factors in the presence of another

cell signal [77, 51]. For example, drug therapies for cancer are targeted to block

the cross-talk between cancer cells and stromal cells to reverse detrimental effects

[78]. These data strongly suggest that there is a need for the two cell types to be in

close proximity to communicate with one another and allow for signaling between

them to cause these phenotypic changes seen by the comb and transwell assays.
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Figure 2.6: Quantification of percent differentiation of conditioned me-
dia experiments. Conditioned media from either fibroblast only cultures or
myoblast only cultures was added to additional myoblasts cultures for 6 days. No
significant difference in terms of differentiation was observed between cultures with
fibroblast conditioned and myoblast conditioned media when staining with myosin
heavy chain after 6 days.
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Figure 2.7: Confirmation of inhibition of differentiation by use of a tran-
swell assay. (a) Immunofluorescence image of myoblasts when co- cultured with
fibroblasts using a transwell setup. (b) Immunofluorescence image of myoblasts
when co-cultured with myoblasts. The decrease in density of myotubes stained with
myosin heavy chain in (a) shows the decrease in percent differentiation (c) Graphi-
cal representation of difference in percent differentiation between both groups after
6 days. Percent differentiation of the fibroblast co-culture is significantly decreased
compared to myoblast (*p <0.01, scale bar = 100 µm)
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2.4 Discussion

From the results of this study, we have reproducibly shown that myoblasts

differentiate into myotubes at a slower rate when fibroblasts are present in culture.

Whether the fibroblasts were in contact or in gap mode in the microfabricated

co-culture devices, myoblast differentiation into myotubes was inhibited. This sug-

gests that a paracrine signal from the fibroblasts caused these phenotypic changes.

These cell types are needed to be in close proximity, in co-culture, to cause such

changes. Fibroblast-secreted factors alone are not enough to show any significant

changes in myoblast differentiation compared to standard myoblast culture. With

the reconfigurable co-culture device we were also able to show that there were

changes in myotube alignment when the cultures are in physical contact with one

another. Myotubes aligned parallel to the comb finger direction when fibroblasts

flanked the cells in contact. This implies that cell-cell signaling via junctional (gap,

connexin, or cadherin) proteins between fibroblasts and myoblasts may be neces-

sary in order to drive myotube directionality. We have also shown that without

the reconfigurable co-culture device, these findings would not be easily observed.

By modulating between gap and contact modes we are able to witness phenotypic

changes. In addition, the desired readouts are more manageable on the fingers of

these combs because of the spatial patterning. The ability to distinguish one cell

type from another by direction and placement on each comb half was an advan-

tage in immunofluorescence quantification. Every comb half also contains a great

deal of information due to the individual "microenvironments" that every finger

occupies, providing a larger sample size. Previous literature and standard primary

myoblast cell-culture, has shown that FGF-2 is needed for in vitro control over

myoblast cell cycle, proliferation, and differentiation [79, 80, 81, 74]. FGF-2 has

also been used to engineer muscle cells in vitro to promote increased proliferation

and regeneration in skeletal muscle [75]. By adding FGF-2, cells are stalled from

differentiating in culture [79]. By inactivating this factor with large concentrations

of neutralizing antibody as done previously by several groups [82, 83, 84], we ob-

served an offset of this inhibition. Myoblasts were able to differentiate more readily

even when fibroblasts were in culture with the anti-FGF-2 antibody present. We
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show that FGF-2 is ultimately responsible for both the inhibition of differentiation

and a player in myotube alignment. The FGF-2 pathway is well characterized

and extensively studied in the context of myogenesis. FGF-2 activates RhoA thus

blocking muscle differentiation [85]. When RhoA is inhibited, RhoE levels increase

and muscle terminally differentiates. RhoE also increases myotube alignment by

an m-cadherin dependent pathway [86]. Thus far, there was no evidence that

solely fibroblast cells cause alignment of myoblast fusion when organized in con-

tact with myoblasts. However, it has been demonstrated that myoblast alignment

is dependent on a number of factors, including substrate geometries as shown

by micropatterning [87]. Specific growth factors (some of which are secreted by

fibroblasts) have been shown to play a regulatory role in both myogenesis and

alignment [88, 89, 90, 75]. As mentioned, none of these studies attribute fibrob-

lasts as causing such changes, only growth factors that can be secreted by a host

of cell types and may be abundantly found in the extracellular matrix. The neces-

sary cell contact of fibroblasts to myoblasts to show such changes in alignment is

potentially due to the cell-cell contact signals that are created between cell types

in addition to the FGF-2 secreted signal. The inhibition due to FGF-2 is only

noticed when myoblasts are in communication with fibroblasts, as seen from the

results of conditioned media and transwell assays. We hypothesize that this could

be due to "bilateral signaling," meaning that the myoblasts are eliciting a signal(s)

that in turn causes fibroblasts to signal back causing this change in differentiation.

Alternatively, multiple paracrine signals could be responsible for this change but

require FGF-2 to be present. This has potential implications for skeletal muscle

engineering. First, it supports the case that cellular therapy may be a necessary

option in order to elicit alignment and differentiation responses. It may require

a number of cells in particular ratios to cause the highest percent differentiation

and alignment to form a functional tissue. As shown with cardiomyocytes, car-

diac fibroblasts are required for functional electrical conduction through the heart

[91]. Likewise, adding fibroblasts or even other cell types found in vivo may be

necessary in regulating skeletal muscle repair or regeneration. FGF-2 has been

shown to increase proliferation in myoblasts that over express the growth factor in
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muscle regeneration and reduces apoptosis [75]. Consequently, our results suggest

that adding fibroblasts in tandem could elicit a similar effect; however, a balance

between proliferation and differentiation will likely be necessary for proper regen-

eration. We demonstrate that the reconfigurable co-culture device is a useful tool

in understanding changes in cell phenotype as a result of another cell type. We

show that myotube formation is regulated and inhibited by FGF-2 secretion by

fibroblast cells. Alignment of these myotubes is governed by a contact dependent

mechanism between these two cell types. However, if FGF-2 is neutralized, im-

provement in alignment via contact signaling is eliminated. Lastly, these two cells

must be in proximity with one another, implying that there is a more than one

signal between the two causing such changes. These findings are important in un-

derstanding how these cells interact together and could provide potential avenues

for skeletal muscle repair in vivo.

Chapter 2 in part is a reprint of the material Rao N, Evans S, Stewart

D, Spencer K, Sheikh F, Hui, E E, Christman K L. Fibroblasts influence muscle

progenitor differentiation and alignment in contact independent and dependent

manners in organized co-culture devices. Biomedical Microdevices, 2013; 15:161-9.

The dissertation author was the primary author.



Chapter 3

Development of a co-culture device

with tunable stiffness to understand

myoblast effects on adipose-derived

stem cell myogenesis

3.1 Introduction

The microenvironment that surrounds cells in vivo consists of growth fac-

tors, interstitial fluid, and the extracellular matrix (ECM), a protein based scaffold

that surrounds and supports cells. These components of the microenvironment

provide cells with multiple types of signals that regulate intracellular signaling

leading to a change in cell behavior or fate. These variables include but are not

limited to paracrine/autocrine signals, cell-cell physical interactions, and ECM

stiffness/composition. In the last decade, scientists have demonstrated that it is

not accurate to mimic in vivo cell behavior using in vitro substrates which regulate

just one of these variables. This is particularly true when attempting to mirror

complex processes such as tumorigenesis, morphogenesis, stem cell differentiation

and wound healing [92, 93, 94, 95, 96]. Embryonic, adult, and induced pluripotent

stem cells have all been shown to differentiate based on substrate stiffness and

36
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composition and/or cell-cell interactions in vitro [97, 98, 99, 100] which further

emphasizes the importance of developing technologies that introduce diverse sets

of variables for cell culture. In addition to more closely mimicking the microen-

vironment, these technologies must be easily fabricated, allow for simple readouts

such as isolation of mRNA and protein, include the potential to image cell mor-

phology and immunofluorescence (IF), and allow for facile co-culture of different

cell types in a controlled manner.

As mentioned previously, co-culture is commonly performed when studying

cell-cell interaction in vitro. Various co-culture technologies have been developed

to monitor contact, paracrine, and autocrine effects. A number of devices use

microfabrication, microfluidics, and flow chambers to study cell-cell interactions

[101, 102, 103]. Others pattern cells in specific geometric configurations, use dif-

ferent ECM proteins, or utilize various substrate materials to regulate cell attach-

ment and subsequent cell-cell interaction [92, 104, 105, 106, 107]. However, most

of these approaches require single cell co-culture or low cell density in a complex,

microfabricated device that is not always user-friendly [103]. Some of these devices

cannot use specific proteins and require differential plating of different cell types

to achieve a micropatterned co-culture [108]. Biochemical readouts can be difficult

to produce because of minimal cell material from small cell numbers or involve

complex interpretations from the presence of multiple cell populations that are not

separable.

Shown in Chapter 2, the reconfigurable co-culture device has been shown

to be a powerful tool to understand how cell interactions via direct contact or

paracrine signaling causes changes in cell behavior [50, 109]. However, this device

requires users to culture cells directly on the hard silicon dioxide comb surface

(gigaPascal; gPa), which does not recapitulate the softer microenvironment seen

in most tissues in vivo (kiloPascal; kPa). Not only does this stiffness not mimic

the in vivo environment, but also recent evidence from a number of groups has

demonstrated that substrate stiffness plays an important role in regulating cell

behavior, including stem cell differentiation,[98, 110, 111, 112, 113, 114]. Thus far,

no tool has been engineered to reproducibly and easily combine substrate stiffness
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and co-culture to induce changes in a particular cell fate. In order to advance

the understanding of cell behavior and better model in vivo environments in 2-D

co-culture, we modified the reconfigurable co-culture device with an ECM protein-

functionalized hydrogel of tunable stiffness. In this way, the user can monitor cell-

cell interactions combined with any permutation of stiffness and ECM protein type.

Groups have shown independently that myogenic stiffness (e.g. 10 kPa) and murine

myoblast presence can induce myogenic differentiation of ASCs [100, 114, 115].

By using this new tool, we demonstrate that controlled myoblast co-culture on a

substrate of myogenic stiffness can cause a synergistic upregulation in myogenic

gene expression compared to either method alone.

3.2 Methods

3.2.1 Device preparation, polymerization, and protein func-

tionalization

The silicon reconfigurable co-culture device (combs) was fabricated and de-

veloped by previously established methods [50]. This device is approximately 15

mm x 11.2 mm when fit into contact with a 350 µm thickness. The combs were

initially cleaned by piranha treatment as described previously [109]. These combs

were first paired together to ensure that they are completely flush in contact mode

by visualization under an upright 40 X objective. Once paired, they were UVO

treated for 10 minutes to activate the silicon surface. 3-(Trimethoxysilyl)propyl

methacrylate (Sigma-Aldrich, St. Louis, MO) was used to further treat the sur-

face in order to covalently attach the polyacrylamide gels to the silicon surface. 3-

(Trimethoxysilyl)propyl methacrylate (0.1 mL) was diluted in 20 mL 100% ethanol

and 0.6 mL of 1:10 glacial acetic acid was added to make a final methacrylate con-

centration of 20.3 mM. The solution was immediately mixed and added to the

combs. The combs were incubated at room temperature in the solution for 3 min-

utes and the solution was removed. The combs were rinsed with 100% ethanol and

allowed to air dry for 30 minutes to remove residual ethanol. The combs displayed
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a visual color change that suggested successful methacrylate coating. Prior to func-

tionalizing with polyacrylamide, 1 mm glass microscope slides (Fisher Scientific,

Pittsburgh, PA) and 25mm circle coverslips were treated with dichlorodimethyl-

silane (DCDMS, Sigma-Aldrich, St. Louis, MO) to create hydrophobic surfaces

[116]. Each comb pair was placed on a coated microscope slide. For the ini-

tial gap studies, acrylamide of 6% w/w of a 40% w/w stock (Fisher Scientific,

Pittsburgh, PA), varying amounts of a 2% stock w/w bisacrylamide (Fisher Sci-

entific, Pittsburgh, PA), and Milli-Q water were mixed together to create a total

of 5 mL. Acrylamide monomer and bisacrylamide crosslinker concentrations had

to be modified and tested in order to achieve similar z-axis heights with vary-

ing stiffness for contact scheme. This liquid was degassed by bubbling argon

for 10 minutes to remove oxygen. These stocks were then aliquoted and stored

at -20◦C. 2,2’-Azobis(2-methylpropionamidine) dihydrochloride (0.5 wt%, Sigma-

Aldrich, St. Louis, MO) was added to thawed aliquots of 1 mL of solution. The

solution was mixed carefully by rotating the tube several times and sonicating

for 5 seconds. 7.5 uL of the solution was added to the interface between the two

comb halves in contact. The DCDMS coverslip was added on top of the solution.

The comb-polymer solution-coverslip setup was then irradiated with 305 nm UV

light 2 inches directly above the setup with a surface intensity of 0.85 mW/cm2

for 10 minutes. After 10 minutes, the DCDMS coverslips and glass were carefully

removed from the comb. Peeling the coverslip off required gentle removal to ensure

that the PA did not tear off the comb pair. Once the comb pair was separated,

it was immediately added into 2 mL of 1X Dulbecco’s Phosphate-Buffered Saline

(DPBS, Invitrogen, Carlsbad, CA). These gels were allowed to swell by incubation

in PBS at room temperature for 24 hrs. Polyacrylamide mixtures were char-

acterized by atomic force microscopy (AFM) to assess stiffness of the gel [116].

0.2 mg/ml of Sufosuccinimidyl-6-(4-azido-2-nitrophenylamino)-hexanoate (Sulfo-

SANPAH, Pierce Biotechnology, Rockford, IL) diluted in 50 mM HEPES buffer at

pH 8.5 was used to covalently link protein to the polyacrylamide via established

methods [116]. The Sulfo-SANPAH was washed twice with the HEPES buffer.

Next, 10 ug/mL fibronectin (Sigma-Aldrich, St. Louis, MO) diluted in HEPES
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was added and allowed to attach to the surface overnight at 37◦C. The solution

was removed from the combs and combs were rinsed once more with DPBS. The

combs were sterilized under UV light in the tissue culture hood for 45 minutes and

then used for cell seeding and attachment.

3.2.2 Gel thickness and stiffness

Gels were prepared as above with the addition of 10µl/ml of 0.5 µm fluo-

rescent 505/515-carboxylated microspheres (Invitrogen, Carlsbad, CA) and 0.1%

v/v Tween-20. The gels were allowed to swell in DPBS overnight. A 600X CARV

II confocal microscope (BD Biosciences) was used to visualize the spheres and de-

termine thickness post-swelling by panning from the bottom of the gel to the top

in the z-direction while gels were in PBS [117]. Five randomized points on the

gel-comb device were taken from 6 comb halves (n=30) per stiffness to determine

thickness. Stiffness was quantified via Atomic Force Microscopy (AFM). AFM data

was collected by averaging 10 points per comb on 3 separate combs (n=30/group).

3.2.3 Cell culture

Adipose derived stem cells (ASCs) were harvested from 7 different donor

patients. Two groups of three patients’ cells were pooled together. These cells were

isolated from donor ages between 20 - 31 years of age by methods described pre-

viously [114] with the approval of the UCSD human research protections program

(Project 101878). All the following experiments were carried out with informed

consent and compliance with UC San Diego’s institutional guidelines. These

cells were cultured in adipose cell growth media (AGM) made up of low glucose

Dulbecco’s modified Eagle’s medium (low-glucose DMEM) (Invitrogen, Carlsbad,

CA), containing 10% fetal bovine serum (FBS, Hyclone), and 100-units/mL peni-

cillin/streptomycin (P/S, Invitrogen, Carlsbad, CA). Cells were passaged at 1:4

and were used for experiments up to passage number 6. Murine C2C12 myoblasts

(ATCC, Manassas, VA) were grown as described previously in growth media (GM)

with 4.5 g/L glucose-Dulbecco’s modified Eagle’s medium (DMEM), 10% FBS, and
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1% P/S.

3.2.4 Monoculture differentiation assays

Each of the fibronectin coated PA comb pairs were placed in a 12-well plate.

ASCs were seeded on 1, 10, and 34 kPa gels coated combs. Combs without a gel

but with adsorbed fibronection at 10 µg/mL were used as a control. Each comb

pair was seeded with 30,000-40,000 cells per well in 2 mL of media. The plate was

shaken for 5 seconds after seeding for 30 minutes and 1 hour in order to promote

even cell seeding on the surface. After cells were attached, combs were removed

and placed into a new 12-well plate with the same AGM. Media was replaced every

two days in culture. After 6 days, the cultures were washed with PBS and fixed

with 4% paraformaldehyde for 10 minutes for staining. Duplicate stiffness combs

were stained for βIII-Tubulin, MyoD, or CBFA1 to identify neuronal, myogenic

and osteogenic differentiation, respectively, as previously demonstrated. Staining

was carried out as described below.

3.2.5 Gap co-culture differentiation assays

Combs were prepared as mentioned above with or without PA and function-

alized with fibronection. Comb halves were separated and male combs were used

for ASC seeding and analysis whereas female halves were seeded with either ASCs

or C2C12 myoblasts. The ASC halves were seeded with 30-40,000 cells in AGM

and the myoblasts with 750,000 cells in GM per 12-well. The cells were allowed

to attach and shaken as in the monoculture studies. Once attached, the cells were

taken out of the 12-well, dipped and rinsed in PBS and added into a new 12-well

with 2 mL AGM. Combs were fit together in the following configurations in dupli-

cate (4 groups): 1) ASCs in co-culture with ASCs on silicon, 2) ASCs on 10 kPa

gels in co-culture with ASCs on 10 kPa gels, 3) ASCs in co-culture with myoblasts

on silicon, 4) ASCs on 10 kPa gels in co-culture with myoblasts on 10 kPa gels. All

co-cultures were in the gap configuration so that cell contact interactions could not

occur. Media was changed every two days. On day 6, the cultures were either fixed
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with 4% paraformaldehyde for downstream staining or male halves were disengaged

from the females and RNA was isolated for downstream qRT-PCR gene expres-

sion analysis. Staining was performed as in the monoculture assays with MyoD for

the myogenic differentiation marker and with an anti-human mitochondrial DNA

antibody (Millipore) that identifies only the human cells. RNA was isolated from

only the male halves of the combs and pooled from triplicate cultures, converted

to cDNA and analyzed with qPCR. Desmin and Myogenin were analyzed for gene

expression in PCR. Fold expression was averaged from six separate experiments.

3.2.6 Migration studies

Myoblasts were seeded to confluence on comb halves of either 40 kPa or 1

kPa pairs. Once cells adhered, halves were placed into contact with another gel

type without any cells in 2 mL of GM. Groups consisted of the following: cells on a

1 kPa gel in contact with a 40 kPa gel with no cells, cells on a 1 kPa gel in contact

with a 1 kPa gel with no cells, and cells on a 40 kPa gel in contact with a 1 kPa

gel with no cells. Other permutations using 10 kPa (instead of a 1 kPa) and 40

kPa were also tested. Once adhered after 3 hours, the halves were snapped with

another corresponding half. After 4 days, the combs were stained with Desmin

and Hoescht.

3.2.7 ASC differentiation on varying stiffness gels in either

contact or gap mode

As with the gap co-culture studies, gels were generated on comb pairs fit

into tight contact. In this case, all combs were modified with either 10 kPa or 40

kPa gels. Once polymerized, swollen, and protein functionalized with fibronectin,

cells were seeded on comb halves. The cells were allowed to attach and shaken as in

the gap co-culture studies. Once attached, the cells were taken out of the 12-well,

dipped and rinsed in PBS and added into a new 12-well with 2 mL AGM. Some

of the comb pairs were substituted such that groups with 40 kPa male halves and

10 kPa female halves were placed into contact. Because these gels post-swelling
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measured 30 ţm in height, cells could be placed on both halves and maintain z-

axis contact. Cells were seeded to confluence on individual halves to create the

following groups: ASCs on 40 kPa in contact or gap with myoblasts on 10 kPa,

ASCs on 10 kPa in contact or gap with myoblasts on 10 kPa, and ASCs on 40 kPa

in contact with ASCs on 40 kPa as a control (5 groups, n=3/group). AGM media

was replaced every other day. After 6 days, RNA was collected from the male ASC

half of each culture group. qPCR was carried out with Desmin, Myogenin, and

GAPDH to test myogenic gene expression.

3.2.8 Immunofluorescence staining

After fixing in 4% paraformaldehyde (Wako Chemicals, Richmond, VA) for

10 minutes, combs were rinsed with PBS. A solution of 1% Triton X-100 in PBS

was added for 15 minutes at room temperature. The combs were then rinsed with

a staining solution (SS) made with 1mM MgCl2 in 1X PBS. Primary antibodies:

Desmin (1:200, Abcam, Cambridge, MA), neuronal βIII-Tubulin (1:100, Sigma,

St. Louis, MO)), MyoD (1:100, Santa Cruz Biotechnologies, Santa Cruz, CA),

CBFA1 (1:100, Alpha Diagnostic International, San Antonio, TX) and for some

assays Human Mitochondrial DNA (1:200, Millipore, Temecula, CA) were added

to 2% BSA in SS for 30 minutes at 37◦C. The solution was removed and washed

3X with SS. Next, secondary antibodies, AlexFluor 488 or AlexaFluor 568 (1:200,

Invitrogen, Carlsbad, CA) were added in 2% BSA in SS for 30 minutes at 37◦C.

The solution was removed and washed three times with SS. Hoescht 33342 (0.1

µg/ml in DI water, Invitrogen, Carlsbad, CA) was incubated for 10 minutes at

room temperature. Finally, the samples were rinsed with PBS and combs were

individually mounted on microscope slides with Fluoromount-G (Southern Bio-

sciences, Birmingham, AL). Immunofluorescence was carried out using the CARV

II Confocal Microscope (BD Biosciences). Images were taken with a Nikon Eclipse

TE2000-U microscope with a Cool-Snap HQ Camera and were then analyzed by

Metamorph 7.6.
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3.2.9 Quantitative polymerase chain reaction (qPCR)

After 6 days, male combs were carefully removed from the female combs and

transferred to a new plate. The RNEasy kit (Qiagen, Valencia, CA) was used to ex-

tract total RNA from cells. The lysis buffer was directly added to the comb surface

and a cell scraper was used to remove and consolidate cells from the comb into the

solution. The RNA from two male combs in the same group was pooled together to

improve yield. cDNA was synthesized via Superscript III Reverse Transcriptase kit

(Applied Biosystems). SYBR Green PCR Master Mix (Applied Biosystems) was

used with a 10 µM final concentration of forward and reverse primer. Primers

were designed to be human specific (e.g. did not cross-react with the mouse

genome) using human and mouse BLAT genome software (genome.ucsc.edu).

Myogenin (NM002479.4) F: 5’-GCCTTGATGTGCAGCAACAGCTTA-3’, R:

5’-AACTGCTGGGTGCCATTTAAACCC-3’; Desmin (NM001927.3) F: 5’-

CCGCGGGCGGGTTTCGGCTC-3’, R: 5’-GGCCACTCGCGTCGGCTCGC-3’;

and GAPDH (NM002046.4) F: 5’-TGAGCCCGCAGCCTCCCGCTT-3’, R: 5’

TCAGCGCCAGCATCGCCCCACT-3’.

Samples were done in technical triplicates on the ABI Prism 7900 HT Fast

Real-Time PCR System (Applied Biosystems). The following thermal cycle set-

tings were used: 2min at 50◦C, 10 min at 95◦C, followed by 40 cycles of 15 sec at

95◦C and 1 min at 60◦C. The SDS 2.3 Software (Applied Biosystems) was used to

record and analyze cycle number and gene expression fold change. All data was

normalized to GAPDH. Gap gene expression studies were then normalized to adi-

pose stem cells seeded on non-polyacrylamide silicon combs or adipose stem cells

on 40 kPa alone in the final experiment.

3.2.10 Statistical evaluation

Significance was tested for all experiments using a 1-way ANOVA with a

two-tailed distribution followed by Tukey post-hoc t-test with a 95% confidence

interval. Mean fold changes and standard deviations for gene expression mea-

surements were calculated with at least experimental triplicates. AFM data is

represented with averages and s.e.m.
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3.3 Results

3.3.1 Gel polymerization and characterization on the sur-

face of the device

Polyacrylamide (PA) gels have been previously functionalized to borosilicate

glass coverslips and slides to control substrate stiffness [98, 107, 114, 116].These

protocols were modified specifically for the co-culture device to ensure that

complete coverage of each comb finger was achieved. Combs were cleaned,

plasma treated with ultraviolet-ozone, and methacrylate functionalized. An azo-

photoinitator was used to allow for temporal control of the PA polymerization. UV

initiated acrylamide polymerization allows the solution to be carefully placed on

the device and to evenly cover the surface of the fingers before the polymerization

occurs.

To promote even and consistent polymerization, combs were pre-fit to en-

sure that there were no gaps in the comb fingers when in contact mode to pre-

vent leakage of the acrylamide solution. Additionally, the combs were placed on

dimethyldichlorosilane (DCDMS) coated microscope slides to prevent sticking of

residual PA gel to the glass and to easily remove the polymerized comb from the

glass surface (Fig. 3.1a). The solution was carefully added to the center of the

comb-pair interface, and a DCDMS coated coverslip was placed on top of the liq-

uid. The liquid spread via surface tension provided by the glass coverslip on the

comb (Fig. 3.1b). Once the solution was applied evenly, the combs were placed

(with minimal movement) under a 305 nM UV lamp for 10 minutes. Afterwards,

the coverslip was carefully peeled off the comb. Comb pairs were separated from

each other with the PA gel in a dehydrated state so that the gel features would be

maintained on the comb fingers before swelling in PBS. Once in PBS, several rinses

were performed to eliminate any free monomer. Proteins were then attached to

the hydrogel surface via N-Sulfosuccinimidyl-6-[4’-azido-2’-nitrophenylamino] hex-

anoate (sulfo-SANPAH), which reacts with primary amines on the protein and

links them to the PA gel. The overall process from comb preparation to cell seed-

ing is depicted in Fig. 3.1c. All configurations of the device (separated, gap, and
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contact) are shown in Fig. 3.1d-f.
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Figure 3.1: Setup and scheme of device modification. (a) Three cleaned
and methacrylate functionalized combs are placed into contact onto a DCDMS
coated glass slide to demonstrate the scale of the device. (b) The overall scheme
of the device begins with pirhana cleaning and UVO treatment to first activate
the device surface. Next, methacrylate groups are functionalized on the surface
in order to covalently link polyacrylamide to the surface. The polyacrylamide
solution consists of acrylamide monomer, bisacrylamide crosslinker, water, and
the azo-photoinitiator. These are degassed, well mixed and added to the comb
as shown in (c). 7.5 µL of polyacrylamide (PA) solution is placed on the comb
on the DCDMS coated glass slide. A DCDMS coated coverslip is carefully added
to the top of the drop of PA solution to allow even solution spreading over the
device. After 10 minutes of exposure to 305 nm UV light, the PA has gelled and
the coverslip is carefully peeled off (see inset). The combs are separated and placed
in PBS to swell. Then sulfo-SANPAH crosslinker in HEPES buffer is added for
10 minutes under 350 nm UV light. The protein is attached and the device is
sterilized with UV. Cells are then added to the surface. The final inset shows a
finger of a comb containing ASCs illuminated by a 40X upright microscope.
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Figure 3.2: Polyacrylamide stiffness on the device and ASC differenti-
ation. (a) The elastic modulus of the gel linked to the device in PBS at room
temperature is determined by AFM. Monomer and initiator are fixed and bisacry-
lamide is varied. Positive staining for (b) βIII-tubulin on 1 kPa, (c) MyoD on
10 kPa, and (d) CBFA1 on 34 kPa represent differentiation in the appropriate
lineages based on previous work with these substrate stiffnesses.
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PA gels were polymerized from acrylamide solutions with bisacrylamide

concentrations of 0.028 w/w%, 0.1 w/w%, and 0.2 w/w%, resulting in soft (1

kPa), intermediate (10 kPa), and stiff PA gels (34 kPa), respectively, as measured

by atomic force microscopy (AFM) (Fig. 3.2a). 7.5 µL of the acrylamide solution

was found to create a 30-50 µm tall PA gel, which is above the 20 µm thick threshold

that ensures cells feel the gel and not the substrate below [118, 98]. Fluorescent

microbeads in the polymerization mixture allowed us to determine with confocal

microscopy that our gels consistently exceeded the minimum height requirement.

3.3.2 Myogenic differentiation of ASCs is increased by com-

bining myogenic stiffness and paracrine interactions

Choi et al. recently showed that ASCs differentiate into neuronal, myo-

genic, and osteogenic lineages on 1, 11, and 34 kPa, respectively. We first tested

whether these results could be reproduced on the combs because the monomer

and crosslinker ratios, initiator, and substrate were different, though the stiffness

values were similar. ASCs alone were cultured for six days in growth media and

stained for βIII-Tubulin, MyoD, and CBFA1 as shown in Fig. 3.2b-d. While βIII-

Tubulin was found in cells on all stiffnesses, cells on 1 kPa combs showed increased

branching and a neuronal morphology compared to the two stiffer gels (Fig. 3.2b).

MyoD and CBFA1, transcription factors that are indicative of myogenic and os-

teogenic differentiation, were present and punctuated in nuclei on the 10 and 34

kPa gels, respectively (Fig. 3.2c-d); positive staining was not present on gels of

other stiffness (3.3). Monoculture results on individual combs supported the find-

ings of Choi et al., demonstrating a higher propensity for neuronal, myogenic, and

osteogenic differentiation on combs modified with 1 kPa, 10 kPa, and 34 kPa gels,

respectively.



50

Figure 3.3: βIII-Tubulin, MyoD, and CBFA1 antibody staining on poly-
acrylamide linked silicon combs. (A) βIII-Tubulin (green) and nuclei (blue)
staining on 11 kPa gels in (B) on 34 kPa gels show a spread out, fibroblast-like
morphology, scale bar = 200 µm. (C, D) Negative staining for MyoD (green) and
nuclei (blue) on a 1 and 34 kPa gel respectively, scale bar = 200 µm, 50 µm. (E,
F) Representative image of negative staining for CBFA1 (green) and nuclei (blue)
on an 11 and 1 kPa gel (scale bar =50 µm, and 200 µm repsectively).
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We then sought to demonstrate the utility of this device by studying the

effect of substrate stiffness and skeletal myoblasts co-culture on ASC differentiation

in three distinct configurations. First, combs with adsorbed fibronectin or with a

fibronectin-coated myogenic stiffness (10kPa) gel were created. The male half of

the comb was seeded with ASCs and the female half with either ASCs or myoblasts

(Fig. 3.4a).
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Figure 3.4: Experimental setup. Schematics explaining all cell culture
setups to demonstrate utility of the technology. The gray shaded cultures
are those to which the qPCR results are normalized. (a) Gap studies comparing
10 kPa gels to bare silicon on the combs with ASC’s (blue) and myoblasts (green).
The results are shown in Fig. 3.5. (b) Migration studies with myoblasts were
used in the permutations described with various gel types in contact. ASC’s on 40
kPa were also stained to show contact on the same plane on different comb halves.
Results are shown in Fig. 3.7. (c) ASC differentiation on various gel stiffness in
either contact or gap mode. Gene expression studies using a combination of 10
and 40 kPa gels in gap or contact were analyzed to show changes in myogenic gene
expression. IF and qPCR results are shown in Fig. 3.9.
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The device was kept in gap configuration so that the ASCs experience only

the paracrine signals from cells across an 80 µm gap, and not the physical or con-

tact cues from the other cell type. After 6 days, a subset of ASCs on 10 kPa gels

in both the presence or absence of myoblasts showed punctate positive staining

for MyoD on the comb fingers (Fig. 3.5a-b) whereas staining was undetectable

in ASCs cultured on bare silicon. A human mitochondrial stain confirmed that

the stained cells were human and not contaminating murine cells (Fig. 3.5c-d,

Fig.3.6). This data suggests that both myoblast co-culture and myogenic stiff-

ness were promoting ASC myogenesis. MyoD staining was used to confirm that

myogenesis had occurred; however extent of myogenesis was quantified via gene

expression measurements. RT-PCR gene expression was used to further assess

myogenesis of ASCs on only the male halves (ASC halves) of the combs in the

ASC-myoblast co-cultures. This was to ensure that only the ASC RNA was iso-

lated and analyzed. Additionally, human specific primers were used as a second

means of selecting for only human cells. ASCs were analyzed after six days for ex-

pression of Desmin, a later stage muscle-specific intermediate filament protein that

proceeds fusion citePaulin:2004aa,Londhe:2011aa, and Myogenin, an early muscle

regulatory factor (MRF) responsible for initiating the cascade of skeletal muscle

gene activation [119]. Fig. 4e-f shows normalized gene expression changes from

qPCR for these two genes; Desmin expression significantly increased when both

myoblasts and myogenic stiffness were present (Fig. 4f). Myogenin levels showed

a similar increase though not significant when both cells and myogenic stiffness

were present (Fig. 3.5e).

Secondly, the device was used in contact mode to illustrate the influences of

cell-cell contact. While gel height does not impact gap mode, contact mode requires

gels that are in physical contact, share a border, and are on the same plane. In

other words, the gels should have the capability to be seeded separately and once

placed into contact allow for cell-cell physical contact across the interface. In our

initial gap mode experiments, differential gel swelling as a result of two dissimilar

polymer concentrations resulted in different gel heights. For contact mode, it

was essential to create gels that maintained near identical heights to ensure only
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Figure 3.5: Myoblasts in co-culture with ASCs on 10 kPa gels demon-
strate increased myogenesis. ASC’s and myoblasts were co-cultured in the fol-
lowing groups: ASC-ASC (silicon), ASC-ASC (10 kPa), ASC-myoblast (silicon),
ASC-myoblast (10 kPa) for 6 days in growth medium. (a-d) A representative im-
age of myogenic differentiation demonstrates positive staining for MyoD (green) in
adipose derived stem cells on 10 kPa gels. The arrow emphasizes the positive green
staining. Note the lack of MyoD in the adjacent cell on the right half of the image.
MyoD staining was scarcely observed in all cultures except for ASC-ASC (silicon).
A Human mitochondrial DNA antibody (red) was used to distinguish the human
ASCs from the murine myoblasts. Hoechst stained the nuclei (blue), scale bar =
50 µm. (e) qPCR results for Desmin shows an increase in gene expression when
ASCs are plated on either 10 kPa alone or co-cultured with myoblasts on silicon
compared to ASCs on bare silicon alone. A synergistic increase is observed when
both 10 kPa gels and myoblasts are present in gap compared to 10 kPa mono-
culture or co-culture on bare silicon (*p< 0.05, **p< 0.01). (f) The same trend
is observed for Myogenin gene expression when both cells and gel are present in
culture. Data represents the mean and standard deviation for 6 replicates.
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lateral cell-cell contact. As a result, contact mode experiments utilized different

acrylamide and bisacrylamide formulations to yield a consistent 30 µm gel height

post swelling as graphed in Fig. 3.7a. The heights were not statistically different

(Fig. 3.7b), and averaged 30.4, 28.2, and 28 µm for the 40, 10 and 1 kPa gels,

respectively. The heights of contact formulations were further characterized with

AFM topographical maps (3.8a-b) to further emphasize that the two disparate gels

are on the same plane and in contact with each other. With a contiguous surface,

we then asked whether cells migrated from one comb half to another. Myoblasts

were grown to confluence on 1 and 40 kPa comb halves, and once adhered, the

half was put into contact with another fibronectin functionalized 1 or 40 kPa half

without cells (Fig. 3.2b). Note that myoblasts had not fused into myotubes. All

permutations were tested to determine whether migration across the comb would

occur; after 4 days, no directed migration, or "durotaxis [120]," was seen in any

of the configurations including mismatched ones. Fig. 3.7c-e demonstrates that

these cells do not migrate to the other half regardless of stiffness pairing. When

cells were seeded on both halves, ASCs were seen extending projections across the

gel interface but still did not exhibit durotaxis (Fig. 3.7f).
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Figure 3.6: Human mitochondrial DNA and Desmin antibody staining
on C2C12s and ASCs. C2C12s and ASCs in top and bottom rows respectively
were plated in separate wells and once adhered, stained with desmin (green), hu-
man mitochondrial DNA (red), and Hoescht (blue). Exposure times for each chan-
nel were kept constant for both cell types to show specificity of each antibody, scale
bar = 200 µm.
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Figure 3.7: AFM height map of contiguous gels in contact. Two repre-
sentative AFM height maps of the interface between two fingers of a 10 kPa and
40 kPa pair placed into contact and submerged in PBS. AFM topographical maps
were generated to show that the gels were i) disparate or non continuous and ii)
on similar enough heights in regard to the scale of a cell 10 µm. Height maps
with a z-axis scale from 0-3 µm. In a) the interface between the combs shows a
valley, in b) the gels are closer on the surface and do not display a valley, but a
shift in height. Note the 2-D nature of these graphs show that variation in the
z-axis is small (3 µm) and that cells can physically touch on the z-axis plane from
one comb to another.
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Figure 3.8: Confirmation of contact formulations and cell-cell contact.
For contact studies, the gels required same heights between soft, medium and stiff
moduli in order for cells to experience physical contacts on heterotypic gel stiffness.
(a) The elastic modulus determined by AFM for stiff (blue, 40 kPa), medium (red,
10 kPa), and soft (black, 1 kPa) gels. Each gel is created with varying formulations
of monomer and crosslinker. (b) The corresponding heights of each of the gel types
show an approximate 30 micron height on the surface of the comb when swollen
in PBS. Myoblasts were added to the 1 or 40 kPa gels prior to putting them
in contact with a gel that contained only a fibronectin functionalized gel and no
cells. These cells were stained for Desmin (green) and Hoechst (blue) for myoblast
identification and nuclei, respectively. (c) Cells on a 1 kPa gel in contact with
a 40 kPa gel with no cells, (d) cells on a 1 kPa gel in contact with a 1 kPa gel
with no cells, (e) cells on a 40 kPa gel in contact with a 1 kPa gel with no cells
(scale bars = 200 µm). No significant migration was observed after four days in
culture for each of these formulations. (f) ASC’s were plated on different 40 kPa
gels and placed into contact for 6 days. Cells were stained with phalloidin (green)
and human mitochondrial DNA (red), and nuclei (blue). The dashed line in (f)
represents the interface between the cells, scale bar = 25 µm.
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Finally, we examined the interplay of stiffness, paracrine, and cell-cell con-

tact signals on ASC myogenesis by intentionally mismatching 10 and 40 kPa sub-

strates for given cell types to examine cell fate.. The following groups were cultured

(Fig. 3.4c): ASC (40 kPa) - ASC (40 kPa) in contact, ASC (40kPa) - Myoblasts

(10 kPa), and ASC (10 kPa) - Myoblasts (10 kPa) in either gap or contact (5

groups, n=3/group). These cultures (both in gap and contact) were created using

the polyacrylamide formulations as previously characterized in Fig. 5a to ensure

equal heights between gels in contact. IF images show the two cell types plated in

contact on the different gels (Fig. 3.9a). Desmin positive cells were found when

ASCs were cultured on 10kPa gels (Fig.3.9b , Fig. 3.10). This staining was not

localized to a specific region on the fingers of the comb. Sparse Desmin positive

staining was found on ASCs seeded on 40 kPa gels co-cultured with myoblasts

(Fig. 3.10b). To confirm myogenesis, qPCR was also carried out to determine

how disparate gel stiffnesses and configurations affected myogenic gene expression

(Fig. 3.9c). Myogenin was significantly upregulated in all groups co-cultured with

myoblasts compared to ASCs on 40 kPa alone. While a similar trend was observed

with Desmin, only ASCs on a 10 kPa gel were significantly increased compared to

ASCs on 40 kPa alone. Both Desmin and Myogenin were significantly upregulated

with ASCs on 10 kPa in contact with myoblasts compared to ASCs on 40 kPa

in gap with myoblasts. This suggests that a 10 kPa substrate and contact with

myoblasts increases myogenic gene expression.
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Figure 3.9: Differentiation of ASCs in co-cultures on 40 or 10 kPa gels
in contact or gap. Co-cultures were setup with the following groups: ASC (40
kPa)-ASC (40 kPa) contact, ASC (40 kPa)-myoblast (10 kPa) contact and gap,
and ASC (10 kPa)-myoblasts (10 kPa) contact and gap (5 groups, n = 3 per
group). (a) Myoblasts stained positive for Desmin (green) on a 10 kPa gel and
ASC’s stained for human mitochondrial DNA (red) on a 40 kPa gel are placed in
contact, scale bar = 200 µm. (b) A representative image of a positively stained
Desmin cell on an ASC half of a comb on 10 kPa gel, scale bar = 25 µm. (c) qPCR
results showing all groups normalized to ASC’s on 40 kPa gels. Fold change on
a log 2 scale is used to clearly represent the data in graphical form (*p < 0.05,
**p < 0.01). Myogenin in the ASC 40 kPa control is significantly downregulated
compared to all other groups (†p < 0.01). Error bars have been included in all
data contained in the graphs.
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Figure 3.10: Desmin positive staining on ASCs 6 days in co-culture with
myoblasts (10X resolution). Two representative images of positive desmin
staining (green) co-stained with human mitochondrial DNA stain (red) on ASC
halves on a (A) 10 kPa gel and (B) 40 kPa gel after 6 days in culture, scale bar =
200 µm. These images were taken in the middle of the finger of each ASC half.
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3.4 Discussion

There is a need to develop novel technologies for 2-D in vitro cell culture,

which can examine the different variables that cells experience in vivo such as

substrate stiffness, paracrine/autocrine signals, cell-cell physical interactions, and

cell-matrix interactions. The technology we have developed has many advantages

over traditional co-culture. The reconfigurable co-culture device allows for two

cell types to be individually examined in pure populations. This has already been

demonstrated previously as a more useful co-culture tool as one can observe con-

tact, paracrine, and temporal changes independently [50, 109].Yet as mentioned,

many groups have studied cell behavior on substrates of varying stiffness in the

context of stem cell differentiation, wound healing, cancer metastasis, and aging

[92, 93, 94, 95, 96].

Currently, the field lacks methods to examine cell substrate and cell inter-

actions in an organized, independent way. No existing cell culture methods allow

one to independently examine substrate stiffness and co-culture with separable cell

populations. By covalently linking a polyacrylamide gel on the silicon surface of

the reconfigurable co-culture device, we developed a platform to independently

vary substrate stiffness of two cell populations, which can be cultured in either

contact with each other or with a gap, which only allows paracrine signals between

the populations. Moreover, each comb half can be functionalize with different

ECM proteins, thereby also allowing one to examine additional cell-matrix inter-

actions. We show that cells on one comb half will interact with cells on the other

when placed in contact, yet will remain on their respective half, which allows cell

populations to be examined individually. With this system in place, the user can

examine: 1) cell contact interactions, 2) cell paracrine interactions, 3) substrate

stiffness, 4) cell-ECM protein interactions, and 4) temporal changes by removing

one comb half and inserting another. With any co-culture tool it is important that

the user can make easy readouts. We have shown that RNA can easily be isolated

from polyacrylamide gels on the silicon surface and immunofluorescence can be

carried out directly on the device. Cell lysates can be collected in similar fashion

though were not shown here.
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Adipose derived stem cells (ASCs) have been shown to differentiate into

neuronal, myogenic and osteogenic lineages by culturing them on approximately

1, 11, and 30-40 kPa polyacrylamide (PA) gels respectively [114]. These gels

were previously synthesized by free radical initiation using ammonium persulfate

and N,N,N’,N’-Tetramethylethylenediamine covalently linked to amino-silanated

glass coverslips [114, 116]. In order to functionalize this polymer on the silicon

reconfigurable co-culture device, we adapted alternative methods to covalently

link the polymer to the substrate and UV initiate the polymerization. In this way,

the user can prepare and pipette the solution on the surface carefully and control

the initiation of the polymerization. AFM was used to characterize these new gel

formulations on the device. We repeated the studies of Choi et al. on these gels

by plating ASCs on 1, 10, and 34 kPa gels functionalized on the combs. Positive

immunofluorescence staining for neuronal, myogenic, and osteogenic markers on

1, 10, and 34 kPa gels respectively was consistent with previous findings and thus

we moved forward to with additional studies to examine the potential of this

technology.

Groups have previously shown that paracrine signaling by myoblasts cause

spontaneous differentiation of ASCs [121, 100]. However, no groups had previously

shown the combination of substrate and cell signaling influence on ASC myoge-

nesis. It was hypothesized that by adding myoblasts in culture combined with

a myogenic stiffness, ASC myogenesis would increase. We took advantage of the

gap configuration of the device to model this paracrine effect and functionalized

a 10 kPa PA gel to its surface. Co-culture with myoblasts in combination with

a substrate of myogenic stiffness showed a synergistic increase of myogenic differ-

entiation relative to ASC’s on silicon alone, as shown by increased expression of

Desmin and Myogenin.

Previous studies have shown myogenic differentiation of ASCs and MSCs

with myoblasts in direct co-culture [122, 123, 115]. However, it is often unclear as

to whether these cells are merely fusing with one another or inducing myogenesis

via contact dependent mechanisms. One advantage of the modified reconfigurable

co-culture device is that it allows the user to maintain, examine, and perform
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qPCR/IF readouts on only one population, even when cells are in contact. This

cannot be achieved in standard culture setups unless harsh separation methods

such as flow cytometry are used. Previous gel formulations in our initial studies

performed in the gap configuration varied in height between the different stiff-

nesses. In order to carry out cultures in contact with disparate stiffnesses, new

gel formulations were used to ensure cell-cell contact on the same plane. Advanta-

geously, these cells also were maintained on their respective comb half regardless

of gel substrate stiffness. This is most likely due to the fact that the two gels

are discrete, or non-continuous, even though they are in physical contact and on

the same plane. Choi et al. demonstrates that on gels with gradient stiffness, cells

"sense" the stiffer environment and thus move towards stiffer areas [124]. However,

in our co-culture regime, this cue is eliminated. Though the gels are physically

touching on the same plane, they are discontinuous and not physically crosslinked

across the interface of the fingers of the comb. Consequently as the cells contract

their local matrix, deformations within one gel do not propagate to the other; thus

cells cannot sense the other gel via typical mechanotransduction mechanisms [125].

Further evidence of this discontinuity can be seen in the representative AFM to-

pographical map, which shows a very slight, 3 µm change in the z-plane. The cells

would not be able to physically sense the other gel half without cell-cell interaction

between the interfaces. This is important in regard to maintaining populations of

cells on their respective halves; cells are prevented from migrating to the other gel

interface, but can establish physical contacts across the fingers of the comb.

We thus examined the effect of contact of ASCs with myoblasts and ob-

served whether this would increase myogenesis over paracrine signaling alone. Si-

multaneously, to further show utility of this device, we compared ASCs seeded

on 40 kPa to those seeded on 10 kPa. Desmin staining was detected on all cul-

tures with 10 kPa gels and less commonly on 40 kPa gels when myoblasts were

present in culture. As mentioned previously, we did not quantify staining due

to the rarity of the MyoD/Desmin staining in cultures. However, it is important

to note that immunofluorescence quantification can be carried out on this device

[109]. It has been shown previously that gene expression quantification (RT-PCR
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and qRT-PCR) for myogenesis of ASCs is an accurate correlation for myogenic

protein expression [126, 122, 114, 100]. Desmin and Myogenin gene expression of

ASCs showed a consistent trend. In general, myoblasts in contact increased gene

expression relative to gap alone. However, gene expression for both genes was sig-

nificantly higher when ASCs were plated on 10 kPa and in contact with myoblasts

versus ASCs on 40 kPa in gap with myoblasts. It should be noted, however, that

only the cells at the interface of the comb fingers experience direct cell-cell contact.

These reasons could explain why contact only marginally increased gene expres-

sion relative to gap. ASCs cultured on 10 kPa gels caused an increase of myogenic

gene expression relative to those plated on 40 kPa gels. This supports previous

findings that 10 kPa gels are in the stiffness regime that is ideal for increased myo-

genesis, and that this substrate stiffness in combination with myoblast co-culture

synergistically upregulates ASC myogenesis.

This device has allowed us to probe differences between cell contact and

paracrine effects on cells cultured on varying substrate stiffness for this first time.

The cells are cultured on separable, spatially organized substrates that achieve

a large surface area for cell interaction in 2-D. The culture setup restricts cell

migration to allow for gene and protein expression analysis on solely one cell type.

This system is not only useful for examining changes in stem cell differentiation

but can be applied to study more complex systems in which controlling co-culture

and cell microenvironment can elucidate basic mechanisms in cell biology. With

numerous potential applications, this device can span multiple disciplines as a

useful tool to understanding basic cell-cell and cell-matrix interactions.

Chapter 3 in part is a reprint of the material Rao N, Grover G N, Vincent

L G, Evans S, Choi Y S, Spencer K, Hui E E, Engler A J, Christman K L. A

co-culture device with a tunable stiffness to understand combinatorial cell-cell

and cell-matrix interactions. Integrative Biology. 2013; 5: 1344-54. Inside cover

article. The dissertation author was the primary author.



Chapter 4

Utilization of a skeletal muscle

matrix hydrogel and multiple cell

delivery approach to treating hind

limb ischemia

4.1 Introduction

As mentioned in Chapter 1, peripheral artery disease (PAD) affects millions

of people globally [13]. Because of the prevalence and the lack of a viable therapy,

there is a pressing need to create treatments for this disease. In early stages of PAD

onset, blood vessels are partially occluded by either calcification or atherosclerotic

plaques. This leads to decreased blood flow in the legs. Over time, this lack of

blood flow causes a scarcity of nutrients to the surrounding muscle tissue.

Cell delivery is a potentially viable option for treating PAD. Studies in

rodents and large animal models have proven very promising and have progressed

to clinical trials. As previously mentioned, a number of cell types have been used

to treat PAD [19, 20, 21, 22, 23, 24]. However, it is unclear whether one cell type

or multiple co-delivered are necessary to effectively treat the disease. Additionally,

it is unclear whether there are more specific subsets of cells or untested types that

66
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could be more beneficial. To emphasize, the primary goal for treating PAD is

to improve vascularization in the ischemic limb. Secondarily, it is important to

regenerate the damaged and atrophied muscle. Skeletal myoblast progenitor cells

have been shown to increase angiogenesis by paracrine effects and, in tandem, can

fuse with one another in damaged muscle to regenerate the tissue [127, 128, 31].

They are advantageous because they can handle ischemic environments, be isolated

from an autologous cell source, and expanded in vitro rapidly and easily [31].

As much as this seems to be a viable therapeutic there are some limitations

to delivering skeletal myoblasts. First, within the first few hours after injection

into ischemic muscle tissue, approximately 90% of the cells die [31]. This is could

be due to the following: low pH, apoptoic paracrine signals, negative effects of

inflammatory cells, and the lack of healthy extracellular matrix [38]. As a result,

groups inject high payloads, which also comes with a price. Injecting dense con-

centrations of cells through a syringe causes issues with death due to shearing

through the needle [129]. Additionally high payloads can also cause over-packing

in the host tissue leading to further apoptosis [130]. Lastly, of the cells that make

it to the site of injection, and remain viable, only a few are actually maintained

and integrated into the host tissue. This is most likely due to the fact that in-

jected myoblasts potentially "wash out" of the location of injection due to limited

anchorage points in damaged tissue [31, 131, 132, 133]. They do not produce much

of their own ECM themselves and thus must rely on production of other cells or

the host environment to attach to.

Addition of a biomaterial in order to mitigate the negative effects of in

vivo myoblast delivery could prove to be an effective therapeutic [134, 135, 136].

In particular, we are interested in the addition of a decellularized skeletal muscle

matrix hydrogel (SkECM) which itself has shown positive results in vivo. Upon

in vivo injection into a rat hindlimb ischemia model, we have shown that the gel

increases neovascularization and recruits endogenous muscle cells [37]. This natu-

rally derived biomaterial is initially an injectable shear-thinning viscous fluid that

when subjected to physiological pH and temperature becomes a hydrogel [37]. An

important factor in injecting material or cells into a patient is the gauge size of the
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syringe used to administer the treatment. Clinical trials have used needle gauge

sizes from 21G up to 30G depending on the cell type and delivery method. It is

preferable to use larger gauge sizes (smaller needles) to decrease pain associated

with cell injections. However, by decreasing needle size, one increases shear death

of the cells upon injection. Previous work using alginate [129] shows a protec-

tive effect on myoblast viability when injected together through the syringe. It

is hypothesized that the SkECM could also provide this protective buffering and

consequently could be a promising technology to combine in tandem with cell in-

jections. Another possible way to help myoblast viability in vivo would be to add

other cell types that stimulate growth or protect them from harsh ischemic condi-

tions. In the heart, groups have shown that the addition of cardiac fibroblasts is

necessary to increase cardiomyocyte viability and promote electrical propagation,

function, and engraftment [48, 137]. In vitro studies suggest that skeletal fibrob-

lasts could also aid in myoblast viability and increase myotube maturation as pre-

viously mentioned in Chapter 2 [109]. In this study, we investigate the potential

for the SkECM to protect myoblasts in 3D culture, push myogenic differentiation

in vitro, and protect the cells during and after injection into the tibialis anterior of

mice with or without the addition of skeletal fibroblasts. Lastly, we translate these

findings to a mouse hindlimb ischemia model to determine whether the SkECM

and/or skeletal fibroblasts can improve engraftment and/or blood perfusion.

4.2 Methods

4.2.1 Skeletal muscle decellularization, neutralization, and

preparation

Porcine lion muscle tissue was harvested from Yorkshire pigs and decellu-

larized following a modified version of a previously reported protocol [37]. Briefly,

the skeletal muscle was cut into small pieces and decellularized in a solution of

1% (wt/vol) sodium dodecyl sulfate (SDS), phosphate buffered saline (PBS), and

0.5% penicillin/streptomycin. After 5 days in SDS solution, the tissue was then
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rinsed in isopropyl alcohol for an additional 24 hours to remove residual fat. The

tissue was rinsed repeatedly with water and frozen at -80◦C. The material was

then lyophilized, milled and collected for long-term storage. The material was

digested with sterile pepsin and hydrochloric acid as previously demonstrated for

2 days [37]. The solution was neutralized on ice in sterile conditions such that

the solution had a final sodium chloride concentration of 8 mg/mL and a pH of

7.4. The gel was aliquoted and frozen at -80◦C then lyophilized for future cell

experiments. The Picogreen Assay (Life Technologies, Carlsbad, CA) and 1,9-

dimethylmethylene blue (DMMB, Sigma-Aldrich) assays were used to determine

amount of DNA isolated (DNEasy Kit, Qiagen, Valencia, CA) from the material

and sulfated GAG content respectively. Gelation was determined when the gel

no longer flowed (i.e. stuck to the bottom of a vial) by previously documented

methods [37].

4.2.2 Rheological and viscosity measurements

To evaluate the storage modulus of the skeletal muscle matrix, lyophilized

protein aliquots were resuspended to create 500 µL of either 6 or 8 mg/mL solu-

tions. These solutions were allowed to gel at 37◦C overnight (n = 3). Gels were

placed on a TA Instruments ARG2 Rheometer with a 37◦C preheated 20 mm par-

allel plate geometry and a 1.2 mm gap distance. Storage modulus was recorded at

frequencies from 0.4 -16 Hz, and plotted at 1 Hz. For viscosity measurements, 200

µL of liquid SkECM was used with a gap height of 500 µm. Data was generated

for frequencies from 0.1-50 Hz.

4.2.3 Isolation of primary GFP myoblasts and mCherry fi-

broblasts

EGFP primary skeletal myoblasts and mCherry skeletal fibroblasts were iso-

lated from transgenic mice, C57BL/6-Tg(UBC-GFP)30Scha/J and B6(Cg)-Tyrc-

2J Tg(UBC-mCherry)1Phbs/J respectively (Jackson Laboratory). The muscle

tissue was harvested from the hind limbs of the mice, minced, and cultured on
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collagen-adsorbed plates. Fibroblasts were removed from the myoblast popula-

tion per previously established protocols [68]. Subsequent rounds of preplating for

approximately 15 passages separated the fibroblast population from the myoblasts.

4.2.4 Cell culture

Mouse primary eGFP myoblasts and primary mCherry fibroblasts were cul-

tured in growth media (GM) consisting of 45% low glucose Dulbecco’s Modified

Eagle Medium (Life Technologies, Carlsbad, CA), 40% HAMS F-10 (Life Technolo-

gies, Carlsbad, CA), 15% fetal bovine serum (FBS, Thermo Scientific), and 0.5%

penicillin/streptomycin (Life Technologies, Carlsbad, CA). bFGF at 2.5 ng/mL

(Life Technologies, Carlsbad, CA) was added to myoblast cultures. For both

the myoblast and the fibroblast cultures, tissue culture flasks were coated with

1 mg/mL collagen in 0.1 M acetic acid for 1 hour at 37◦C and rinsed with 1X Dul-

becco’s Phosphate Buffer Saline prior to seeding. The cells were culture at 37◦C

and 5% CO2 and split 1:3 when 90% confluence was reached; media was changed

every two days.

4.2.5 Cell encapsulation

The lyophilized protein was resuspended with 500 µL of sterile water that

was supplemented with 0.49 mM magnesium chloride and 0.9 mM of calcium chlo-

ride. These suspensions were vortexed to form a homogeneous liquid and kept on

ice. Total cell number and ratio was varied depending on the experiment. The

liquid mixture (25 µL) was added to a 24 well plate preheated to 40◦C. The plate

was incubated at 37◦C and 5% CO2 for 20 minutes. Another 25 µL of the mixture

was added directly above the previous 25 µL and then incubated for 20 minutes

again. 1 mL of GM was added to each well after gelation. After one day the GM

was replaced to differentiation media (DM) that consisted low glucose Dulbecco’s

Modified Eagle Medium containing 2% Horse Serum (Thermo Scientific) and 0.5%

penicillin/streptomycin. The encapsulations were cultured at 37◦C and 5% CO2;

the media was changed every two days.
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4.2.6 Metabolic activity assays

Cells were encapsulated at 300,000 cells/25 µL of ECM (50 µL total, n=6)

in 24-well plates. 1 mL of GM was added to the cells. 100 µL of Alamar Blue

reagent (Life Technologies, Carlsbad, CA) was added to the media and allowed to

incubate for at least 4 hours until fluorescent readings were taken by removing 100

µL of supernatant and added into a black 96-well plate. A BioTEK fluorescent

plate reader was used to detect Alamar Blue at 560 Ex/590 Em. For assays

containing reactive oxygen species, 2.5 mM H2O2 was premixed with the media

prior to addition to the encapsulated gel. Peroxide treated groups were compared

to non-treated groups to account for small variability such as cell number and

cell-type differences.

4.2.7 Differentiation experiments

Cell-gel encapsulations were created as previously described with 300,000

cells/25 µL, 600,0000 total cells. For monoculture assays, myoblasts were either re-

suspended in 2.5 mg/mL rat-tail collagen, 6 mg/mL or 8 mg/mL SkECM. Myoblast

cell number was fixed at 600,000 cells for co-culture groups with an additional 10%

increase in total cell number (660,000) due to added mCherry skeletal fibroblasts.

RNA was isolated with an RNEasy kit (Qiagen, Valencia, CA) from these gels at 0,

3, and 7 days upon adding DM. Cultures were pooled to generate enough RNA with

a final 3 experimental samples per group. cDNA was generated by the SuperScript

III Reverse Transcriptase kit (Applied Biosystems). Primers for MyoD (F: 5’-

AGGACACGACTGCTTTCTTCA-3’, R: 5’-TTAACTTTCTGCCACTCCGGA-

3’), GAPDH (F: 5’-CATCAAGAAGGTGGTGAAGC-3’, R: 5’-

GTTGTCATACCAGGAAATGAGC-3’), Myosin Heavy Chain (F:5’-

GCAGAGACCGAGAAGGAG-3’, R: 5’-CTTTCAAGAGGGACACCATC),

and GFP (F: 5’-AAGCTGACCCTGAAGTTCATCTGC-3’, R: 5’-

CTTGTAGTTGCCGTCGTCCTTGAA-3’), were used to detect mRNA ex-

pression levels using SYBR Green PCR Master Mix (Applied Biosystems).

Samples were run on the BioRad CFX96 Real-Time PCR Detection System.

The following thermal cycle settings were used: 2 min at 50◦C, 10 min at 95◦C,



72

followed by 40 cycles of 15 s at 95◦C and 1min at 60◦C. In monoculture assays, the

gene expression was normalized to GAPDH. In co-culture assays, gene expression

was normalized to GFP. To visualize the SkECM, an Alexa Fluor 568 NHS Ester

(Life Tech) was added at 1 µL/500 µL of liquid SkECM and vortexed on ice.

4.2.8 Syringe needle flow viability

Cells were resuspended in PBS, 6 mg/mL SkECM, or 8 mg/mL SkECM

on ice at 40,000 cells/µL. 50 µL of the solution was loaded into a 1mL syringe

(Becton Dickinson). The syringe was fitted with either a 25G, 27G, or 30G nee-

dle and mounted on a syringe pump. The liquid was ejected into microcentrifuge

tubes containing PBS at 1 mL/min by a syringe pump. The cells were immediately

stained with Trypan Blue (Life Technologies, Carlsbad, CA). Percent viability was

calculated by counting the number of dead cells and total cells using a hemocy-

tometer across multiple gel formulations (n=10/group).

4.2.9 Cell injections and non-invasive imaging in naïve

murine hindlimbs

All animal procedures were performed in accordance with the guidelines

established by the Committee on Animal Research at the University of California,

San Diego and the American Association for Accreditation of Laboratory Animal

Care. Myoblasts were stained with Xenolight DiR (Caliper, Hopkinton, MA) flu-

orescence dye at 320 mM for 30 min at 37◦C. This concentration provided easily

resolvable signal without cell toxicity. The cells were washed twice with PBS,

trypsinized and spun down. 1 million myoblasts in a 25 µL suspension of PBS,

6 mg/mL SkECM, or 8 mg/mL SkECM was kept on ice prior to animal injec-

tions. Four to six week old female albino C57BL/6 mice were used as cell delivery

donors (Jackson Laboratory). The suspensions were injected via Hamilton syringe

using a 27G needle directly into the tibialis anterior (TA) of the mouse. The mice

were immediately imaged under the In Vivo Imaging System (IVIS, Perkin Elmer)

Spectrum 200 using the Perkin Elmer Living Image Software and thereafter each
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day for one week. ROIs were created and total radiant efficiency at 710 ex/760 em

wavelengths was recorded each day for every mouse hindlimb. After one week of

noninvasive monitoring, the mice were euthanized and the TA was excised. Once

excised, the muscle was placed into the IVIS for one final end-point reading to

verify the cells were localized in the TA muscle. Further histological analysis was

used to quantify percent GFP-positive staining per area of muscle section.

4.2.10 Hindlimb ischemia surgery and laser speckle imaging

Albino C57BL/6J mice were anesthetized with 5% isofluorane and lowered

to 2.5% during surgery. The femoral artery and vein were ligated and removed from

the right limb of the mouse. The other limb was used as an untreated control for

all perfusion measurements. Immediately after surgery, perfusion measurements

using the Perimed laser speckle contrast analysis system were recorded while under

2.5% isofluorane anesthesia. Images were recorded approximately 20 cm above the

subject with a 5x5 cm area. Twenty-one images were recorded per second at a 0.17

mm resolution. Blood perfusion in the feet of the mice was recorded over time until

perfusion leveled to a stable measurement (at least 20 minutes on a heated deck).

Animals were required to have less than 30% blood perfusion immediately post-

surgery compared to the control leg or they were not included in the study.

4.2.11 Myoblast injections into ischemic TAs

Seven days post-surgery, animal perfusion levels were recorded once more

(pre-treatment). Cells were prepared as explained previously with Xenolight-

DiR, and were either injected with 1 million myoblasts and 100,000 fibroblasts

in 8mg/mL SkECM, 1 million myoblasts in 8mg/mL SkECM, or 1 million my-

oblasts in PBS (n=10/group, 25 µL volumes). The animals were then imaged

under the IVIS, 0, 3 and 7 days after injection. Laser speckle recordings were

taken 17, 28, and 42 days post-surgery. On day 42, the limbs were excised and

frozen for immunofluorescence analysis.
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4.2.12 Immunofluorescence analysis

The excised TAs were placed in 0.5% paraformaldehyde for 2 hours at 4◦C,

then transferred to a 20% sucrose solution at 4◦C overnight. The tissue was placed

in TissueTek OCT and frozen with liquid nitrogen cooled 2-methylbutane for sec-

tioning. Ten micron tissue was sectioned in eight areas throughout the TA ap-

proximately 200-250 µm apart. In order to visualize eGFP, the sections were fixed

again with 0.5% paraformaldehyde at room temperature for 10 minutes. The sec-

tions were blocked with 20% goat serum, and 0.3% Triton X-100 in PBS for one

hour. Primary rabbit anti-GFP (1:200 Life Technologies), alpha smooth-muscle

actin (1:100, Abcam), or CD-31 (1:200, Abcam) were diluted in blocking buffer

and added to sections for one hour. The slides were rinsed 3 times in PBS for

5 minutes. Secondary antibody (Alexa Fluor 488/568, 1:200 Life Technologies,

Carlsbad, CA) was added for 30 minutes in the blocking buffer. The slides were

rinsed again and Hoescht 33342 (0.1 µg/mL in DI water, Life Technologies, Carls-

bad, CA) was added for 10 minutes. Slides were scanned using the Leica Ariol

slide scanner and imaged using Ariol Software. The GFP positive areas using a

fixed threshold and exposure time for all slides were normalized to total muscle

section area and summed for each limb. Vessels were counted in a similar fashion

with number of capillaries and arterioles normalized to total muscle area.

4.2.13 Statistical evaluation

Significance was tested for all experiments using a 1-way ANOVA with a

two-tailed distribution followed by Tukey post-hoc t-test with a 95% confidence

interval. Mean fold changes and standard deviations for gene expression measure-

ments were calculated with experimental triplicates. Syringe data was compared

to a PBS control within a respective gauge size by Dunnet’s post-hoc test.
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4.3 Results

4.3.1 Hydrogel characterization

Porcine skeletal muscle was decellularized and quantified for remaining

DNA content (0.255 ng DNA/mg ECM) by the PicoGreen Assay and verified

via PAGE to contain a complex makeup of proteins at varying molecular weights

as previously done for other decellularized matrices [138, 139, 37]. Sulfated gly-

cosaminoglycan content was calculated from the DMMB assay at 2.9 µg GAG/mg

ECM. The 6 mg/mL and 8 mg/mL SkECM solutions gelled between 10-15 minutes

after resuspending lyophilized aliquots at 37◦C. Rheometry measurements showed

a concentration dependent increase in storage modulus from 16.58 ±0.54 Pa to

37.41 ±1.8 Pa at 1 Hz for the 6 mg/mL and 8 mg/mL gels respectively (Fig.

4.1a). A 2.5 mg/mL collagen suspension exhibited similar viscosity measurements

to 6mg/mL SkECM but both were significantly lower in complex viscosity to 8

mg/mL SkECM for shear rates from 3 to 50 Hz (Fig. 4.1b).
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Figure 4.1: Material properties of the SkECM vs. Collagen. (a) The
storage modulus was calculated by parallel plate rheometry for 6 and 8 mg/mL
formulations of the SkECM post-gelation after 24 hours at 37◦C (n=3/group).
(b) Viscosity in the liquid form was measured by parallel plate rheometry at 4◦C.
2.5 mg/mL collagen was used as the control and as verified here is similar to the
6 mg/mL SkECM formulation. The 8 mg/mL liquid suspension was significantly
more viscous at every shear rate compared to the 2.5 mg/mL collagen and 6 mg/mL
SkECM (***p<0.001, n=3/group). Values represent mean ±SD in all graphs.
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4.3.2 Decellularized skeletal muscle matrix hydrogel

(SkECM) protects myoblasts from reactive oxygen

species and increases myogenic differentiation

The SkECM was used to encapsulate primary eGFP labeled myoblasts at

6mg/mL. Rat tail collagen at 2.5 mg/mL was used as a control because it was

previously demonstrated that this gel has similar mechanical properties as other

6 mg/mL decellularized matrix hydrogel formulations [140]. Metabolic activity by

the Alamar Blue assay showed that 24 hours post-encapsulation, viability in either

matrix or collagen was not different (Fig. 4.2a). Once cells were encapsulated, they

were either subjected to growth media (GM) or GM containing H2O2 (n=6/group).

Alamar blue was added a day later and fluorescence readings were taken 12-24

hours thereafter. Fig. 4.2b shows the metabolic activity after 24 hours of the

treatment group compared to control. Metabolic activity in the SkECM is reduced

by only 60% of the nontreated control compared to 30-40% for TC plastic and

collagen. The SkECM shows significant R.O.S. protection.

When encapsulated for 3 days, the SkECM significantly increases MyoD ex-

pression compared to collagen (Fig 4.2c-f). MyoD, as expected, drops as a function

of differentiation shown by the decrease at 7 days. Myosin heavy chain expression

increases as differentiation proceeds and is significantly higher in both 6 and 8

mg/mL SkECM compared to collagen by day 7 for both formulations. Myotubes

were observed as early as 5 days in differentiation media in the SkECM. Very

sparse numbers of fused myotubes were observed in the collagen group. Overall,

the SkECM outperformed collagen in terms of protection from R.O.S. and differ-

entiation.
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Figure 4.2: Metabolic activity and differentiation of myoblasts in
SkECM (a) Metabolic activity by Alamar blue assay of myoblasts and fibrob-
lasts at 1 million cells and 100,000 cells respectively showed no significant dif-
ference between groups when encapsulated in 6mg/mL SkECM or 2.5 mg/mL
collagen (n=6/group). (b) 2.5 mM H2O2 was added to the media and metabolic
activity was measured after 12 hours and compared to an untreated control in each
respective group (n=6/group). (c-f) RT-PCR gene expression measurement of my-
oblasts encapsulated in either 2.5 mg/mL collagen, 6mg/mL or 8mg/mL SkECM
for myosin heavy chain (MHC) and MyoD at 3 and 7 days in differentiation media
(DM). In (c,d) all values were normalized to collagen. In (e,f) All values were nor-
malized to day 0 time-point (n=3/group, *p<0.05, **p<0.01, ***p<0.001). Values
represent mean ±SD in all graphs.
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4.3.3 The SkECM protects myoblast viability through sy-

ringe injections

In order to evaluate whether delivery of this material and cells was feasible

via injection, myoblast viability was evaluated after passing through the syringe.

As previously mentioned, cell shearing can be a substantial cause for cell death.

Upon resuspension, cells were approximately 99% viable after resuspension in PBS

or SkECM at 6 or 8 mg/mL at 4 million cells/µL. Increasing the concentration to

10 mg/mL SkECM was not tested because the material was too viscous to flow

through a 27G needle. The cell-material solution after passing through the syringe

was evaluated via Trypan Blue for gauge sizes 25, 27, and 30. Viability of the cells

decreased as gauge size increased in PBS as expected. Viability at all gauge sizes

in the SkECM groups was significantly increased compared to the respective gauge

for the PBS group (Fig. 4.3).
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Figure 4.3: Myoblast viability post-injection through 25, 27, and 30G
needle sizes in the SkECM vs. PBS Two million myoblasts were injected
in 50uL of 6mg/mL, 8mg/mL SkECM solution or PBS in 25G, 27G, and 30G
needle sizes. Trypan blue was used to measure the viability of these cells post-
syringe injection by a syringe pump (n=10/group, *p<0.05, **p<0.01, ***p<0.001
compared to PBS control for each respective gauge size). Values represent mean
±SD.
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4.3.4 Injection into naïve mouse tibialis anterior (TA)

Healthy mouse hindlimbs were injected with either myoblasts in PBS, 6

mg/mL SkECM, or 8 mg/mL SkECM. Noninvasive imaging of cells (IVIS) in-

jected into the TAs of mice was recorded every day for one week and relative

radiant efficiency was measured. The 8 mg/mL SkECM showed significant in-

creases in DiR fluorescent signal compared to PBS (Fig. 4.4a) when normalized

to the signal immediately after injection. After one week, the TAs were excised

and re-imaged for total radiant efficiency on the IVIS to confirm that the cells

were localized to the specific muscle of interest (Fig. 4.4b). The 8 mg/mL gels

showed increased myoblast cell retention within the TAs compared to PBS and

the 6 mg/mL group. Immunofluorescence of the limbs confirmed this finding by

quantifying amount of GFP positive tissue area compared to total area in excised

tissue (Fig. 4.4c). Colocalization with myosin heavy chain showed that not only

were these cells present, but also engrafted into the muscle. The SkECM groups

again demonstrated that there were more cells engrafted in the TA after 7 days.
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Figure 4.4: Myoblast cell viability and engraftment measurements in
healthy tibialis anterior. Mice hindlimbs were injected with 1 million DiR
labeled GFP-myoblasts in 25 µL of either 6 mg/mL, 8 mg/mL SkECM or PBS
(n=10/group). (a) IVIS measurements show change in fluorescence over seven
days relative to the day 0 time-point. (b) Tissue was excised to confirm that
these cells remained in the TA under IVIS measurements. (c) GFP engraftment
was measured by histology using an anti-GFP antibody stain (green) and myosin
heavy chain (red). GFP engraftment was calculated by measuring percent of area
GFP+ in each group. (*p<0.05, **p<0.01, ***p<0.001). Values represent mean
±SEM in all graphs.
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4.3.5 Fibroblasts protect myoblasts in SkECM co-culture

and increase differentiation after one week

For the following studies we only used the 8 mg/mL SkECM formulation as

the delivery vehicle because it outperformed PBS and 6 mg/mL in retaining cells

in the TA. We sought to investigate whether adding 10% mCherry fibroblasts into

the encapsulation in SkECM would improve viability and differentiation based on

previous work demonstrating a 9:1 myoblast to fibroblast ratio to be important in

ex vivo muscle formation [141]. eGFP myoblasts were encapsulated the same way

as in monoculture studies in an 8 mg/mL SkECM hydrogel.

For the first experiment they were encapsulated in a well of a transwell

with or without skeletal fibroblasts in the upper chamber. The fibroblast group

increased encapsulated myoblast metabolic activity after seven days in a transwell,

indicating that paracrine activity alone of the fibroblasts positively influences my-

oblast behavior in the 3D matrix (Fig.4.5a). Next, myoblasts were either encap-

sulated with or without 10% skeletal fibroblasts in 8 mg/mL gels and subjected

to GM with or without H2O2 to simulate R.O.S. in vitro. The co-culture of my-

oblasts and fibroblasts had significantly higher metabolic activity under R.O.S.

conditions when normalized to their untreated control compared to encapsulated

monocultures of myoblasts or fibroblasts subjected to the same conditions (Fig.

4.5b).

We assessed extent of myogenic differentiation by culturing a monoculture

or co-culture of encapsulated SkECM constructs in DM for 3-7 days. There was

a noticeable increase in both MyoD expression on Day 3 and MHC expression

on Day 7 for the myoblast-fibroblast co-culture (Fig 4.5c-d). Myotubes were visu-

ally confirmed in the co-culture and were much more elongated and multi-nucleated

compared to myoblast alone (Fig. 4.5e-f). Unlike the monocultures, the co-cultures

further visually reduced the size of the entire cel-gel construct. By 9 days, my-

otubes in co-culture spontaneously contracted indicating an increased maturation

towards a muscle-like construct. It was hypothesized that the fibroblasts were

further remodeling the matrix and thus allowing myotube formation and contrac-

tion. Matrix remodeling in the co-culture group was confirmed upon tethering
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the SkECM with an Alexa Fluor 568 NHS, labeling the primary amines on the

matrix. After 7 days, the co-culture group showed a substantial reorganization of

the matrix compared to the monoculture, which had no apparent effect on matrix

structure (Fig. 4.6).
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Figure 4.5: Monoculture vs. Co-culture in vitro comparison encapsu-
lated in 8 mg/mL SkECM. (a) 600,000 Myoblasts were encapsulated in 50 µL
of 8 mg/mL SkECM in transwell plates. Once seeded either 60,000 fibroblasts were
placed on top with media or no cells as a control (n=6/group). Fluorescence signal
by Alamar Blue was compared after one week in culture. (b) Myoblasts were en-
capsulated similarly as before with or without 10% mCherry fibroblasts. 2.5 mM
H2O2 was added to the media and metabolic activity was measured after 12 hours
and compared to an untreated control in each respective group (n=6/group). (c,
d) RT-PCR gene expression measurement of monoculture or co-culture encapsu-
lated in 8mg/mL SkECM for myosin heavy chain (MHC) and MyoD at 3 and 7
days in DM. All values are normalized to day 0 time-point. . (e-f) eGFP my-
oblasts and mCherry fibroblasts were imaged under a fluorescent microscope (Scale
bar = 100 µm). Far more myotubes were observed in the co-culture group (f) com-
pared to the monoculture (e). Values represent mean ±SD in all graphs (*p<0.05,
***p<0.001).
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Figure 4.6: Encapsulated GFP myoblasts with or without skeletal fi-
boroblasts in NHS-tethered SkECM in vitro. NHS-568 alexa fluor was
added to 8 mg/mL SkECM solution and vortexed prior to gelation. Cells were
resuspended and encapsulated in this gel. The ECM in the monoculture groups
did not reorganize or change over the course of one week. However in the co-
culture groups the ECM showed increased organization and remodeling. Notice
the elongated and highly organized fibrous strands of ECM in the co-culture group
(n =6/group, scale bar = 100 µm).
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4.3.6 Cell retention is increased in ischemic mice TAs with

SkECM and fibroblasts

Extent of cell retention and viability in vivo is greatly influenced by the

pathogenic state of the muscle. As previously demonstrated, the 8 mg/mL SkECM

increases cell retention in healthy limbs compared to PBS. We sought to test

whether this same outcome is achieved in a peripheral artery disease model. Addi-

tionally, from the encouraging in vitro data, we also included one group containing

10% of the total cell number to be fibroblasts. The femoral artery and vein were

removed from the right leg of the mice. Myoblasts in saline, 8 mg/mL SkECM, or

8 mg/mL SkECM with 10% fibroblasts were used in this study (n=10/group). All

groups were injected 7 days post-surgery and IVIS measurements were taken on

day 0, 3, and 7. Cell retention by DiR-labelled myoblasts recorded by the IVIS was

increased in the groups containing SkECM compared to saline at day 3, and sig-

nificantly increased in co-culture groups on day 7 compared to saline (Fig. 4.7a,b).

The limbs were excised 42 days post surgery, and anti-GFP antibody was used to

quantify amount of GFP engraftment in each TA. Immunofluorescence shows an

increase in GFP fluroescence in co-culture groups compared to saline and SkECM

with myoblasts alone (Fig. 4.7c).

4.3.7 Perfusion is significantly increased in SkECM groups

after 42 days

PERIMED laser Doppler speckle contrast analysis measurements showed

an increasing trend in perfusion on day 17 and 28 for the groups containing the

SkECM vs. myoblasts injected in only saline. Day 42 showed a significant differ-

ence between both groups containing SkECM vs. saline (Fig. 4.7d). The group

containing fibroblasts showed a higher mean perfusion compared to all other groups

but was not significantly compared to myoblasts in SkECM (Fig. 4.7e). On day

42, each animal’s perfusion was subtracted from the initial measurement at 7 days

post-surgery (pre-injection). The SkECM groups significantly increased perfusion

compared to saline injected groups (**p<0.01, *p<0.05) (Fig. 4.7e). The average
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perfusion in the saline groups did not change significantly from day 7 to day 42-

post surgery (Fig. 4.7f). This indicates that the SkECM not only helped facilitate

engraftment but also most likely had some increased vascular potential since no

improvement was observed when myoblasts were injected alone. To confirm, TAs

were excised, sectioned and stained with CD-31 and alpha-SMA to detect capil-

laries and arterioles (Fig. 4.7g). Capillaries, arterioles over 10 µm and over 25

µm were, in general, significantly higher than myoblasts delivered in saline (Fig.

4.7h-j). This further demonstrates that the SkECM delivered with myoblasts has

the potential to increase vessel formation in the ischemic limb.
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Figure 4.7: Injection of skeletal myoblasts in a hindlimb ischemia model
in either saline, SkECM, or SkECM with fibroblasts. Mice were subjected
to femoral artery and vein ligation (n=10/group). Perfusion was measured post
surgery and on day 7 pre-treatment. On day 7, mice TAs were injected with 1
million myoblasts in either saline, 8 mg/mL SkECM, or with 100,000 fibroblasts
and 8 mg/mL SkECM. (a) DiR-labelled myoblasts imaged under IVIS. Represen-
tative transillumination images showing myoblast cell retention in each group by
IVIS on day 0, 3, and 7. The saline group signal visually reduces by day 3. (b)
IVIS epifluorescence measurements were recorded on day 0, 3, and 7 and all data
normalized to day 0 (**p<0.01, n=10/group compared to saline control). (c) Per-
centage of TA that stained GFP+ in each TA is calculated per total tibialis anterior
cross section analyzed. Co-culture groups had significantly more GFP fluorescence
(*p<0.05, n=9/group). (d) Representative laser speckle images of each group on
day 42. Healthy limbs are on the left and ischemic/treated limbs are on the right.
Areas of increased perfusion are indicated by yellow-red color. (e) Perfusion was
measured for the ischemic leg relative to the healthy limb for each animal over
the course of the study on day 7, 17, 21, and 42 days post-surgery. Gray dashed
line represents administration of treatment. Significant differences were observed
on day 42 for SkECM groups compared to saline (*p<0.05, **p<0.01 compared
to saline control). Overall change for each animal from time of treatment to day
42 is plotted in (f) (*p<0.05, **p<0.01). (g) Representative images for CD31
(green) and alpha-smooth muscle actin (red) staining for capillaries and arterioles
respectively (Scale bar = 200 µm). Quantification of (h) capillaries, (i) arterioles
greater than 10 µm and (j) 25 µm. In (h-j) number of each were significantly
greater in general in the SkECM groups (*p<0.05, **p<0.01, n=8/group). Values
represent mean ±SEM in all graphs.
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4.4 Discussion

We successfully developed an encapsulation method in vitro that allows for

myoblasts to be cultured in a three dimensional decellularized skeletal matrix hy-

drogel (SkECM). Thus far no groups have been successfully able to encapsulate

cells in vitro using purely decellularized matrix hydrogels. From the in vitro ex-

periments it is clear that the skeletal muscle matrix not only restores metabolic

activity of myoblasts (suggesting increased viability of myoblasts) in culture better

than collagen when subjected to reactive oxygen species, but also promotes differ-

entiation of the myoblasts over the course of seven days. R.O.S. have been demon-

strated as a significant contributor in cell apoptosis upon delivery to ischemic tissue

[142, 143, 144]. The complex microenvironment (glycoasaminoglycans, proteogly-

cans, multiple structural proteins, and potentially various growth factor binding

sites) of the SkECM could be contributing to an overall increase in cell viability

under these stressed conditions. The differentiation process is easily observed via

enhanced myogenic gene expression by qRT-PCR and increased myotube forma-

tion in the SkECM over collagen. This has been previously shown to be true with

C2C12 myoblasts on a SkECM 2-D coating but never as a 3-D hydrogel [37]. Re-

capitulating this 3-D environment in vitro mimics a more physiologically accurate

model for understanding cell-ECM interactions.

The hydrogel itself is not solely biochemically protective but acts as a me-

chanical buffer, decreasing the impact of shear stress between large loading den-

sities of cells and the syringe needle. The needle topography has been shown to

be inhomogeneous causing imperfect laminar flow upon ejection [145]. There is

data to suggest that there are multiple materials that can be tuned to promote

this resistance to shear death effect [129]. However, the material need not be mod-

ified like other materials to improve the viability through the needle, regardless of

the gauge size (25, 27, and 30G). This potentially provides support for the use of

smaller needle sizes to deliver cells to decrease pain for the patient.

Upon injection in healthy TAs, we monitored DiR signal from pre-labeled

myoblasts by IVIS epifluorescent measurements. It is important to note the lim-

itations of this DiR dye. For short-term studies, 0-10 days, it has been shown to
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be useful for cell tracking and quantification [146, 147, 148, 149, 150, 151]. The

DiR dye is extremely advantageous because it allows fluorescent quantifications

in the far infrared channel which has little to no background signal from the an-

imal itself. However, because the dye has a short half-life, we did not track the

cells 7 days post-injection as the resolution of the dye substantially decreased and

thus no further quantification was made. Over the course of 7 days, the 8 mg/mL

SkECM formulation showed higher overall signal than the other groups. This indi-

cates and was confirmed upon excision and histological analysis for anti-GFP that

retention, viability, and engraftment were markedly increased in this group com-

pared to injections with saline or the 6mg/mL SkECM group. It is believed that

this is most likely due to increased matrix density for cell anchorage, faster gelling

time, and a stiffer microenvironment which promotes a favorable cell niche. As

mentioned previously, higher concentrations could perform even better than those

tested here. However, concentrations higher than 10 mg/mL liquid SkECM would

not flow through a 27G needle consistently. Thus for translational purposes, it was

excluded from the study. Since the 8 mg/mL SkECM outperformed saline and 6

mg/mL in retention and engraftment and higher concentrations were not feasible,

the remainder of the study relied solely on 8 mg/mL SkECM as the vehicle for in

vitro and in vivo cell studies.

As mentioned, we hypothesized that addition of fibroblasts with myoblasts

would aid in myoblast viability and myotube maturation encapsulated in the

SkECM. When fibroblasts were added to the myoblasts in the SkECM at 10%

of the total cell number, an even more enhanced protective effect was observed in

a H2O2 stressed environment. Fibroblasts potentially withstood these conditions

better, but more likely they are sharing positive anti-apoptotic paracrine/contact

mediated signals with the myoblasts. This is hypothesized to be the case be-

cause we demonstrate that fibroblasts on their own encapsulated in SkECM do

not recover as well as the co-culture in these conditions compared to the untreated

control. Similar synergistic effects have been previously demonstrated, and that

a positive bi-directional signaling cascade is observed when the two cell types are

cultured together [109]. Differentiation of the myoblasts when encapsulated with
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fibroblasts is markedly enhanced both visually with contracting myotubes by day 9

and with increased gene expression for MyoD and MHC over 7 days. This is most

likely due to the fibroblasts reorganizing the matrix, aligning the SkECM and

promoting a stiffer environment for the myoblasts to fuse, align and eventually

contract. This phenomena has been supported by other groups showing that my-

oblast differentiation is significantly increased on stiffer, "muscle-like" substrates

[152, 153]. This is suggested by an obvious shrinkage of the construct in co-culture

compared to monoculture, a reorganization of the SkECM, and alignment of an

NHS-568 alexa fluor tethered SkECM hydrogel when fibroblasts were present.

We sought to test whether the addition of SkECM with or without fibrob-

lasts for myoblast delivery would increase retention and blood perfusion in a PAD

model. The ischemia model used in this study attempts to recapitulate the de-

creased perfusion in the hind limbs. By injecting one-week post trauma, we allow

the majority of the body’s natural immune response to to repair the damage before

administration of other treatments. This is more representative of what occurs in

humans as a result of PAD onset. The natural ability by collateral formatin of the

rodent to recover from this surgery is highlighted by the increase in perfusion from

20-50% of the healthy limb from day 0 to 7 [154, 155].

DiR-labeled myoblasts injected in the ischemic TA were measured nonin-

vasively by IVIS on day 0, 3 and 7 post-treatment. Retention in the SkECM

groups was significantly greater than saline at day 3. The co-culture group showed

marked improvement on day 7 compared to the other groups. We hypothesize

that this phenomena is due to the SkECM protecting cells from apoptosis in early

onset into ischemic environment (0-3 days). After the cells are in place, the fi-

broblasts are required to keep myoblasts viable via positive cell signaling between

fibroblasts and myoblasts (3-7 days). Interestingly perfusion measurements were

equivalent between monoculture and co-culture groups in the SkECM, but both

showed far more improvement than myoblasts in saline by day 42. This suggests

that the SkECM is essential to promote increased blood flow. Myoblasts with-

out a material carrier are ineffective at both retention and did not improve blood

perfusion when injected into the TA. This data supports that the SkECM as pre-
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viously demonstrated promotes vessel formation [37]. It is acknowledged that in

order to increase muscle repair these myoblasts are required to fuse and engraft.

The IVIS data suggests that this is promoted with both matrix and fibroblasts by

increased myoblast retention. Compared to the standard of care treatment, this

shows that a combined therapy can potentially increase muscle engraftment while

also increasing blood perfusion into the ischemic limb.

Overall this data suggests broadly that delivery of myoblasts in saline is

not enough to create a therapy that both improves muscle repair and increases

blood flow in a PAD model after 5 weeks post-administration. The SkECM is

needed to aid in the initial deliver of cells, protecting them from shear and a

harsh ischemic microenvironment. The SkECM further improves blood flow to the

damaged region. The addition of skeletal fibroblasts appears to maintain myoblast

retention and viability at 7 days, indicating perhaps a long-term affect on myoblast

cell survival. Multiple cell therapy in combination with biomaterial delivery may

be the next step in a feasible therapeutic for a disease that causes multiple issues

of lack of perfusion and extreme muscle damage.

Chapter 4 is in part currently being prepared for submission for pub-

lication of the material: Rao N, Agmon G, Tierney M, Braden R, Sacco A,

Christman KL. Improving myoblast cell viability by co-delivery of an injectable

skeletal-muscle specific microenvironment for treatment of peripheral artery

disease. The dissertation author was the primary author.



Chapter 5

Conclusion and Future Directions in

Skeletal Muscle Engineering

5.1 Summary of Dissertation

Throughout this dissertation we have stressed the need for newer, more

advanced technologies. These technologies are required to understand mechanis-

tically what is occurring at a basic biology level. In order to do so, they need

to mimic the native in vivo microenvironment in vitro, allow for easy control and

interfacing, and provide user-defined tunable parameters for customization of any

co-culture system. The more these technologies advance, the more likely they

are better at predicting behavior in vivo and thus in vitro to in vivo translation

becomes more powerful.

We show that a novel technology, the reconfigurable co-culture device is a

powerful tool that parses out the paracrine vs. contact effects of two cell types

interacting with one another. The two populations are easily manipulated and

separated for in-depth analysis on one population alone. With this technology

we learned that myoblasts at a protein level experience specific differences in cell

behavior when fibroblasts are in contact, in gap, or not present at all. We show

that fibroblasts inhibit myoblast differentiation. However, when in contact this

inhibition increases myotube alignment, which we acknowledge can undoubtedly
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be a beneficial criteria in creating functional muscle tissue.

Next, we acknowledge the limitations of this device and realize the direction

that would be required for this technology to advance and become more useful and

relevant for in vitro studies. We develop a method for integrating a substrate

with a tunable stiffness on the device based on the recent cell-substrate findings

in the field - that cell behavior is greatly affected by substrate modulus. More

importantly, stem cell fate is greatly governed by a very specific stiffness range that

is representative of that found in vivo. We show that combining an organized co-

culture device with variable stiffnesses can lead to increased differentiation. In this

particular model system we show adipose derived stem cells differentiate towards

an increased myogenic phenotype when co-cultured in contact with myoblasts on

a 10 kPa gel.

Further, we take what we have learned from co-culture studies on this de-

vice in hopes of increasing efficacy of a currently investigated clinical therapy

- myoblast cell injections for the treatment of peripheral artery disease. These

cells have limited engraftment potential due to low cell viability immediately after

transplantation and the harsh ischemic environment. However, groups continue to

investigate these cells because they have several advantages and serve a dual role

of increasing angiogenesis via paracrine signaling, and repairing damaged muscle

tissue. We investigate the potential of these primary cells to interact with primary

fibroblasts in vitro in a decellularized skeletal muscle matrix hydrogel (SkECM).

We show that we can encapsulate myoblasts in the SkECM with fibroblasts. This

setup improves cell viability, protects cells from R.O.S., and dramatically increases

differentiation compared to controls. Upon injection through a syringe prior to

gelation we see preserved viability of myoblasts in SkECM post-injection versus

injecting in saline. Lastly, we inject myoblasts with SkECM in the TAs of mice and

show increases in engraftment in 8 mg/mL formulations. When injecting fibrob-

lasts, myoblasts and SkECM in a hindlimb ischemia model we observe increased

engraftment. Hindlimb perfusion and arteriole generation is increased six weeks

post surgery when the SkECM is present.

Scientists in the last few years are just now on the cusp of discovering how
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multiple cell therapy, biomaterials and the combination of the two impacts a rele-

vant disease. In an ideal world, only one of these therapies be required. However,

to substantially improve and create viable treatments for not only restoration of

overall physiological function, but further improving the quality of treatment to a

re-establishment of a normal physiological state is an added challenge. We show

that both multiple cells and biomaterial are required to add in a combinatorial

way to address both muscle repair and restoration of blood perfusion.

5.2 Future Directions

We have shown a very bottom-up approach to understanding and developing

a treatment for PAD. We acknowledge the clinical need and problem, and work

from understanding cell behavior in a dish to translation towards an improved

therapy. One of the major issues, as we have previously eluded to throughout the

thesis, is in developing in vitro models that can actually model in vivo systems,

in this case muscle damage. Our in vitro models are limited and even though

we have demonstrated a novel device that has been advanced even further to

systematically probe multiple variables, there is still a great deal of work to be

done in more accurately defining these variables in the context of physiologically

relevant systems. Advancing systems may want to consider the following: 3D

vs. 2D culture, tri-culture or more cell types present, recapitulating the immune

response to be a constant variable to any damaged state in vitro, addition of

physical forces such as strain or shear forces, using hypoxic or low-pH conditions,

stiffness as well as specific protein composition, and even various media types that

would not only be more accurate of the body but also temporally variable as the

body repairs in time.

There are multiple next steps and future directions for both improving the

technology to study in vitro and develop an even better therapeutic in vivo. There

are still other changes that can be made to make the reconfigurable co-culture

device more useful for co-culture studies. The material as it stands is made of

silicon. If the material was plastic or glass, the user could image directly through
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the device rather than invert. This may also allow for cheaper, less damage-prone

analysis of the device. Instead of a binary change from contact to 80 microns gap,

one could make a continuous, user-defined distance between the two populations.

Since soluble proteins can have short half-lives and in vivo distances between cell

populations may be even closer than 80 microns but not touching, it is important

to be able to model these interactions in a dish. Not only are the distance between

interactions important, but also the 3D orientation of cells and ECM. Developing

an organized co-culture device that models cell behavior in 3D and still allows for

dynamic cell manipulation and analysis of one single population.

As shown in this thesis, the advanced reconfigurable co-culture device with a

tunable stiffness is very useful in understanding complex cell-matrix interactions. It

would be useful to further investigate the role that various matrix proteins tethered

to the polyacrylamide surface does in driving stem cell differentiation. The SkECM

tethered to a myogenic (10 kPa) stiffness could further push adipose derived stem

cells towards muscle lineage. It is important to understand the implications for

priming these ASCs toward a muscle lineage and potentially using these primed

cells to treat PAD. Their angiogenic potential as well as myogenic fate could be

more advantageous than myoblasts in repairing muscle while promoting blood flow

in the ischemic limb.

In order to continue to make the PAD cell therapy better there are a num-

ber of other considerations to be made in the future. First, the myoblast cell

type still may not be the ideal candidate therapy for PAD. As mentioned previ-

ously, mononuclear cells and mesenchymal stromal cells have shown a great deal

of promise in increasing perfusion to the limbs. That being said, potentially a

multiple cell approach with skeletal myoblasts could be useful in increasing muscle

repair in the ischemic limb. Proper controls such as a sham without cells and a

myoblast/fibroblast in saline group would be useful in understanding the efficacy

of each alone. That way, the role of the cells vs. ECM vs. the combination of the

two could be parsed out more accurately. This would help us understand whether

tweaking the amount of ECM or the type/ratio/dosage/number of cells is the next

step to address in therapeutic efficacy. In general, a more in depth analysis of
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specific cell types and how they interact with the ECM for improved limb function

would be the ideal next step in this process.

We have addressed some of these variables in the systems we have used

and created, however, there are limitations to all these systems. Even if one could

achieve an in vitro assay that accounts for all these variables, this is only half the

battle. There is still a problem of analysis. In order to parse out which factor is

generating some desired output, the user must find a way to systematically probe

each input and isolate the one output. This creates an extensive matrix of potential

solutions that are not as easily solvable as computational models because cellular

empirical data is difficult to reproduce. We also may not clearly understand what

the desired outcome is because we do not know the effect that will actually take

place when introduce in vivo. For example in the case of muscle repair, are we

interested in keeping myoblasts alive, or are we more interested in maturing them

as quickly as possible? It is most likely a combination of the two but the answer

is not binary.

Improvement in the way animal models are carried out and standardized

is a direction that is critical in understanding how muscle repair can be achieved.

Most animal models, in particular for PAD, consist of acute surgeries that ulti-

mately not indicative of what happens when humans experience the pathogenesis.

These acute surgeries drastically decrease blood flow as opposed to a gradual onset

that takes place in humans. This is further complicated by the timing of treat-

ment. Many groups will create the surgery and issue the treatment immediately

thereafter. However, this is not at all what occurs in PAD patients. Treatment

only occurs when the PAD patient actually has some relevant medical symptom

such as hypertension, athlerosclerosis, cardiovascular issues, high blood pressure,

increased pain in the legs or inability to walk, etc.

In order to advance the treatments demonstrated in this thesis an increas-

ing level of complexity is most likely required. This involves either investigating

another cell type, changing cell number and/or ratio, and potentially modulating

the material properties of the SkECM. This thesis takes steps into the advance-

ment of the state-of-the-art technologies and gives promise for a future, consistent,
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and effective therapeutic for PAD.
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