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Abstract

During heart valve remodeling, and in many disease states, valvular interstitial cells
(VICs) shift to an activated myofibroblast phenotype which is characterized by enhanced
synthetic and contractile activity. Pronounced alpha smooth muscle actin (aSMA)-
containing stress fibers, the hallmark of activated myofibroblasts, are also observed when
VICs are placed under tension due to altered mechanical loading in vivo or during in vitro
culture on stiff substrates or under high mechanical loads and in the presence of
transforming growth factor-betal (TGF-B1). The work presented herein describes three
distinct model systems for application of controlled mechanical environment to VICs
cultured in vitro. The first system uses polyacrylamide (PA) gels of defined stiffness to
evaluate the response of VICs over a large range of stiffness levels and TGF-B1
concentration. The second system controls the boundary stiffness of cell-populated gels
using springs of defined stiffness. The third system cyclically stretches soft or stiff two-
dimensional (2D) gels while cells are cultured on the gel surface as it is deformed.
Through the use of these model systems, we have found that the level of 2D stiffness
required to maintain the quiescent VIC phenotype is potentially too low for a material to
both act as matrix to support cell growth in the non-activated state and also to withstand
the mechanical loading that occurs during the cardiac cycle. Further, we found that
increasing the boundary stiffness on a three-dimensional (3D) cell populated collagen gel
resulted in increased cellular contractile forces, asSMA expression, and collagen gel

(material) stiffness. Finally, VIC morphology is significantly altered in response to



vii

stiffness and stretch. On soft 2D substrates, VICs cultured statically exhibit a small
rounded morphology, significantly smaller than on stiff substrates. Following equibiaxial
cyclic stretch, VICs spread to the extent of cells cultured on stiff substrates, but did not
reorient in response to uniaxial stretch to the extent of cells stretched on stiff substrates.
These studies provide critical information for characterizing how VICs respond to
mechanical stimuli. Characterization of these responses is important for the development
of tissue engineered heart valves and contributes to the understanding of the role of
mechanical cues on valve pathology and disease onset and progression. While this work
is focused on valvular interstitial cells, the culture conditions and methods for applying
mechanical stimulation could be applied to numerous other adherent cell types providing
information on the response to mechanical stimuli relevant for optimizing cell culture,

engineered tissues or fundamental research of disease states.
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Chapter 1 - Introduction

Heart valve disease results in nearly 300,000 annual valve replacements worldwide." The
aortic valve is the most susceptible to disease and the most frequently replaced with an
artificial valve. Valve replacement is considered the standard-of-care; however, both
mechanical and bioprosthetic implants are acellular and unable to promote self-repair.
Tissue engineered valves offer a promising approach for extending the life of implants
and for adaptation to changes in patient size, attributes particularly important for the
pediatric patient population. In addition, controlled in vitro studies of valvular cells and
their role in valve disease add to the fundamental knowledge of valve pathogenesis. The
majority of in vitro studies on VIC biology have been studied in standard tissue culture
environments with stiff, static substrates which do not emulate the soft, dynamic
environment of the valves, yet altered mechanical loading, resulting from congenital
and/or acquired conditions, is now thought to play a role in aortic valve disease
progression. Regions of the valve bearing the highest strains, such as where the leaflet
attaches near aortic wall, correlate with regions where calcification is initiated.** Further,
cells isolated from the aortic and mitral valves both on the left side of the heart which
experience high pressures, were stiffer and expressed more collagen than cells isolated
from the tricuspid and pulmonary valves located on the right side of the heart which
experience relatively lower pressures.® Taken together these data suggest a strong

regulatory role of mechanics in valvular cell function and progression of valvular disease.



Valvular interstitial cells (VICs) are the most abundant cell type found in heart valves and
are responsible for the maintenance and repair of the valve leaflet.®’ The majority of
VICs express characteristics of normal fibroblasts in healthy valves,® however, activated
VICs in diseased valves predominantly express myofibroblastic markers. The defining
cytological marker for these highly synthetic and contractile cells is the contractile
protein alpha smooth muscle actin (¢SMA).® Although a small number of activated VICs
are required to repair and maintain the valve tissue; in heart valves and in other tissues,

the presence of myofibroblasts is associated with fibrosis and disease.

In vitro studies have also demonstrated that VVICs are sensitive to the mechanical
environment in which they are cultured. Freshly isolated VICs are activated by culturing
on tissue culture treated polystyrene.’®** Another study demonstrates that VVICs cultured
on stressed (stiff) collagen matrices express increased levels of aSMA as compared to
unstressed (compliant) culture conditions.'® The addition of the profibrotic cytokine
transforming growth factor beta-1 (TGF-B1) further enhances the response in only the
“stiff” gels suggesting that a minimum stiffness level is required for activation by TGF-
B1."° While these studies demonstrated the importance of TGF-p1 and mechanical
tension (stiffness) on VIC phenotype, the tension “perceived” by the cells was not
quantified. More recently, Kloxin and colleagues, using dynamically modulated hydrogel
system, demonstrate that the activation of VICs to myofibroblasts is reversible when the
stiffness of the culture environment is decreased.*? Mechanical loading (stretch) has also

been demonstrated to regulate VIC activation. The magnitude and duration of cyclic
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loading affects aSMA expression,*? collagen production, and expression of markers

that are implicated in the initiation of valve calcification.'®

Despite the recent increase in studies evaluating the response of VICs to mechanical
stimuli, generally only one or two stiffness levels or one or two stretch levels are being
evaluated.'® Thus, there is a need for a more systematic study with combined stimuli of
cytokines and mechanical loading. Here we focus on the effects of mechanical
manipulations of heart valve cells in an effort to understand valve pathologies and to aid
in the rational design of treatments including the development of tissue engineered heart
valves. The goal of these studies is to investigate the role of stiffness and stretch in the
regulation of VIC response to external stimuli such as TGF-f1. Chapter 2 presents
relevant background on heart valve structure and pathology as well as the roles of
mechanical and cytokine stimulation in the activation of VICs. Additionally, methods for
applying mechanical stimulation to cells in two- and three-dimensional culture systems
are also discussed. In Chapter 3 we describe studies where we utilized a well-established,
controlled culture system to investigate the effects of the stiffness on VIC activation in
the presence and absence of TGF-B1 in the context of a two-dimensional (2D) cell culture
environment. Cells were cultured on polyacrylamide (PA) gels with tunable stiffness and
the presence of myofibroblast markers was evaluated. This 2D system allowed us to
screen many different levels of stiffness in order to establish the range of stiffness levels
required for VIC activation. Next, we used a more in vivo-like three-dimensional (3D)

culture system to determine the response to stiffness. In Chapter 4 we evaluate VIC



phenotype in a novel 3D culture system with mechanically controlled stiffness. The
culture model is comprised of cell-populated collagen gels in which the boundary
stiffness of the gels is controlled by stainless steel wires of varying diameter. While this
system is more complex, the cells are able to create focal adhesions on all surfaces
(unlike a 2D culture) and “sense” the stiffness on all sides. After establishing the
importance of stiffness in VIC differentiation to the myofibroblast phenotype, we discuss
in Chapter 5, the development of a model system to simultaneously control the stiffness
and loading (stretch) of the culture environment. VICs were cultured on soft and stiff
substrates and subjected to static and equibiaxial stretch conditions. A method of
stretching PA substrates was developed and both the stiffness and stretch of the substrate
were varied and cell spreading, which is associated with many cell functions, was
measured. Chapter 6 is a reflection on the findings presented in this work. Implications of
the findings are discussed as well as suggestions for potential future studies. These
studies characterize the effect of mechanical stimuli in a variety of culture environments
on the activation of VICs. Knowledge of VIC response to material and mechanical
stimuli is essential for creating successful therapies for heart valve disease and for the

rational design of tissue engineered valves.



Chapter 2 - Background

2.1. Significance

Approximately 330,000 aortic or mitral valve procedures were performed in the United
States between 1998 and 2005; of these, 288,000 were valve replacements and 46,000
were valve reparative surgeries.” The aortic valve is most frequently diseased and
replaced (compared to the other 3 heart valves). Each procedure requires a 6-10 day
hospital stay and costs on average $138,000* and $118,000* for an aortic valve repair

and replacement respectively (* figures from 2005)."

Aortic valve stenosis is the most common condition necessitating heart valve replacement
in developed countries.'” Calcium deposits on the valve tissue cause the valve opening to
narrow and the valve tissue to stiffen. During early stages of calcific valve disease, the
valve tissue is thickened and does not yet obstruct the flow of blood, at this stage the
valves are described as sclerotic. As the disease progresses, the fibrocalcific masses
increase in size and there is disruption of both the basement membrane and collagen fiber
alignment. Macrophages and lymphocytes also begin to infiltrate the tissue.'® As the
thickness and stiffness of the valve leaflets increases, the valve opening becomes
narrowed causing an increased pressure across the valve which results in altered blood
flow. Once flow is obstructed, the valve is described as stenotic. The altered blood flow
increases the work done by the heart, which if left untreated, leads to heart muscle injury

and eventual cardiac failure. Changes to the valve structure and ECM surrounding the



cells in not only the result of valvular mechanical malfunction but changes in the
mechanical environment surrounding the cells could regulate the progression of the
disease (Review by Chen and Simmons'®). The current therapies for valve disease are
effective, but not without limitations. Mechanical replacement valves can cause
thrombosis, requiring the patient to be on long-term anti-coagulant therapy. Biological
valves are not as thrombogenic, however, they are less durable and can degenerate faster
in young patients. Although these treatments are the clinical standard, they do not fully
mimic the structure and function of the native valves. In addition, both types of
replacement valves are acellular, eliminating the ability of self-repair. For these reasons,
researchers are investigating methods for developing tissue-engineered valves capable of
remodeling and growth with the patient, an attribute which is particularly attractive for

valve replacement in the adolescent patient population.

2.2. Physiology of Heart Valves

Four valves regulate the flow of blood in and out of the heart: aortic, pulmonary,
bicuspid, and tricuspid (Figure 2.1). Due to the prevalence of replacement stated
previously, we focus on the aortic valve in this work. The aortic valve is composed of
three semilunar cusps (leaflets) inserted into a fibrous connective tissue sleeve. Each cusp
is attached to the tissue sleeve along its curved edge and the cusps meet at three

commissures which are equally spaced along the circumference of the sleeve at the supra-



aortic ridge. The sinuses of Valsalva are pouches located between the valve sleeve and
cusps. During ventricular outflow, the cusps fold back toward the sinuses (Figure 2.2).
When the pressure in the aortic root is greater than the ventricular pressure, the valve
closes. The heart valve structure allows for its precise motion during each open/close

cycle, for 3 x 10° cycles during an average human life span.
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Aortic valves are comprised of cellular and non-cellular components organized into a
three-layered architecture: fibrosa, ventricularis, and spongiosa (Figure 2.2 and Figure
2.3). The fibrosa is the innermost layer, composed primarily of collagen with a few
fibroblasts and elastic fibers. It spans the full area of the valve and is the major structural
support of the valve. The ventricularis is the subendothelial layer on the ventricular
surface of the valve. It spans the full area of the valve and is composed of collagen fibers
and radially arranged elastin fibers. The spongiosa layer is located between the fibrosa
and ventricularis and contains loosely arranged collagen fibers, scattered fibroblasts, less-
well differentiated mesenchymal cells, and large amounts of proteoglycans. The
spongiosa layer is most prominent in the basal third of the valve. The cellular
components of the valve include: cardiac muscle, smooth muscle, VICs and the valve

exterior is surrounded by a single layer of endothelial cells.
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Figure 2.3. Masson’s Trichrome stained porcine aortic valve depicting the tri-
layered valve structure. Lines show the approximate locations of the three layers
and the average thickness of each layer is shown as a fraction of total valve
thickness. From the ventral (left) side, ventricularis (V), spongiosa (S), and

fibrosa (F).*
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2.3. Valvular Interstitial Cells

VICs are the most abundant cell type found in heart valves and are responsible for valve
structure maintenance and repair of the valve leaflet.>®” In healthy valves, the majority of
VICs are considered quiescent and express characteristics of normal fibroblasts® such as
ease of in vitro culture, slow proliferation, adherence to tissue culture plastic, and
elongated morphology with filopodia. VICs are found throughout the valve and make
connections to each other and to the extracellular matrix (ECM) creating a network
within the valve structure.?? VICs maintain the valve structure through secretion of ECM
components including collagen, fibronectin, chondroitin sulfate and prolyl-4-
hydroxlase.?® Many tissues, including heart valves can respond to alterations in physical
signals by reversible phenotypic modulation of cells (Figure 2.4).2 Unlike healthy valves,
with a majority of VICs exhibiting a quiescent fibroblast-like phenotype, VICs in
developing, diseased, and adapting valves are predominantly activated myofibroblasts.
The defining cytological marker for these highly synthetic, proliferative, and contractile
cells is the expression of the contractile protein aSMA.? Myofibroblasts are present in
fibrotic tissues throughout the body and are often associated with wound healing. While
myofibroblasts are the hallmark of diseased valves (and of fibrotic tissue in general), a
small percentage of myofibroblasts is required for maintenance of the structure of the
valve leaflet.>* In healthy valve tissue, myofibroblasts are found in regions that correlate
with high stiffness, loaded regions such as the edge of the leaflets, where the valves meet

to form a seal, and where more matrix repair and remodeling are required.® Healthy
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porcine aortic valves immuno-stained for aSMA were found to have less than 1% aSMA
expressing cells while in sclerotic valves (thickened tissue without obstructing blood

flow), 31% of cells were immuno-stained for aSMA.™

In addition to expressing aSMA, activated VICs also express the intermediate filament
protein vimentin, matrix metalloproteinase 13 (collagenase-3), and the motor protein,
non-muscle myosin heavy chain (SMemb).® However, since some of the proteins are
expressed by quiescent fibroblasts and others are expressed by smooth muscle cells, only
aSMA is considered the defining marker of myofibroblasts. More recently, cofilin, an
actin-binding protein that disassembles actin filaments, has been found to be expressed in
both diseased valves and VICs activated in vitro."* siRNA mediated depletion of cofilin
did not affect aSMA expression; however, aSMA incorporation into stress fibers was
significantly impaired. Further, depletion of cofilin reduced the contractility of VICs, as
evidenced by the inability of VICs to contract collagen gels. This suggests that cofilin
may be required for the activation of VICs to the myofibroblast phenotype.** Calcific
deposits are generally co-localized with the areas of the highest stresses in the valve.”
Since calcific valves have a high percentage of activated VICs it is hypothesized that VIC
activation to the myofibroblast phenotype and VIC expression of calcific markers.**®
Since these studies were proposed, other groups have evaluated VICs for the expression
of osteogenic markers in addition to that of aSMA. Yip et al. evaluated the expression of

osteonectin, osteocalcin, bone transcription factor core binding factor al, and alkaline

phosphatase activity of VICs cultured on substrates of varying stiffness in standard and
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calcifying media (standard media supplemented with [3-glycerophosphate, ascorbic acid
and dexamathesone).?® Interestingly, Monzack and Masters found that culturing VICs in
mineralization medium caused an increase in calcific markers and decreased expression
of myofibroblastic markers indicating that differentiation to the myofibroblast phenotype

may not be required to reach a calcific cellular profile.?’

Researchers postulate that VVICs are activated from the relatively quiescent fibroblast
phenotype to the activated myofibroblast phenotype by elevated matrix stiffness, °
dynamic loading of the valve,>®?? and elevated TGF-p1 levels*® (Figure 2.4). However,
how the factors integrate to regulate VIC activation in healthy and diseased valves

2
I 8

remains controversial® and VIC responses to each of these stimuli are examined in this

study.
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2.4. VICs are Sensitive to the Stiffness of Their Surrounding Environment
The phenotypic transition from fibroblast to myofibroblast is known to require
mechanical tension, cellular fibronectin, and TGF-B1 (Figure 2.5).*° Tension can be
generated by the cell itself against a relatively stiff matrix or substrate (inside-out
signaling) or by external loads and deformations that apply forces to the cell (outside-in
signaling).®* As the fibroblast transitions to the myofibroblast phenotype, stress fibers
composed of cytoplasmic actin develop.®® The myofibroblasts generate tension which
results in contraction of the surrounding matrix.>® Myofibroblast activation has primarily
been studied by altering the stiffness of the environment as discussed below; studies of

outside-in signaling will be described in the section 2.5.
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Fibroblast response to stiffness (tension) has been extensively studied in vivo in
granulation and fibrotic tissues. Methods for altering stiffness in vivo, including wound
splinting and release of pressure from a dermal wound bed by removal of fluid, have
demonstrated that the myofibroblast phenotype is linked to mechanical tension.*® The
fibroblast-to-myofibroblast transition has been described in vitro on soft 2D gels (method

34-36 and

described in detail in section 2.7.1) as well as within 3D gel matrices (biopolymer
synthetic (reviewed by Tibbitt and Anseth®")). Both 2D and 3D culture systems can be
modified using chemical or mechanical methods to change the relative stiffness that the
cells experience. Regardless of the culture system used, fibroblasts have been
demonstrated to be sensitive to the stiffness of the culture environment as well as to
biochemical stimulation. Biochemical stimulation can be mediated by ECM proteins
attached to the surface of the gel to facilitate cell attachment, the protein composition of
3D biopolymer gels, or through the addition of exogenous cytokines to the culture
system. Numerous other cell types have shown sensitivity to the stiffness of the culture
environment including mesenchymal stem cells, which can be differentiated down
specific lineages (neural, muscular, osteogenic) with defined stiffness levels.*® A
theoretical model that predicts stem cell stress fiber alignment and contractility in

response to matrix rigidity has been developed demonstrating the importance of substrate

mechanics in stem cell differentiation.>®

VICs are fibroblast-like cells that demonstrate sensitivity to environmental stiffness cues.

This phenomenon is observed when VICs are isolated from valve tissue and cultured in
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vitro using standard cell culture techniques. Healthy valves are known to have few
activated (aSMA expressing) cells (<1%, as reported by Pho et al.)."* VICs isolated from
freshly harvested heart valves are also minimally activated; however, culturing these cells
on plastic significantly increases aSMA expression. Levels of VIC activation range from
20-65% when cultured on tissue culture-treated polystyrene (TCPS).**!* Substrate
stiffness has been shown to affect cell proliferation. Yip et al. showed that VVICs cultured
on soft substrates in standard media proliferated more rapidly than those cultured on stiff
substrates.”® Tchumperlin et al. demonstrated an increase in cell proliferation with
stiffness for primary and immortalized cell lines; however, two of the cell types appeared
insensitive to stiffness with regard to proliferation.*® Cells showed increased tractional
forces with the addition of TGF-B1 but only at stiffness levels above the physiologic
range,** suggesting a minimal stiffness level for cell responsiveness to TGF-B1. Given
the variability in cellular proliferative responses and that TGF-f1 is an inhibitor of
proliferation, combinatorial studies of various cell types and TGF-f1 concentration are

required to determine the interactions between these two stimuli.

In addition to playing a role in VIC activation and proliferation, ECM stiffness has also
been shown to be a co-factor in valve calcification. VICs cultured on unmodified TCPS
expressed calcific markers (calcific nodule formation, alkaline phosphatase activity, and
calcium accumulation) and the addition of TGF-B1 enhanced the expression of these

markers.** Modifying TCPS surfaces with fibronectin or fibrin represses calcific marker

expression and VICs cultured on soft PEG gels have repressed calcific marker expression
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regardless of surface modification.*> More recently, a dynamically modulated hydrogel
system was used to demonstrate that the activation of VICs to the myofibroblast

phenotype is reversible.*?*?

Similar to fibroblast studies, 3D culture systems have also been used to evaluate the
response of VICs to the stiffness of the culture environment. VICs cultured within
stressed (stiff) attached gels in the presence of TGF-B1 are more contractile with
increased aSMA expression compared to cells cultured within unstressed (compliant)
free floating gels.'® While this study demonstrates the importance of mechanical tension
on VIC phenotype, the tension (stiffness) “perceived” by the cells was not quantified and

the stiffness of the collagen gels was not measured or modulated.

Stiffness is a primary stimulus for activation of fibroblasts to the myofibroblast
phenotype. Effects of stiffness on cell response have been studied for many cell types
over a wide range of stiffness levels. Recently, several groups have described the
response of VICs to several levels of substrate stiffness; further studies are required to
fully characterize the response. Modification and control of stiffness in 2D culture
systems is of relatively low complexity and numerous studies have documented cellular
responses under these conditions. However, applying a defined tension level (stiffness) to

cells cultured in a 3D culture system remains challenging.
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2.5. VICs are Responsive to Dynamic Loading

The sensitivity of cells to dynamic stretch in vitro was first described by Leung et al.**
who demonstrated altered protein production by smooth muscle cells that underwent
equibiaxial cyclic stretch. Subsequent studies describe a wide range of cellular responses
that are induced by stretch including cytoskeletal remodeling, ECM protein synthesis,
and altered expression of many of genes.****® The most visible effect of stretch is
observed when cells reorient “away” from the direction of maximal cyclic stretch which
is accompanied by pronounced remodeling of the actin cytoskeleton.*’® In a recent
study, application of cyclic compressive stretch was shown to direct stem cell fate.*® The
magnitude and direction of the strain are also important in directing stem cell
differentiation. Mesenchymal stem cells subjected to equibiaxial strain had decreased
aSMA expression while stem cells subjected to uniaxial strain had increased aSMA

expression.>® A recent translational study that mechanical preconditioning of stem cells

prior to implantation to cardiac infarcts had improved function within the heart.*

Heart valves undergo complex mechanical loading withstanding circumferential strains
of 9-11% and radial strains of 13-25%. In diseased tissue, these values increase to >15%
and 15-31% for circumferential and radial strains respectively.®? The deformation
(stretch) of the valve leaflets is related to the pressure the heart valve cusps experience.*
The valves on the left side of the heart (aortic and mitral) experience higher transvalvular
pressures and subsequently display increased expression of aSMA and heat shock protein

47 (surrogate for collagen) compared to cells isolated from the right side valves
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(pulmonary, tricuspid)°® indicating a role for valve leaflet deformation in VIC activation
and collagen synthesis. aSMA expression in native (quiescent) VICs in intact valves is
relatively low, suggesting that the surrounding ECM stress shields resident cells from

cyclic mechanical loading during the cardiac cycle.*

Several in vitro and ex vivo studies have evaluated the effects of cyclic loading on
isolated VICs using various stretching devices. Cyclic stretch is shown to induce dose
dependent collagen expression in isolated VICs' and explanted valve tissue.™® Using a
Flexcell® system to apply stretch VICs stretched to 10-20% had increased collagen
synthesis and interestingly mesenchymal stem cells stretched to 14% had similar collagen
synthesis as VICs stretched to the same magnitude.** Further, compared to VICs cultured
under ‘normal’ strains (10%), VICs cultured under ‘pathological’ strains (15%) exhibit
stronger calcification response.’® Interestingly, GAG content was decreased for stretched
and statically incubated valves compared to freshly isolated valves.** «SMA expression
increases in stretched leaflets and decreases in statically incubated leaflets compared to
fresh leaflets.™® Tissue-engineered (TE) heart valves are also sensitive to stretch, TE
valves that undergo cyclic flexure have increased stiffness and collagen production;
further, there is a positive linear relationship between the stiffness of the TE valves and

the mean collagen concentration.*

Like many adherent cells, VICs are sensitive to the magnitude and duration of stretch.
Understanding the role of stretch in VIC activation is especially important due to the

complex mechanical environment of the heart. Further studies are required to characterize
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the response to stretch in the presence of other stimuli.

2.6. VICs are Responsive to Stimulation by TGF-p1

TGF-B1 is a 25 kDa protein that has been studied extensively with regard to its role in
wound repair. Many cells secrete and/or are responsive to exogenous TGF-1. TGF-B1 in
combination with intercellular tension is a known stimulus for the activation of VICs and
other fibroblasts to the myofibroblast phenotype.?*°** Plasma levels of healthy
individuals and patients with aortic stenosis were 9.8 and 24.2 ng/mL respectively.>
Another study found that plasma levels of TGF-B1 in control group were approximately 6
ng/mL while patients with liver or lung fibrosis were 20 and 25 ng/mL respectively.>®

1.1% Levels

Walker et al. found maximum response in VICs treated with 5 ng/mL TGF-8
used for these studies were based on values found in literature however the local

concentration of TGF-B1 exposed to the cell remains unclear.

Increased levels of TGF-B1 have been associated with aortic valve calcification and the
promotion of VIC calcification via apoptosis.®’ In vitro, treatment of VIC culture with
exogenous TGF-B1 initiates a cascade of events including cellular migration and
aggregation, formation of apoptotic akaline phosphatase enriched nodules, and
calcification of the apoptotic nodules.>” Injuring a confluent monolayer of VICs by
scratching the culture plate results in increased TGF-p1 and aSMA protein expression in

cells at the wound edge.>® Treatment of VICs with TGF-B1 increases stress fiber
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formation and alignment. In addition, TGF-f1 enhances contractility and inhibits

myofibroblast proliferation without increasing apoptosis.*

TGF-B1 is a potent regulator of VIC activation; however, the relationship between TGF-
B1 and mechanical tension is still unclear and requires further investigation. Specifically
to determine a threshold cellular tension that is required for VICs to be sensitive to TGF-
B1. Numerous model systems have been developed to study the effects of mechanical

stimulation on adherent cell culture, some of which will be discussed in the next section.

2.7. Model Systems for Controlling the Mechanical Environment of Cultured
Cells

In vitro studies of cells, and VICs in particular, have resulted in many important findings
regarding the significance of disease and the importance of the mechanical environment
on cell function and signaling. Devices used to modulate the mechanics of the culture
environment must be non-toxic and non-leaching if in contact with the cells. Materials
must be able to withstand elevated temperatures and high levels of humidity which limits
the use of powered devices within an incubator and a closed culture system is required to
prevent bacterial contamination. Despite these constraints and limitations, many devices
have been successfully developed for mechanical stimulation of isolated cells or

explanted tissues during in vitro culture.
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2.7.1. Methods for Changing Stiffness in 2D

Numerous systems have been developed to isolate and evaluate the effects of mechanical
stimulation on cells and tissues and even control cell differentiation in a controlled
environment (Review by DeForest and Anseth®®). In early studies, cells were cultured on
a thin film of polymerized silicone which was layered on an unpolymerized silicone
substrate to evaluate the effects of tissue stiffness on cellular responses. The forces cells
exert on the silicone were evaluated by observing the wrinkling of the thin polymerized
silicone layer.>® More recently, researchers have used polydimethyl siloxane (PDMS) to
evaluate the effects of substrate stiffness on cells. The stiffness of the substrate can be
modified by changing the ratio of polymer base to curing agent over a range of 48 to
1800 kPa.% The surface of the PDMS can be modified with proteins (covalently attached
or passively absorbed to the surface) and the concentration of attached proteins is
independent of stiffness.®® A method has been developed for utilization of PA gels
coupled with matrix proteins to evaluate the effects of a range of substrate stiffness levels
on adherent cells (fibroblasts and endothelial cells)® which is now a widely accepted
model system for mechanobiology studies.®*®® When polymerized, PA is a clear, elastic
gel and the stiffness of the gel is easily modified by changing the ratio of acrylamide to
bis-acrylamide. PA gels are primarily used for protein separation, therefore they are inert
and cells do not interact with the gel structure. PA gels require the conjugation of ECM
proteins to the surface of the gels to facilitate cell adhesion. One method of covalently

binding ECM proteins to the surface is with the UV activated heterobifunctional cross-
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linker sulpho-SANPAH. Sulpho-SANPAH has been used to attach collagen,®* fibrinogen,
fibronectin, and polylysine to PA gel surfaces.® In our experience, monomeric collagen
exhibits the best attachment. While cells are sensitive to both chemical and mechanical
cues, a study that evaluated the effects of substrate stiffness and type and concentration of
surface protein found that the cells were more sensitive to stiffness than protein type or
concentration.®? PA gel systems have been utilitized to measure focal adhesions
(identified by immunostaining)®® and traction forces exerted by the cell onto the PA gel
surface by tracking the movements of fluorescent beads embedded in the gel.®® These
studies revealed that as the substrate stiffness increases, fibroblasts become more spread,
have increased contractile forces, and have less motility.®* Fluorescent labeling of focal
adhesions revealed that cells cultured on stiff substrates had stable focal adhesions with
normal morphology while cells cultured on soft substrates had highly dynamic focal

adhesions with irregular morphology.®!

Given the importance of cues from ECM proteins, researchers have developed gel
systems made entirely of ECM proteins and other natural hydrogels to support cell
culture in 2D or 3D culture systems. Proteins such as collagen, fibrin, laminin have been
used for these studies (reviewed by Tibbitt and Anseth®’). The stiffness of the matrices is
controlled by altering the concentration of the protein. Since the entire gel is prepared
from ECM proteins, the cells can interact with and migrate through the matrix. This
makes these substrates less than ideal for cellular traction force measurements or cell

morphology studies given the difficulties of imaging cells moving in 3D. In addition,
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changing the concentration of ECM protein in the gel alters the biochemical profile
presented to the cell. Polysacchrides such as alginate and agarose have also been used but

require the addition of a cross-linker such as glutaraldehyde to maintain the gel structure.

Microfabrication techniques offer an alternative method for dictating the stiffness of a
cell culture substrate such as modifying the stiffness cells “sense” by creating a surface
with 3-10 um diameter posts and by adjust the height of the posts, the perceived stiffness

can be changed.®’

2.7.2. Methods for Changing the Stiffness of the Culture Environment in 3D

Cell signaling and function in 2D matrices differ than those observed in 3D matrices
(reviewed by Cukierman et al.?®). Not only does cell morphology differ between 2D and
3D culture systems, but there are also differences in cells’ biological responses to
mechanical stimuli.®® Forces applied to the cells differ greatly in 2D and 3D systems.® In
2D culture systems we can easily control cell density and have few “edge” or “interface”
effects in the culture sytem. Conversely, in a 3D system, we can control cells/volume but
it is difficult to control the distance between cells in a 3D culture system, particularly as
the cells migrate through and remodel the 3D matrix. Elsdale and Bard first described the
utilization of a 3D collagen matrix to support cell growth and noted that morphologies of
cells encapsulated in the gels are similar to morphologies found in vivo during wound

healing.”® The gels are prepared as floating (free, zero tension) or anchored matrices
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(fixed, infinite tension) to represent early and late stage wound healing respectively.” An
alternative method of culture utilizes a culture force monitor (CFM) to apply tension to a
cell-populated gel and measure the resulting contractile force as the cells generate tension
across the gel during matrix remodeling.>* In order to shield themselves from the strain
applied by the CFM, fibroblasts residing in the collagen gels aligned to the direction of
strain.>* A similar method utilizes polyethylene bars attached to the cell populated gels

and the gels are loaded by attaching free hanging weights onto the polyethylene bars.”

Controlling the tension across a cell-populated gel can have a large effect on the cellular
responses. However, understanding the specific contributions of the material stiffness of
the matrix and the cell generated tension within the matrix remains challenging.
Additional studies are also required to discern the differences in cell-perceived tension
applied through inside-out (stiffness) versus outside-in (stretching) methods. In the next

section we review methods for applying stretch to cells.

2.7.3. Methods for Stretching Cells

Many custom devices, with a variety of different loading mechanisms, including uniaxial
and biaxial stretch, bending, distention, compression, and shear stress have been
described for the mechanical stimulation of cells (reviewed by Brown et al.”)
Commercial devices are available such as Flexcell®, which uses vacuum pressure to

stretch a circular silicone membrane over a fixed loading post (up to 20%), and STREX
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which utilizes dual motors to stretch square or rectangular wells biaxially. Protein-coated
silicone membranes are commonly used as dynamic (stretched) culture substrates due to
their low cost, chemical inertness, and elastic properties. Silicone dynamic culture
substrates have been used to study cellular mechanisms of stretch sensing as well as to

model specific disease states such as ventilator injury.”

Another approach applies mechanical force to cells by binding magnetic beads to the
actin cytoskeleton.”™ A magnetic field is applied causing oscillating torque to twist the

beads and subsequently transfer the twisting motion to the actin cytoskeleton.”

Each method for stretching cells has strengths and limitations. Often precision is
sacrificed in more high-throughput methods where populations rather than individual
cells are studied. The devices described in this section have varying potential to be
combined with other stimuli such as exogenous growth factors or culture substrate

stiffness.

2.7.4. Methods for Combining Stiffness and Stretch

There are few studies that evaluate the combination of mechanical stimuli. Cells cultured
on soft PA gels would move in response to the soft substrate being pulled or pushed with
a pipette near front or rear edge of a cell®® suggesting that cells can respond to tensile and
compressive forces (strains) applied to relatively soft gels, however multiple combination

of these stimuli were not evaluated. More recently, two approaches have been developed
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for measuring the traction forces resulting from deformative forces applied to cells
cultured on compliant substrates. Fredberg and colleagues stretched single cells on PA
gels locally by pressing indentors around/next to the cells while simultaneously imaging
(and subsequently measuring) the displacement of beads within the gels to quantify
stretch and traction forces.”® Other groups developed methods for stretching beds of
compliant PDMS posts on which cells are cultured.””® These short-term experiments,
focus on changes in subcellular traction forces with time and further studies are required
to understand the interactions between and cell sensing mechanisms for stretch and

stiffness.

2.8. Rationale for Metrics Used in these Studies

For these studies aSMA expression was evaluated as it is the hallmark of the
myofibroblast phenotype Methods for detection included immunofluorescent staining of
individual cells to determine the organization of aSMA into stress fibers, Western
Blotting for aSMA to semi-quantitatively determine expression levels, and
immunohistochemistry to assess aSMA expression by cells within a 3D matrix. Cell area,
perimeter and shape factor are used to describe cell morphology and relative amount of
spreading. Cell morphology can be an indicator of cell fate; rounded cells are likely
approaching apoptosis while flat, spread cells are in growth phase (Review by Ingber™).

Traction force measurements and 3D gel contraction offer a functional snap-shot of cell
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activation by measuring the force the cells exert onto the surrounding matrix. Mechanical

testing of remodeled tissue is another functional measure of VIC remodeling.

2.9. Summary

In summary, it is clear that the behaviors of VICs, like other fibroblastic cells, are highly
dependent upon biochemical cues and the mechanical environment in which they are
cultured. Recent studies have demonstrated the importance of the mechanics of the
culture environment on VICs. Specifically, the sensitivity to changes in this environment

1243 \which

and reversal of the myofibroblast phenotype in response to stiffness,
illuminated the pathobiology of heart valve disease. Ultimately, the rational design of TE
heart valves and the development of effective treatments for heart valve disease will
require more detailed mechanobiological studies to determine functional dependencies
between combined levels of stiffness, stretch, and cytokines. In Chapter 3 we evaluate the

effects of substrate stiffness and cytokine stimulation, specifically TGF-p1 on VIC

activation to the myofibroblast phenotype.
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3.1. Abstract

During heart valve remodeling, and in many disease states, VICs shift to an activated
myofibroblast phenotype which is characterized by enhanced synthetic and contractile
activity. Pronounced aSMA-containing stress fibers, the hallmark of activated
myofibroblasts, are also observed in VICs cultured on stiff substrates especially in the
presence of TGF-B1; however, the detailed relationship between stiffness and VIC
phenotype has not been explored. The goal of this study was to characterize VIC
activation as a function of substrate stiffness over a wide range of stiffness levels
including that of diseased valves (stiff), normal valves (compliant), and hydrogels for
heart valve tissue engineering (very soft). VICs obtained from porcine aortic valves were
cultured on stiff tissue culture plastic to activate them, then cultured on collagen-coated
PA substrates of predefined stiffness in a high-throughput culture system to examine the
persistence of activation. Metrics extracted from regression analysis demonstrate that
relative to a compliant substrate, stiff substrates result in higher cell numbers, more
pronounced expression of aSMA-positive stress fibers, and a larger spread area which is
in qualitative agreement with previous studies. Our data also indicate that VICs require a
much lower substrate stiffness level to “deactivate” them than previously thought. The
high sensitivity of VICs to substrate stiffness demonstrates the importance of the

mechanical properties of materials used for valve repair or for engineering valve tissue.
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3.2. Introduction

VICs are the primary cell type found in heart valves and are responsible for the
maintenance and repair of valve structure. In healthy valves, a majority of VICs exhibit
characteristics of normal fibroblasts.® However, in remodeling and disease states, when
rapid matrix repair and remodeling are required, VICs express aSMA, > the defining
immunological marker for the myofibroblast phenotype. Fibroblasts expressing aSMA-
positive stress fibers have increased contractility,®* and myofibroblasts exhibit increased
matrix production and remodeling capabilities relative to quiescent fibroblasts.® These
activities are necessary for successful restoration of tissue following injury, and a small
percentage of myofibroblasts is necessary for maintenance of the structure of the leaflet.?
However, excessive numbers of myofibroblasts are observed in pathological heart valve
matrix remodeling,® occurring with stenosis,” myxomatous degeneration,®® and
fibrocontractive diseases. Understanding how to modulate VIC phenotype offers the

potential for more effective treatment strategies for heart valve pathologies.

VIC activation (towards the myofibroblast phenotype) has been shown, directly or

indirectly, to be regulated by environmental stimuli such as dynamic loading of the

8,28 10
1;

valve,” " elevated levels of profibrotic cytokines (most notably TGF- 1;~ and elevated

matrix stiffness.’®*2 Even in healthy valves, VICs expressing aSMA are generally found
near the outer edges of the fibrosa® and ventricularis.?® These areas are relatively stiff,

5,28,83

experience large stresses, and are adjacent to the endothelium and blood stream

which could contribute to cytokine stimulation; thus, it is difficult to parse out the
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primary source(s) of VIC activation. The specific levels of the factors that regulate VIC
activity and how they may interact in healthy and diseased valves remains poorly

understood.?®

In 2D in vitro studies, where fibroblasts (from various sources) are cultured on substrates
of tunable stiffness (e.g. PA gels), the mechanical environment has clearly been shown to

6284 and sufficient substrate stiffness is

modulate a broad range of cell functions,
necessary for fibroblast force generation and myofibroblast differentiation.” In light of
the large body of literature demonstrating the importance of stiffness on fibroblasts-to-
myofibroblast differentiation, it is surprising that the effects of stiffness on VIC
phenotype have been largely overlooked until recently. Several in vitro studies clearly
show that the percentage of VICs expressing myofibroblast characteristics is elevated on
stiff 2D substrates relative to soft substrates.’*'%¢ However, only a few levels of
stiffness over a limited range are utilized in these studies, thus critical levels of stiffness
(thresholds for activation, saturation levels, etc.) and how different stimuli interact have
not been elucidated. A notable exception is a recent study by Anseth and colleagues
(2010) who cultured VICs on hydrogels with tunable stiffness gradients (7-32 kPa).** The
authors found that VIC activation occurs on substrates with Young’s modulus greater
than or equal to about 15 kPa and also that, by reducing the gel stiffness from ~30 kPa to
~7 kPa, the cells could be deactivated as demonstrated by reduction in aSMA-positive

stress fibers. These data represent an important step in identifying critical parameters for

VIC sensitivity to stiffness; however, the range of stiffness is limited in this study, and
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the cells were cultured at very high density. In high density monolayers, cells sense
traction from neighboring cells which confounds the interpretation of stiffness-dependent
results.®”® Further characterization of VIC responses to mechanical stimuli is needed for
both understanding of disease progression and for proper selection and culture of

replacement cells for disease therapeutics or tissue engineered valves.

To systematically evaluate the effects of stiffness on the persistence of the activated VIC
phenotype, we utilized a novel high-throughput system allowing parallel culture of cells
over a broad range of stiffness levels in vitro. There is no one single characteristic
stiffness level of the native aortic valve due to the non-linear strain-, direction-, and
location-dependent properties of the tissue.® Further, the valve has a tri-layered structure
with relatively stiff fibrous outer layers surrounding a soft core. Therefore, the stiffness
levels chosen for this study span a large range. Following pre-activation on stiff tissue
culture plastic, VICs were cultured on eleven levels of PA gel stiffness over four orders
of magnitude with and without exogenous TGF-B1. The isolated cells were cultured at
low density to minimize physical and chemical interactions between adjacent cells.
Collagen coated surfaces, high serum (15%), and exogenous TGF-B1 were utilized to
push the VICs toward a fibrotic state. Cells were evaluated for spreading area,
morphology, and the presence of aSMA-positive stress fibers. By studying the cellular
response over a large range of stiffness levels and utilizing regression models, we are

able to identify specific thresholds for the transition to the activated phenotype.
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3.3. Methods

3.3.1. Substrate Preparation

Collagen-coated PA substrates were prepared based on standard protocols®® adapted to a
96-well format as previously described® and generously donated by the Tschumperlin
laboratory at the Harvard School for Public Health. Briefly, the wells of glass bottom 96-
well plates were activated using 0.4% aqueous solution of g-
methacryloxypropyltrimethoxysilane (Acros Organics) and PA gel solution consisting of
0.15% tetramethylethylenediamine (Biorad), 0.075% ammonium persulfate (Biorad), and
acrylamide:bisacrylamide (Biorad) of varied ratio to control stiffness was applied to the
center of each well. Coverslips (5 mm diameter) were made hydrophobic to prevent
adhesion to the gels by treating with Surfacil (Pierce) and then rinsing with methanol.
The coverslips were placed in each well until gel polymerization after which they were
removed. Sulfosuccinimidyl 6 (4-azido-2-nitrophenyl-amino)hexanoate (Sulfo-SANPAH,
Thermo Scientific) was applied to the surface of each gel and activated with UV light as
previously described® and 100 pg/mL type | collagen (Purecol, Advanced Biomatrix)
was applied to the surface of each gel and incubated for four hours at room temperature.
Gels were rinsed with PBS and UV sterilized prior to cell seeding. Eleven substrate
stiffness levels were prepared (n=8 per stiffness) ranging from 3%/0.04%
(acrylamide/bis-acrylamide) to 12%/0.585% (for specific formulations and corresponding

stiffness see Table 3.1). Glass substrates were used as positive (rigid) control.
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Table 3.1. Polyacrylamide formulations and corresponding modulus values from AFM.

% Acrylamide 3.0 3.0 3.0 3.0 7.5 7.5 7.5 7.5 12 12 12

% Bisacrylamide | 0.04 | 0.05 | 0.06 | 0.11 | 0.03 | 0.05 | 0.12 | 024 | 0.12 | 0.24 | 0.58

E (Hertzian, AFM,
Pa)

Measured G'
(Rheometer, Pa)

*dataset contained significant outliers

150 300 600 | 1200 | 2400 | 4800 | 9600 | 19200 | 38400 | 76800 | 153600

35 128 236 | 188* | 909 | 2506 | 4670 | 9856 | 11130 | 20075 | 38985

3.3.2. Substrate Characterization

Stiffness of the substrates was determined using an atomic force microscope (AFM) and
verified using macroscopic rheometric measurements. For AFM measurements, force-
displacement curves were acquired (Asylum MFP 3D) with silicon nitride tips with 5 pum
diameter borosilicate spheres and a nominal spring constant of 0.06 N/m. Prior to testing,
the spring constant of the tip was measured using thermal calibration. The Young’s
Modulus (E) was calculated using Hertzian mechanics and a Poisson’s ratio of v=0.2 and
is provided in Table 3.1.8>°! The low Poisson’s ratio is appropriate for the surface

analysis (not bulk) as previously demonstrated. %%

The bulk stiffness of the gels was confirmed by oscillatory shear rheometry using an AR-
G2 rheometer (TA Instruments). The normal force was held at 1 N and the storage

modulus (G’) and loss modulus (G”) were measured at a frequency of 1 Hz. One
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measurement was made on each gel (n = 2) and values were averaged. As G” was over an

order of magnitude lower than G’, the gels were considered elastic.

3.3.3. Cell Culture

VICs were isolated from porcine hearts obtained from a local abattoir by standard
methods.* The isolated VICs were cultured in standard medium (Dulbecco’s Modified
Eagle’s Medium (DMEM), 100 U/mL penicillin G sodium, 100 pg/mL streptomycin
sulfate, and 250 ng/mL amphotericin B supplemented with 15% fetal bovine serum (FBS,
Hyclone)) at 37°C with 10% CO,. VICs at passage 2-5 were used for all experiments
(mixed cultures). High serum (15%) and stiff substrates (plastic) during passaging
resulted in a high level of VIC activation. Activated VICs were seeded onto the PA

substrates at a density of 2000 cells/cm? and cultured in standard media; in the TGF-B1+

group the media was supplemented with 5 ng/mL TGF-B1 (EMD).

3.3.4. Immunofluorescent Staining, Microscopy, and Image Analysis

After two days of culture, VICs were fixed and permeabilized on the PA substrates with a
5.3% formaldehyde (Ted Pella) and 4 uM Triton X-100 (Calbiochem) solution. The cells
were blocked with a 1% bovine serum albumin (BSA, Sigma) solution in PBS, probed for

aSMA with the clone 1A4 antibody (Sigma), and visualized with Alexa 546-conjugated
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goat anti-mouse 1gG (Invitrogen). Nuclei were visualized with Hoechst 33342 stain
(Invitrogen). Cells were imaged with an epifluorescent microscope (Zeiss) with a charge-
coupled device camera. Five images were acquired from each substrate (n = 3 per
stiffness done in duplicate). The resulting images were analyzed using Image J for the
area of aSMA expression per image. The number of cells per image, the percent of cells
expressing aSMA in stress fibers, and the cell morphology were manually verified for
each image. Cell morphology was visually assessed and each cell was identified as
having a cubodial (round or square) or elongated (spindle-like with multiple extensions or
fillipodia) morphology. Many cells stained positive for aSMA in their cytosol without
aSMA organized into stress fibers, and stress fiber size and density varied between cells,
thus a semi-quantitative scale was developed to characterize the extent of expression of
aSMA in stress fibers; specifically, the number of aSMA-positive cells was manually
counted and each cell was identified as having weak or pronounced expression of aSMA
in stress fibers. “Weak expression” cells exhibited mostly cytosolic aSMA with some
expression in stress fibers, and “pronounced expression” cells had highly pronounced
expression and stress fibers were well defined. Examples of cells with “weak” and

“pronounded” aSMA expression are shown in Figure 3.1.

In order to quantify aSMA protein expression in response to substrate stiffness via
Western Blot, three formulations of larger format (22 mm diameter) PA gels
(acrylamide/bis-acrylamide 8/0.02, 5/0.01, 8/0.08) were prepared as described above.

VICs were seeded onto the gels as described above, cultured for seven days, and lysed
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with a solution containing NP40 Lysis Buffer (Biosource), PMSF (Pierce), and Halt
Protease Inhibitor (Pierce). The protein quantified using the BCA Protein Assay (Pierce).
10 pg of protein was added to each well of a 12% bis-acrylamide SDS page gel and
protein was separated by electrophoresis. The protein was transferred to PVDF
membrane via semi-dry transfer. The membrane was placed in a 5% milk in PBST block
for 2 hours and probed with the aSMA (clone 1A4) antibody overnight at 4°C. The
antibody was removed and the membrane was washed with PBST buffer for 4-10
minutes washes. Anti IgG-alkaline phosphatase conjugated antibody (Sigma) was used
for secondary detection and was incubated for 1 hour at room temperature. The
membrane was washed 6 times for 10 minutes per wash and the signal was detected by
chemiluminescence (Lumi-Phos WB chemiluminescent substrate for AP, Pierce), on the

Geldoc (Biorad).

3.3.5. Traction Force Microscopy

Traction force microscopy was performed as described by Munevar.” Briefly, the
deformation of the PA caused by cellular traction forces relative to the relaxed substrate
was determined by the use of a pattern recognition algorithm. Large format (22 mm
diameter) PA substrates were prepared as described above with the addition of 0.2 um
diameter Fluoresbrite® Yellow Green Microspheres (Polysciences) and were equilibrated

in standard culture medium for ~30 min at 37° C. VICs were seeded onto the substrates
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and cultured for 48 hours. Images of cells and substrate-embedded fluorescent beads
were acquired with a Zeiss Axiovert fluorescent microscope equipped with a charge-
coupled device camera. First, a phase contrast image of a single cell on the substrate was
acquired, next the focal plane was lowered 5 um and fluorescent images of the
fluorescent microspheres suspended within the gels were imaged. A total of 10 cells were
imaged per substrate. 10X trypsin was applied to the gels for 10 minutes in order to
remove the cells from the substrate, the trypsin was removed leaving the original volume
of fluid on the gels and the same location and focal plane of beads was imaged in the
“relaxed” state (without the cell attached to the surface). All images were collected and
processed for background subtraction by custom programs which measures the
displacement of the beads within the gel and combined with the stiffness of the PA gel,

the subcellular forces are calculated.%¢°%

(Custom traction force computation software
generously donated by Dr. Dembo of Boston University). Traction forces in the x- and y-
direction were averaged over the area of the cell for n=3 cells per stiffess gel.

Representative plots were output from the custom software.

3.3.6. Statistical Modeling and Analysis

For each metric (cell density, spread area, and aSMA expression), two-way analysis of
variance (ANOVA) and non-linear regression analysis were performed using commercial

statistical software (Sigmaplot 11.0, Systat Software Inc.). The two-way ANOVA
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allowed for the determination of overall effects of stiffness and TGF-B1, and if
significant differences were found, post-hoc analysis identified differences between
individual groups via the Holm-Sidak method for pair-wise multiple comparison

procedures with p<0.05 considered significant.

Regression analysis provides metrics for trends in the response of the cells as a function
of stiffness including levels of stiffness where transitions occur between types of
behavior (e.g., rounded vs. spread) and where saturation levels of each metric occur (e.qg.,
maximum spreading area) allowing for comparison to other published studies as well as
selecting stiffness levels for tissue engineering applications. Data from cells plated on the
glass controls were excluded from models due to difference in surface chemistry from the

PA gels.

All metrics (i.e., density (cells/mm?), projected cell area (um?), percentage of aSMA-
positive cells (%), and percentage of cells that have pronounced expression of aSMA
organized in stress fibers (%)) increased monotonically from a baseline through a

transition to a saturation level, thus a four-parameter sigmoid distribution was used to

model each data set:

= +
Y=Y E_Etj , Equation 3.1

1+e_( °

where y is the metric being analyzed, yy is the baseline level, a is the saturation level, b
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indicates the steepness of the transition region, and E; is the stiffness where transition
occurs between the baseline and saturation levels. The units of yo and a match the metric
being analyzed, and b and E; have units of stiffness (Pa). In cases where the baseline
parameter, yo, resulted in over-parameterization, a three-parameter sigmoid distribution
was utilized (i.e., yo set to zero). To investigate the dependence of aSMA expression on
cell area, the values for area/cell and the fraction of pronounced aSMA-positive cells
from both experiment runs were fit to a linear regression model and the correlation

determined.

3.4. Results

3.4.1. Gel Stiffness

The Young’s modulus of the gels ranged from 150 Pa to 154 kPa (Table 3.1); the values
from AFM and rheological measurements were highly correlated (r=0.98). Stiffness
values from AFM measurements were used in the tables and graphs below. VICs attached
and spread on the PA gels in a stiffness-dependent manner, the spread-area and cell
morphology over the range of 11 stiffness levels is shown in Figure 3.2. Diffuse staining
for aSMA was ubiquitous and the extent of expression of aSMA was an important

quantification metric in this study (Figure 3.1).
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Pronounced expression

Weak expression
A

Figure 3.1. Cells with “weak” or “pronounced” expression of aSMA. “Weak

expression” cells (A-C) exhibited mostly cytosolic aSMA with some expression
in stress fibers, and “pronounced expression” cells (D-F) had highly pronounced

expression and stress fibers were well defined. Scale bar is 100 pm.*
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IncreasingStiffness

0.15kPa

Increasing Stiffness

Figure 3.2. Substrate stiffness has a pronounced effect on VICs cultured on PA
gels of increasing stiffness. VICs cultured on PA gels ranging 4 orders of
magnitude in stiffness (0.15-150 kPa) plus glass with DMEM+15% FBS without
TGF-B1 for two days. Cells were probed for aSMA (red) and nuclei (blue). Scale

bar is 100 um.*®
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3.4.2. Cell Culture

VICs were plated at a relatively low density to minimize cell-cell interactions and
analysis focused on single cells. Figure 3.3 shows that adjacent cells (cells that are nearly
touching each other) are more spread, have longer projections, and migrate towards each
other demonstrating the importance of analyzing only individual cells in isolation,

especially on soft substrates.
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Single Cells Touching Cells

Figure 3.3. Cell-cell contact increases cell size and enhances cell projections.

Three representative images of touching and non-touching cells are shown in this

figure. Insets show detail of individual cells. Scale bar is 100 um.*
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3.4.3. Data Models

Data from both experimental runs are provided in Table 3.2 with statistically significant
differences listed in Table 3.3. Statistical differences between stiffness levels (column
headings) are indicated by the letters (corresponding metrics are listed below the table).
For example, for area/cell, 150 Pa is only significantly different from 76.8 kPa and 154
kPa groups (designated by letters j and k). Data from the first experimental run are shown
in the graphs; the trends in the second run were consistent with the first. The only
substantial difference between runs was that the cell density of the second experimental
run was roughly twice that of the first run. The variability between runs could be
attributed to non-uniform cell adhesion across the substrate. The gel was homogenous
across the center region but the ridge at the edge of the gel provided a topographical cue
and in some samples this region had a higher cell density (only the homogenous center of
the gel was included in the analysis). Differences between groups determined by the two-
way ANOVA are provided in Table 3.3; however, in this study we focus on the trends
more than statistical differences between specific groups since our goal is to describe the
relationships between substrate stiffness and cell behaviors. All fits had an r? greater than

0.5 with an average r? for all fits of 0.8.
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Table 3.2. Parameters from regression analysis: y0 is the baseline level, a is the saturation
level, b indicates the steepness of the transition region, and Et is the stiffness where
transition occurs between the baseline and saturation levels. The units of ‘y0’ and ‘a’
match the metric being analyzed, and b and Et have units of stiffness (Pa). In cases where
the baseline parameter resulted in over-parameterization, a three-parameter sigmoid

distribution was utilized (i.e., yO set to zero).

. a Yo
metric) metric)
1 41.8 99.2 181.1 | 0.72
2 N/A
(cells/mm?©) 1 39.8 441.0 191.6 | 0.76
+
2 17.6 100.4 * 0.42
1 409 172 56645 1770 0.59
Cell Area 2 2621 6305 * 1269 0.74
(um?) 1 966 176 017 1034 0.81
+
2 3476 2489 * 350 0.83
, 1 0.98 49.1 148.1 | 0.98
Fraction -
aSMA+ 2 0.81 114.1 3.70 0.75
. N/A
stress fibers 1 0.85 280.4 85.8 0.95
(%) +
2 0.76 370.0 80.8 0.89
Fraction 1 0.15 1215 2449 |0.892
pronounced 2 0.33 2399 3416 0.88
aSMA+ N/A
stress fibers . 1 0.11 1307 2843 | 0.845
(%) 2 0.36 603 1871 0.92

*value below lowest stiffness level
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Table 3.3. Significance between groups from the two-way ANOVA; (p<0.05) by post

hoc analysis.

Sti(fl;fn)ess 150 300 600 1200 2400 4800 9600 19.2k 38.4k 76.8k 154k
a

Area/cell .k n.s. n.s. ns. ns. ns. ns ns ns. ns ns

Pronounced f.g,h,i,j.k fo.hijk fghik ik i,k ns. n.s. n.s. n.s. n.s. n.s.
oaSMA

Cubodial ¢,d.ef,g,hijk n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Density d.ef,g,h,ij.k, n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Fraction | ¢ d e f,g,h,ijk n.s. n.s. ns. ns. ns NS NS NS NS NS
oSMA

TGF-B1 did not have a significant effect and values are not shown. No groups were

significant in the percent elongated cells and are therefore not shown in the table.

Letters indicate stiffness levels where the response is statistically different than a given
group;

¢ =600, d = 1200, e = 2400, f = 4800, g = 9600, h = 19.2k, i = 38.4k, j = 76.8k, and k =
154k, n.s. = no significant differences

3.4.4. Cell Density

Cell density (number of cells per area) increased with substrate stiffness (p<0.01); the

presence of 5 ng/mL exogenous TGF-B1 did not have a significant impact (p>0.05). The
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softest gel (150 Pa) has significantly fewer cells than all levels greater than 600 Pa. The
300 Pa gel also has significantly fewer cells than the 4.8 kPa gel; however, even at the
highest cell density, the cells were generally still sparse enough for single cell analysis.
The three-parameter sigmoidal distribution fit the cell density data well (Figure 3.4) and
identified a transition modulus of approximately 180 Pa and a saturation density of
approximately 40 cells/mm? irrespective of the addition of 5 ng/mL TGF-B1. The
cytokine decreased the slope of the curve in the low stiffness range (the b parameter was

approximately four times greater in TGF-B1 group).
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Figure 3.4. Regression analysis of VIC responses to substrate stiffness. Each

point represents the average of 3 wells with SEM of cells cultured in standard

(closed symbols) or TGF-B1 supplemented (open symbols) media.*®
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Increased cell spreading correlated with increased stiffness as shown in Figure 3.2 and
Figure 3.4. The cell area was significantly different (p<0.01) for cells between stiffness
levels; specifically, cells on the softest gel (150 Pa) had significantly smaller spread area
than those on the two stiffest gels (76.8 and 154 kPa), but there was not a strong trend in
cell area with stiffness. The addition of TGF-1 produced a more pronounced trend with
stiffness, although it did not have an overall statistically significant effect compared to
the control group. As the trend without TGF-B1 was not strong (r?=0.56 for the first run),
the parameter values cannot be viewed as accurate and are thus not provided in Table 3.2.
The data from TGF-B1 treated group were fit well by the model and provided a transition
modulus of just under 1 kPa and a saturation level of approximately 1000 um? for the

first run.

3.4.5. Cell Morphology

The cell morphology was also significantly impacted by the stiffness of the substrate
(p<0.01); the addition of TGF-B1 did not have a significant impact on the cell shape.
Specifically, the fraction of cubodial cells on the softest (150 Pa) gels was significantly
greater than all stiffness levels greater than 600 kPa (data not shown). The fraction of
cuboidal cells decreases from 60% to 30% as stiffness increases with the form of an
inverted sigmodial curve. There were few elongated cells on the low stiffness gels, a peak

of elongated cells at an intermediate stiffness, and then slow decrease in numbers on the
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high stiffness gels, but the differences were not statistically significant.

3.4.6. aSMA Expression

A portion of the VICs cultured on each stiffness level expressed at least a low level of
aSMA (with the exception of the lowest stiffness, 150 Pa) (Figure 3.4). The fraction of
cells positive for asSMA was significantly altered (p<0.01) with both stiffness and
additional TGF-B1. Specifically, the softest gels had significantly lower fractions of
aSMA-positive cells than gels with stiffness levels greater than 600 Pa. This trend was
verified by immunoblot detection of aSMA (Figure 3.5), although additional studies are
required to determine statistical significance. VICs cultured on 30 kPa gels express more
aSMA (relative to tubulin) than those cultured on 10 kPa gels. VICs cultured on 75 kPa
gels express roughly equivalent levels of aSMA as those cultured on 30 kPa gels. Dermal
fibroblasts expressed slightly lower levels of aSMA compared to VICs cultured on 10
kPa substrates. Surprisingly, the presence of exogenous TGF-B1 significantly decreased
the expression of aSMA overall (p<0.01) possibly due to high serum levels (see
Discussion). The three-parameter sigmoid model fit the total fraction of cells positive for
aSMA very well (r* values of 0.98 and 0.95 for standard media and TGF-B1+ groups,
respectively). The transition modulus was somewhat smaller for the TGF-p1 treated
group (86 Pa vs. 148 Pa) but the transition region for the TGF-B1 groups was more

spread out with a lower saturation level (85% vs. 98%) occurring at a higher stiffness
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level (~1.2 kPa vs. 300 Pa). On the stiffer gels, VICs exhibited pronounced staining for
aSMA with highly aligned stress fibers. The fraction of cells with pronounced aSMA-
positive stress fibers, a more appropriate metric for activation to the myofibroblast
phenotype than diffuse aSMA staining, was significantly increased (p<0.01) with both
stiffness and addition of TGF-B1 (Figure 3.4). Despite the statistical differences between
control and TGF-B1+ groups, the fit parameters were similar for standard media and
TGF-B1+ groups in both experimental runs with transition modulus ~2.4-2.8 kPa and a
saturation level of 11 to 15% of the exhibiting pronounced aSMA expression. The
percentage of cells with pronounced aSMA expression on glass was somewhat higher at

20 to 25%.

The cell size and amount of aSMA stress fibers were highly positively correlated; large
cells had a high number of bright, highly aligned stress fibers (see Figure 3.1).
Specifically, the area/cell and fraction of pronounced aSMA-positive cells were fit to a
linear regression (y=mx+b) with similar slopes (m=0.0001 fraction with pronounced
aSMA staining/um? for both groups) and y-offsets (-0.1445 and -0.1891 for standard and
TGF-B1 groups respectively). Good correlations were found for both standard media (r*=

0.74) and TGF-B1 (r*= 0.82) groups.
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Figure 3.5. aSMA expression in response to substrate stiffness (A). Plots (B)
represent cellular levels of aSMA normalized to tubulin (n=1). VICs and dermal

fibroblasts (FIB) were cultured on 22 mm diameter PA gels for seven days.
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3.4.7. VIC Traction Force

Larger traction forces were observed in cells plated on stiff 70 kPa gels than on soft 30
kPa gels (p<0.05) (Figure 3.6). Compared to dermal fibroblasts VICs tended to have
smaller traction forces although the differences were not statistically significant. Similar
to other published reports, standard deviations are very large.®® Traction force
microscopy was also attempted on softer (10 kPa) gels; however, reliable traction force

maps were not achievable.
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Figure 3.6. The traction forces exerted by individual cells on substrates were
measured using an image correlation method. Images of fluorescent beads
embedded within the substrate in the stressed and unstressed positions were used
to obtain the bead displacement which, with the substrate stiffness was used to
calculate the average traction in areas of significant traction forces. (n=10; *

denotes p-value < 0.05).
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3.5. Discussion

In this study, we analyzed the response of porcine aortic VICs to substrate stiffness over a
wide range of levels using a high-throughput method. We found pronounced expression
of aSMA (defined as organization of aSMA into stress fibers) above a threshold of
approximately 2.5 kPa with and without 5 ng/mL TGF-B1 supplementation. Our data
demonstrate that VIC activation (in the presence of 15% serum) is sensitive to a lower
range of substrate stiffness levels than previous studies have demonstrated for both
VICs* and other fibroblastic cells®*® in terms of aSMA expression and organization,
cell density, size, and morphology. The high sensitivity of VICs to substrate stiffness
demonstrates the importance of mechanical properties of materials used for valve repair
or for engineering valve tissue. The data presented herein can be used as a reference for

culturing VICs in vitro and for the design of tissue engineered valves.

3.5.1. High-Throughput, Low Density, Interaction Study

A high-throughput approach was utilized to facilitate assessment of the effects of a large
range of stiffness levels encompassing soft glycosaminoglycans characteristic of
spongiosa, fibrotic (myofibroblast-populated) tissue,*® and osteogenic substrates which
potentiate calcific deposits®® characteristic of heart valve disease.?*** Gel stiffness levels
chosen for this study range from those similar to hydrogels used for tissue engineered

valves (E ~ 100 Pa, estimated from rheometric measurements of shear modulus)®* to
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values well above those calculated immediately prior to valve damage and/or failure of
native and tissue engineered valves.'%? Biaxial mechanical characterization of porcine
heart valve leaflets found the modulus to range from 30-150 kPa depending on the
direction of extension(radial or circumferential) and the strain level.®® The stiffness of

103

(thawed) cryopreserved human valve leaflets (E ~ 1.7 kPa)™" is in the mid-range of

stiffness values tested in this study.

The large number of stiffness levels allows thresholds to be determined quantitatively
with and without the soluble factor TGF-f1, an important regulator of the myofibroblast
phenotype. In order to minimize the effects of cell-cell signaling and elucidate the
cellular responses to substrate rigidity, we cultured the VICs at a low density, allowing
for analysis of single cell behavior. Cellular interaction causes cells to modify their shape
and aSMA expression as shown in the images of “touching” and “non-touching” cells in

Figure 3.3.

Matrix stiffness may also affect cell proliferation resulting in changes in cell density. The
effect of matrix molecules bound to the substrates on VIC attachment has been studied

extensively,?>1%410

yet the effects of matrix stiffness on VIC proliferation have largely
been ignored. Proliferation may be beneficial in certain applications (e.g., populating an
acellular scaffold), yet excessive proliferation can be detrimental to tissue development
(i.e., production of ECM to replace a degrading scaffold). We found that cell density

increased with stiffness until it saturated between 10 kPa and 20 kPa. Interestingly, cell

density observed on the glass control is lower than that observed for cells on the stiff PA
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gels, whereas, the majority of other metrics evaluated in this study (cell spread area and
percentage of cells with pronounced aSMA expression) saturate towards the level
observed on the glass control. Similar findings were reported by Chen et al.*® where
MSCs cultured on fibronectin-coated PA gels exhibited maximum proliferation when
cultured on gels with stiffness of 10 kPa when compared to higher or lower stiffness

ranges.

3.5.2. Cell Area, Morphology, and Forces

Changes in cell area and morphology are readily visible indicators of changes in
cytoskeletal organization and focal adhesions,®* and control of cell shape can itself
modulate cell function.'®” In a recent study by Liu et al.,% six distinct VIC morphologies
were identified. The different morphologies have different cell motility and cell matrix
interactions, and all morphologies showed variable amount of aSMA. We chose to
categorize the phenotypes into two categories based on cell morphology: cubodial cells
were more round or square in appearance with few, if any extensions; elongated cells

were bipolar or had many extensions.

In our study, VICs on the lower stiffness gels remained small and rounded, and as the

stiffness level increases VICs exhibit not only greater area but also more extensions and
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fillapodia. In a study by Engler et al.”* a similar increase in projected cell area with

stiffness was found, albeit over a smaller range of stiffness (1-40 kPa with 3 or 4 levels of
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stiffness). The authors fit the response to a hyperbolic function and a power law; we
utilized a sigmoidal model to recapitulate the baseline response transitioning through an
intermediate region, and saturating at higher stiffness levels observed for TGF-B1-treated
VICs over broad stiffness range studied herein (Figure 3.4b). We do not attempt to assign
any physiologic significance to the parameters, although the E; parameter is especially
useful for quantifying the transition between what the cell type “feels” as “soft” (E<E;) or
“stiff” (E>Ey). Figure 3.6 shows representative plots of the average traction forces across
the cell. These forces are a functional measure of VIC activation to the myofibroblast
phenotype. Cellular traction forces are increased during migration and the highest forces

|.109

are co-localized with the leading- and tail-end of the cell.”™ Generally, rounded cells

have lower tractional forces as they have fewer focal adhesions to the culture substrate.

3.5.3. aSMA Expression and Localization

Expression of the contractile protein aSMA is the primary indicator of the myofibroblast
phenotype®® and the organization of aSMA into stress fibers has been correlated with
increased myofibroblast contractility.®* The threshold stiffness level for the appearance of
aSMA-positive stress fibers in this study is lower than previously reported for both VIC
(~15 kPa)'? and fibroblast activation (16-20 kPa).2**® The in vivo the ECM threshold
stiffness required for the presence of aSMA in stress fibers appears to be ~20 kPa for rat

wound granulation tissue.*® However, in previous studies, limited ranges and numbers of
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levels of stiffness have been utilized and relatively simplistic measures of stiffness
employed, thus precise thresholds are difficult to determine from previous data.
Compared to a recent study with a transition stiffness of roughly above 7 kPa,*? we found
the transition stiffness is somewhat lower (4.80 kPa to 9.60 kPa) for all groups and stress
fibers were seen on relatively soft substrates. Further, our preliminary data with
fibroblasts indicate that VICs may have a lower set-point for activation with regard to
stiffness; VICs expressed more aSMA when cultured on soft PA gels when compared to
dermal fibroblasts (Figure 3.5). Additional studies are required to determine statistical
significance of aSMA expression between stiffness levels and cell types. In these studies
we normalized aSMA expression to B-tubulin, a microtubule protein. However, since -
tubulin is a structural protein which are often affected by changes in the mechanical
environment we recommend the use of other reference proteins not directly involved in
the transfer of forces across the cell for future studies such as GAPDH or anti-histone

Hl.llo

Interestingly, despite having greater expression of aSMA, VICs had lower traction forces
compared to dermal fibroblasts. Since traction force measurements produce relatively
high standard deviations,®*“’ further experiments are required to compare the traction
forces of VICs and fibroblasts. We are the first to report the traction forces of VICs on a
2D gel surface; however, utilizing a culture force monitor, Smith and colleagues observed

34% variability of contraction forces produced by VICs in 3D culture.*"
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3.5.4. TGF-p1 and Serum Levels

It is widely accepted that myofibroblasts are regulated by profibrotic cytokines, most
notably TGF-B1, which can be secreted by endothelial cells or the VICs themselves
during repair of damaged valves or diseases affecting the valve tissue.'*? Previous studies
have shown that VICs cultured in the presence of exogenous TGF-B1 concentrations
ranging from 0 to 5 ng/mL had increased aSMA expression with increased TGF-1
concentration.*®?® Further, TGF-B1 has been shown to interact with mechanical stimuli in
the stimulation of myofibroblast activation.” It is hypothesized that a minimal stiffness
(tension) is required for the activation of latent TGF-B1.%" A single level (5 ng/mL) was
chosen for this study to maximize VIC activation based on previous work by Walker et
al.'® In general, we observe few differences with the addition of exogenous TGF-f1,
indicating that under these specific culture conditions, VIC phenotype is more sensitive
to environmental stiffness than exogenous TGF-f1. This finding adds to the controversy

of the role of TGF-B1 in VIC activation.

The relatively low stiffness threshold for VIC activation may also be due, in part, to the
high level of serum (15%) chosen to stimulate the cells; at this level, TGF-B1 actually
inhibited some metrics of the myofibroblast phenotype. In a previous study, VICs were
cultured in 15% serum allowing for cells to attach and undergo the cell cycle and then
cultured in low serum (1%) during experimentation to minimize cell proliferation.*?

Another study showed that serum concentrations from 1 to 15% had no effect on aSMA
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expression.?> The VICs used in this study were not serum starved, prior to addition of
TGF-B1. The lack of additional response to 5 ng/mL supplemental TGF-1 could also be

explained by the TGF-B1 in the serum or autocrine production of TGF-B1 by the VICs.

3.5.5. Matrix Molecules

In addition, the choice of matrix proteins bound to the surface also has an effect on VIC
phenotype; VICs cultured on collagen-coated surfaces have been shown to express
decreased levels of aSMA (compared to fibronectin and heparin).?> Other matrix proteins
such as fibronectin and heparin have TGF-B1 binding interactions, which were found to
increase VIC aSMA expression.?> Cell phenotype is clearly regulated by both matrix
composition and mechanical properties (and combinations of these).®**** As our main
focus was to assess effects of graded stiffness levels and interaction with a soluble factor
(TGF-B1), we chose to use a single concentration of a single ubiquitous ECM protein
(collagen) to reduce the number of variables. Type I collagen was chosen as the
attachment protein as it is the most prominent matrix component of the native valve and
has been used extensively in PA gel studies.®* Previous studies have shown that collagen

density does not vary with PA gel concentration and thus stiffness.®*
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3.5.6. Limitations

Evaluating other markers in combination with aSMA expression could perhaps reduce
the variability attributed to VIC phenotype as well as provide additional insight on the
role of matrix stiffness in the progression of valve disease. Other cellular markers
correlating with VIC activation are vimentin, matrix-metalloproteinase-13/collagenase-3
and sMemb (combined with expression of aSMA).® Recent studies of VICs have also
investigated pathological markers associated with valve disease such as cofilin
expression** or calcification markers.? In the study by Yip et al., calcific markers were
observed in VICs cultured on all stiffness levels tested in the presence of osteogenic
media (standard media supplemented with $-glycerophosphate, ascorbic acid and
dexamathesone).?® VICs cultured on substrates of varying stiffness in standard media did
not express calcific markers®® thus we did not expect to observe calcific markers. We
recommend that in future studies, evaluation of calcific markers should be included in the

experimental design.

The sensitivity of VICs to passaging could also be a possible explanation for lower
activation stiffness levels than previously found and for differences between runs. To
obtain the large number of cells analyzed in this study, passage 2-5 (mixed populations)
VICs were used. The trends for the two experimental runs were similar, yet there was
notable variation within and between groups for most metrics. As with most published
studies, the VICs were passaged on tissue culture plastic prior to seeding on PA. Previous

studies showed that aSMA decreases with passage number (on tissue culture plastic)®.
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While freshly isolated VVICs more closely replicate in vivo behavior, ultimately, VICs will

require passaging to obtain enough cells for large-scale studies and tissue engineering

applications.

Finally, this study focuses on cellular responses to substrate rigidity in a 2D system,
allowing for isolation of two specific stimuli (TGF-B1 supplementation and substrate

stiffness), providing the foundational information necessary for more complex studies,

such as evaluating dynamic changes in stiffness and more in vivo-like 3D environments.

Recently, researchers have developed methods to reduce the stiffness of 2D gel culture

systems using photodegradable hydrogels'****

allowing for real-time observations of
changes in cellular response to its surrounding mechanical environment. Data from the
latter study indicate that activated VICs can be deactivated to quiescent cells by
decreasing the stiffness of the culture substrate below ~7 kPa;*? this value is somewhat
higher but within the range of the 2.5 kPa transition modulus we observe for VIC
activation. However, the stiffness required for reversal (as observed in the 2D
experiments) may differ in a 3D model system, further necessitating studies in 3D

systems that build off the results observed here and in the stiffness reversal studies.

Further, the absolute stiffness magnitude that produces specific cell behaviors (e.g.,

spreading) may be orders of magnitude different in 3D tissues compared to 2D culture,®

9

thus it is imperative to move to 3D models for future studies. We have recently published

on the effects of stiffness in a novel 3D system.''® The data presented herein can be used

in the design of future, 3D studies with regards to transition or saturation stiffness levels
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for VIC activation.

3.5.7. Summary

This study builds on previous research on the modulation of VIC phenotype by the
mechanical and chemical properties of the culture environment. We examine the
phenotypic response of VICs to substrate stiffness ranging over four orders of magnitude
encompassing immature to fibrotic tissue with and without exogenous TGF-B1. The 96-
well, high-throughput approach facilitated the evaluation of VIC responses to gel
stiffness in a highly parallel manner over a wide range of levels and allowed the
identification of trends in the data such as threshold stiffness levels and saturation points -
analysis not previously possible with a small number of stiffness levels. The high-
throughput method should be extended to study interactions with soluble factors
(cytokines, serum) and bound matrix molecules, which likely alter important stiffness

threshold levels.

Although myofibroblasts have desirable ECM synthesis characteristics for injury repair
and initial generation of matrix for tissue engineering applications, excessive numbers of
highly activated VICs are implicated in fibrocontractive disease states® and should likely
be avoided for heart valve engineering. However, utilizing materials with lower than 2.5
kPa stiffness may be problematic as fibroblastic cells form cell aggregates on materials of

this low stiffness,®” and scaffolds below this threshold stiffness would deform excessively
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under the physiological loading, characteristics that are non-desirable for a biomaterial
scaffold. These factors indicate that cultured VICs may not be an appropriate cell type for
tissue engineering of valves if quiescent (non-myofibroblast) cells are desired to

minimize neofibrotic behavior.
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4.1. Abstract

Numerous studies have examined cellular migration, interactions, and behaviors within a
3D matrix. Fibroblasts cultured in 3D collagen gels exhibit morphologies similar to those
observed in vivo. In addition, the methods for culturing the cell-populated gels can induce
cellular behaviors similar to those observed in wound healing. Restrained gels, left
attached to the culture dish mimic granulation tissue and free gels, released from culture
dishes shortly after preparation, mimic normal dermis. This chapter describes a novel
device for applying controlled, intermediate levels of boundary stiffness to cell-populated
collagen gels and provides preliminary data demonstrating the devices’ use and efficacy.
Results demonstrate that increasing boundary stiffness resulted in increased cellular
contractile forces, aSMA expression, and gel (material) stiffness. We present this novel
device and methods for applying predefined boundary stiffness to cell-populated gels; a
useful tool for studying cellular response to environmental stiffness important in studying

wound healing, tissue mechanics and tissue engineering.
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4.2. Introduction

Traditional 2D culture systems have been instrumental in studies of cellular
mechanobiology. Natural and synthetic culture substrates have been used to examine the
role of substrate stiffness in cell motility, differentiation, and numerous other cell
functions.(review by Disher, Jamney, and Wang, 2005)' 2D substrates provide a
simplistic means of evaluating cellular contraction and migration by limiting cellular
movements to the surface of the gels. The fibroblasts cultured on 2D substrates, however,
exhibit a flattened morphology, unlike spindle or stellate morphologies observed in vivo.
3D culture matrices were developed to overcome limitations of 2D culture systems and to

provide cells with a more in vivo-like environment.

Numerous 3D culture systems have been used to study cellular migration and interactions
with a 3D matrix. Synthetic materials used for 3D gel systems include polyethylene
glycol (PEG), polyvinyl alcohol (PVA), and acrylates along with many other polymers.
These synthetic gels can be engineered to have specific stiffness, porosities, and water
content but cannot mimic the biochemical environment of natural tissues. Other groups
have utilized natural polymers such as collagen, fibrin, gelatin, alginate, chitosan or
combinations of natural and/or synthetic polymers. For this study we focus on collagen
gels as collagen is the main structural protein in many fibrous tissues. We also focus on
fibroblast and fibroblast-like cells because, as discussed in Chapter 2, they are especially
sensitive to changes in environmental stiffness and are integral to fibrosis and wound

healing. Further, fibroblasts differentiated into aSMA expressing myofibroblasts are
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present in granulation tissue during wound contraction and de novo collagen synthesis.

Fibroblasts cultured in a 3D cell-populated collagen gel had morphologies similar to
connective tissue fibroblasts observed in vivo.”® Additionally, differences were noted in
cell behavior when the gels were restrained (attached to culture dishes) or free (released
from culture dishes).” This study and others have shown that without attachment to a
culture dish, the collagen matrix compacts inward with a significant reduction in diameter

(review by Grinnell and Petroll).**

The compaction of the matrix is a result of fibroblast remodeling; if the boundary is
fixed, cells orient the collagen fibers parallel to the direction of the restraint causing
tension to develop in the matrix.* In contrast, if the collagen matrix is released from the
culture dish (free floating) the cells do not orient the collagen fibrils in a specific
direction and no tension develops in the matrix.*® These two distinct culture systems have
been used to study wound healing; tension-free (free floating) gels mimics normal dermal

tissue and restrained (fixed boundary) gels mimic granulation tissue.**’

Here we present a mechanical method for controlling the boundary stiffness of fibroblast
and VIC-populated collagen matrices and subsequently the effective stiffness local to the
cells. These methods allow for the study of cellular behavior at intermediate level
boundary stiffness levels when previous studies have only compared free or fixed

boundaries.
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4.3. Methods

4.3.1. Device Principle

The device used to culture cell-populated collagen gels under controlled boundary
tension is originally described by John et al.'*> The cell-populated collagen gel is cast
into four porous anchors and the boundary stiffness is controlled by thin vertical
cantilever beams (attached to the porous anchors) acting as springs of various tension

levels (Figure 4.1).

The culture devices are easily constructed from low cost materials and can withstand
multiple autoclave cycles. The inertness of the materials allows for extended culture
duration. The frame of the device is constructed from high density polyethylene (HDPE)
(McMaster Carr Inc.). The diameter of the stainless steel cantilever beams (Small Parts,
Inc.) dictates the boundary stiffness (spring stiffness) applied to the gel and is calculated

from the equation for bending of a cantilever beam:
K=3- % Equation 4.1

where K is the spring constant (N/m), E is the Young’s modulus of the beam (Pa), L is
the length of the beam (m), and | is the moment of inertia (m*) given by =r*/4 for a beam

of circular cross section, where r is the radius of the beam (m).

The stiffness of the beam is a fourth-order function of its radius and spring stiffness and

is related to the beam diameter. The stainless steel beams were calibrated by fixing one
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end of the beam and placing the free end on a digital electronic balance.** The fixed end
was displaced downward with a screw gauge micrometer and the resulting force was
measured with the electronic balance. The K values were calculated from the force-

displacement curve by linear regression.
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Figure 4.1. Controlled boundary stiffness device showing the four stainless steel
beams that act as compliant springs and the porous anchors that attach to the gel

(a) photograph and (b) computer aided drawing.'*
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4.3.2. Device Operation

Four porous anchors (Vyon, Porvair Co.) are attached to the ends of the four stainless
steel beams and a 60 mm untreated tissue culture dish lid is placed in the bottom of the
device.™® The cell-populated collagen gels are prepared and poured into the tissue culture
dish lid prior to gelation. Once solid, the gels are submerged in standard culture media
and the device is wrapped in a thin polypropylene sheet providing cover for the device

for the duration of the culture.

As the gel compacts and contracts, the pads and beams are displaced and the magnitude
of displacement in the x and y direction is measured through analysis of images acquired
with a Cannon Rebel XT 6.5 megapixel digital camera and a macro lens (fixed 60 mm
focal length) mounted at a fixed length from the base of the device. Images acquired over
the duration of the culture are analyzed using Image J (NIH). From the images, the cell-

generated forces are calculated along the x and y axis:
F = K%x Equation 4 2

K is the spring stiffness from Eq. (1) and Ax is the change in distance between the two
beams along one axis, with each beam contributing half of the change in distance
between the pads (Figure 4.2). The theoretical resolutions for the stiffest and the most
compliant boundaries are 7.2 uN and 0.48 N respectively (based on optical resolution)

and the repeatability for all beams is approximately 25 pN.***
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Figure 4.2. Schematic of method to measure cell force by measuring the
displacement of the pads; F, = 1/2K(X; — Xy )where Fyis the force in the ‘X’

direction and K is the stiffness of the beams.*
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4.3.3. Cell Culture

Human dermal fibroblasts from neonatal foreskin (ATCC) were expanded to obtain
adequate cell numbers in T-150 flasks (BD Biosciences) at 37°C in humidified 10% CO-
conditions with DMEM, Mediatech Inc.) supplemented with 10% bovine calf serum
(Hyclone) and 1% penicillin/streptomycin/ampothericin B (Invitrogen). Fibroblasts used
for the experiments were either passage 8 or 9. VICs, used for a subset of experiments,
were isolated from adult porcine aortic valves® and expanded as described above with
15% fetal calf serum (Hyclone). VICs used for the experiments were passage 3-5. In a

subset of samples, 5 ng/mL TGF-f1 was added to the culture media.

4.3.4. Collagen Gel Fabrication

Fibroblast and VIC-populated collagen gels were prepared by the methods outlined by
Bell et al."*® Type 1 collagen was acid extracted from rat tail tendon, dehydrated and
dissolved in 5.0 mM HCI.” To prepare each 6 mL gel, the following were combined:
2.64 mL of 5 mg/mL collagen; 1.32 mL 5x DMEM; 0.26 mL of NaOH and 1.91 mL of
concentrated cell solution (1x DMEM, 10% or 15% fetal bovine serum for fibroblast and
VIC gels respectively, and 1% penicillin and streptomycin). The initial collagen
concentration of each gel was 2 mg/mL and the cell concentration was 0.5 x 10°

cells/mL. The cell-seeded gels were incubated at 37°C in humidified 10% CO:conditions.
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4.3.5. Measurement of Cell-Generated Forces

A culture period of 72 hours allows for the compaction of the gel and cellular response to
the altered boundary stiffness.”**° The cell generated forces during compaction were
monitored over the culture period by measuring the displacement of the pads at 12 hour
intervals. A subset of gels were treated with 90 mM potassium chloride (KCI) and the
resulting active cellular contraction was measured. KCI depolarizes the cell membrane of
muscle and muscle-like cells such as myofibroblasts, allowing for the quantitative
evaluation of myofibroblast differentiation.*® As the cells migrate through and remodel
the gels, the matrix itself is brought under tension, to measure this passive tension,
resultant from cellular remodeling, gels were treated with cytochalasin D (6 uM, Sigma)

for 4 h to disrupt the actin cytoskeleton, controlling for active forces present.****%?

4.3.6. Mechanical Testing

Uniaxial mechanical tests were performed on a subset of the VIC-seeded collagen gels to
quantify the effect of boundary conditions on the intrinsic stiffness of the gels.'!> After
the culture period, the gels were removed from the device and the thickness of each gel
was measured using a laser displacement system (LDS, LK-081, Keyence Corporation,

Woodcliff Lake, NJ) as previously described by Billiar et al.'?®

A 12.5 mm wide strip was
excised from the center portion of the gel, placed in an isotonic saline bath, and using

custom grips, mounted on a magnetic drive uniaxial testing machine (ElectroPuls 1000,
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Instron Corp.) with custom low force transducer (£0.001 N, Interface, Inc.) and optical
marker tracking (SVE, Instron). Two barbed markers were placed in the center of the
sample to facilitate optical measurement of sample deformation. The sample was tared to
a load of 1 mN, the gauge length was measured, and the sample was cyclically stretched
for eight cycles between stretch ratios of 1.0 to 1.1. The Lagrangian stress—stretch ratio

(0—\) data were fit to an exponential model:
o=A(eP* D —1) + g, Equation 4.3

where A and B are material parameters and o is the initial (tare) stress. The maximum
tangent modulus, MTM, was calculated (MATLAB, Mathworks) as a metric of the
maximum intrinsic stiffness of the gel. The structural stiffness, K, at 0.1 mN was
calculated as a functional measure of the matrix stiffness at a level corresponding to the

force generated by a population of cells:

K== Equation 4.4

Where A is the cross-sectional area of the sample, E is the Young’s modulus, and L is the

gauge length of the sample.

4.3.7. Immunohistochemistry
Sections of the gel were excised, prepared for immunohistochemistry, and probed for

cells positive for aSMA. After mechanical evaluations, the strips of gel were affixed to a
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PDMS substrate, fixed for 7 hours with 10% neutral buffered formalin, and then
transferred to 70% ethanol. The gel sections were dehydrated in a graded ethanol series,
embedded in paraffin, and cut into 5 um sections on a microtome. Sections were probed
with the aSMA antibody (Clone 1A4, Dakocytomation) followed by biotinylated goat
anti-mouse IgG2A (Vector Laboratories). Samples were then counterstained with Harris
hematoxylin (Richard-Allan Scientific). Slides were viewed with an upright
epifluorescent microscope (Eclipse E600, Nikon) and images acquired with a RT Color

Spot camera (Diagnostic Instruments, Inc.).

4.3.8. Western Blot

In order to quantify aSMA protein expression in response to substrate stiffness via
Western Blot, VIC-populated gels were prepared and cultured as described above. At the
end of the culture period, the cell-populated gels were manually homogenized by
crushing a conical tipped probe in a microcentrifuge tube, and the cells were lysed with a
solution containing NP40 Lysis Buffer (Biosource), PMSF (Pierce), and Halt Protease
Inhibitor (Pierce). Total protein was quantified using the BCA Protein Assay (Pierce)
according to the manufacturer’s specifications. 10 pug of protein was added to each well
of a 12% bis-acrylamide gel and protein was separated by electrophoresis. Protein was
then transferred to Polyvinylidene fluoride (PVDF) membrane, which was then was

blocked in 5% milk in PBST for 2 hours at room temperature and probed with the aSMA
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(clone 1A4, Sigma) antibody overnight at 4°C. The antibody was removed and the
membrane was washed thoroughly with PBST prior to incubation with anti IgG-alkaline
phosphatase conjugated antibody (Sigma) for 1 hour at room temperature. Following
thorough washing with PBST, signal was detected by chemiluimence (Lumi-Phos WB

chemiluminescent substrate for AP, Pierce), on the Geldoc (Biorad).

4.4, Results

4.4.1. Increased Cell-Generated Forces with Boundary Stiffness

VIC-populated gels (n=1) were cultured as described above with either compliant
(diameter = 0.127 mm, K=0.048 £ 0.007 N/m) or stiff boundaries (diameter = 0.241 mm,
K=0.409 + 0.012 N/m). After 48 hours of culture, increased cell-generated forces were
measured on gels cultured with stiff boundaries compared to gels cultured with compliant
boundaries. These forces were increased further through the addition of 5 ng/mL TGF-B1
(Figure 4.3). Addition of TGF-B1 to gels cultured with compliant boundaries did not have

an effect compared to gels cultured in standard media.
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Figure 4.3. Preliminary data (n=1) showing the average contractile force (in x and
y plane) exerted by VIC-populated collagen gels. VICs were seeded in collagen
gels with stiff, compliant, or free boundary and were cultured for 2 days. Forces

were measured by porous anchor displacement from position at t,.
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4.4.2. Material Stiffness is Correlated with Boundary Stiffness

Uniaxial mechanical testing showed that the stiffness of the gel increased with boundary
stiffness (Table 4.1). The maximum tangent modulus (stiffness) of the gels cultured in
standard media was 43.5, 86.9, and 149.1 kPa for the free, compliant, and stiff boundary
groups respectively. The compliant and stiff boundary gels supplemented with 5 ng/mL
TGF-B1 during culture had increased stiffness compared to the same groups cultured in
standard media; the maximum tangent modulus was 96.0 and 530.8 kPa for the compliant
and stiff boundaries, respectively. Notably, the gel stiffness of the stiff boundary group
increased 3.5 fold to 530 kPa following the addition of TGF-B1. As expected, the
thickness of the free gels was greater than the gels with compliant and stiff boundaries;
however, there was no difference in thickness with the addition of TGF-f1. The stress-
strain data from all samples fit the expediential model well (Equation 4.3). The compliant
and stiff boundary groups had an r® value above 0.95 and the free boundary samples had

an r? values above 0.81.
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Table 4.1. Pilot results from uniaxial tensile testing on strips of VIC-populated collagen

gels after 72 h cultured free floating (‘‘Free’”) or anchored to compliant (0.048 N/m) or

stiff (0.41 N/m) springs in the absence or presence of 5 ng/mL TGF-B1. From John et

115
al.

Boundary TGF-f1 Width Thickness Ly oo A B K MTM RMS 7

condition (+-) {mm) (mm) (mm) (kPa) (kPa) (-) (Nm™") (kPa) (kPa) (-)
Free — 6.86 0.30 16.92 0.156 0.115 26.5 0.52 43.5 0.12 0.93
Free + 567 0.31 21.14 0.000 0.286 15.5 0.44 20.9 0.15 0.81
Compliant — 12.19 011 22.49 0.160 0.248 26.2 0.51 86.9 0.20 0.95
Compliant + 11.73 0.13 24.5 0.220 0.306 25.2 0.57 96.0 0.13 0.98
Stiff - 10.08 017 18.74 0.084 0.280 29.1 0.90 149.1 0.15 0.99
Stiff + 10.82 0.14 215 0.068 0.029 57.4 0.39 530.8 0.20 0.99

The low root mean square error (RMS) and the high coefficient of determination (/) indicate that the exponential model fit the data well. One

sample from each group was tested.

4.4.3. Differrences in Tissue Morphology with Boundary Stiffness
After 72 hours of culture the displacement of the beam resulting from gel compaction

was observed. Notably, the gel cultured with the compliant boundary has displaced

beams (Figure 4.4a & b) more than the gel cultured with the stiff boundary (Figure 4.4c).

Representative histological images are shown for compliant boundary without (Figure

4.4d) and with (Figure 4.4e) 10 ng/mL TGF-B1 supplementation. Gels cultured with stiff

boundary (Figure 4.4f) were thinner and qualitatively had less aSMA expression (brown

staining) compared to gels with compliant boundary.
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Figure 4.4. Compaction of the gels after culturing for 3 days with (a, d) compliant

boundary (beams with K = 0.048 N/m) cultured in standard media (b, €)
compliant boundary cultured with 10 ng/mL TGF-B1 and (c, f) gels cultured with
stiff boundary (beams with K = 0.57 N/m) in the presence of 10 ng/mL TGF-p1.
Images a-c show the gels after three days of culture. Images d-f show
representative histological sections of each boundary condition listed above.
Sections were probed for aSMA (brown) and counterstained with Harris
hematoxylin. The diameter of the dish is 60 mm and original magnification is

200X (d, e, and f).}*°



4.4.4. Increased aSMA Protein Expression with Increased Boundary Stiffness
Given that immunohistochemical staining qualitatively suggested that culture with stiff
boundaries increased the cellular expression of aSMA, we addressed this directly using
western blot analysis. Cells cultured in gels with fixed boundaries (unreleased gel) had
significantly higher aSMA expression compared to those cultured in free boundary gels

(Figure 4.5).
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Figure 4.5. Preliminary data showing the relative quantity of aSMA (normalized
to tubulin) in free (zero stress boundary) and fixed (infinite stress boundary) gels.
VIC-populated gels were cultured for 72 hours. n=5, p<0.05, significance

determined by Mann-Whitney Rank Sum Test.
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4.5. Discussion

Here we describe a culture device for investigating the effects of mechanical properties,
specifically the boundary rigidity on cells cultured in a 3D matrix. Previous culture
methods allow for only the two extreme conditions to be tested (zero and infinite
boundary) which is analogous in vivo to splinting wounds.*® We present a method for
applying intermediate levels of boundary stiffness during the culture of cell-populated
gels. We include preliminary data from fibroblasts and VICs cultured in collagen gels
with and without TGF-B1 supplementation; however, the methodologies presented herein
could be applied to numerous other cell types and potentially other biopolymer matrices
such as fibrin, chitosan, or alginate. In the two cell types evaluated we found that the cells
have increased contractile forces when cultured with stiff boundaries when compared to
gels cultured with compliant boundaries; interestingly there was variation in average
forces produced by cells from different anatomical locations. Human fetal lung
fibroblasts generated higher forces (~1.0 mN, data not shown) than VICs (~0.41 mN) and
dermal fibroblasts (~0.35 mN) (beam stiffness of 0.41 N/m and 0.5 million cells per mL

in all cases).

The contractile forces of VICs (~0.41 mN per 3x10° cells) were approximately two fold
lower than forces reported by Smith et al. (0.31 mN per 10° cells).**! The differing values
could be attributed to differences in methodologies for force measurement or the time
period over which the measurements were acquired. We saw an increase in force over the

first 36 hours after which the force would appear to saturate.*™ Legant et al. developed a
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micro-scale system of micropatterned polymer pillars to apply “boundary stiffness” to
cells.*** The beam stiffness was controlled by varying the lengths of the beams and
similar to our findings, cellular forces were higher when gels were attached to stiff beams
(compared to compliant beams) however aSMA expression and resulting gel stiffness
(after culture period) were not evaluated.** We found that gels cultured with stiff
boundaries and supplemented with TGF-B1 had increased forces compared to non-
supplemented gels; however, this trend was not observed for free gels (zero boundary).
This response could be related to the need for a basal tension level required by the cells
for them to experience an effect of TGF-B1.% The average contractile forces (for in the x
and y planes) shown in Figure 4.3 represent n=1 and additional samples are required to
show statistical significance. In these studies we evaluated one cell density. Interestingly,
Smith et al. show, that as VIC density decreases, the contractile force increases™*

suggesting that cell density is yet another important variable in cell contractile force.

Western Blot analysis shows significantly increased aSMA expression in fixed (infinite
stiffness boundary) gels compared to free (zero boundary) gels and similar trends with
respect to aSMA expression and boundary stiffness were observed in the
immunohistochemical results. This trend is consistent with a phenotypic shift towards
myofibroblasts and in previous studies was attributed to the intrinsic gel stiffness®*"*
rather than the boundary condition. Additional studies are required to determine the

levels of aSMA expression for gels cultured with stiff and compliant boundaries. Since

separate gel sections (from each sample) were required for mechanical testing,
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immunohistochemistry, and Western Blotting we were often limited by amount of gel
available and in several samples, there was not adequate protein to complete the
experiment. When sampling the cell-populated collagen gels for testing after the culture
period (e.g. mechanical testing) we were careful to avoid the edges of the gel. Gel edges
would likely have edge effects such as uniaxial loading patterns which could result in cell
alignment. Additionally, edge effects could also occur at the top and bottom surfaces of
the gel. Cells at the gel/liquid interface would likely undergo alternative loading than
cells in the central region of the gel. While this heterogeneity across of the thickness of
the gel could be a concern, it was not controlled for in these experiments. Additional
studies are required to determine if there are in fact “interface” effects on cell responses.
In addition, the cells on the surface of the gel are in direct contact with the media and

thus no diffusion barrier unlike the cells encapsulated within the central region of the gel.

In developing this method, we found the device construction materials to be important.
Early prototypes used a two-part epoxy adhesive, which was later found to be mildly
cytotoxic. The current device design used Medical Grade Silicone Adhesive, which is

non-cytotoxic but requires an extended curing time compared to the epoxy adhesives.

To determine if boundary stiffness had an effect on cell proliferation we evaluated two
methods for counting the cells in the gels at the termination of the experiment,
CyQUANT® assay from Invitrogen and collagenase digestion of the matrix followed by
manual counting with a hemocytometer. Each method had both advantages and

limitations. The CyQUANT® assay accurately measures small numbers of cells, however
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it requires manual or chemical dissolution of the gel and auto-fluorescence of the
collagen could alter results. Collagenase digestion of the collagen matrices requires
careful monitoring, prolonged incubation in the collagenase solution caused extensive
cell death. While the collagenase digestion is more time consuming, we felt it provided
more accurate cell counts than the CyQUANT® assay, as the results were not affected by

autofluorescence.

In summary, this chapter expands upon the 2D studies described in Chapter 3 by utilizing
a 3D culture system with controlled levels of stiffness. We describe a novel device for
applying controlled levels of boundary stiffness to cell-populated collagen gels and
provide preliminary data demonstrating the device’s use and efficacy. Results
demonstrate that increasing boundary stiffness results in increased cellular contractile
forces, aSMA expression, and gel (material) stiffness. TGF-f1 supplementation seemed
to augment responses in gels with stiffer boundaries suggesting that a minimum boundary
stiffness may be required. More studies are required to complete the data set presented
here and many more studies are possible, with the addition of more levels of boundary
stiffness, changing the boundary stiffness throughout the culture period by using
“sleeves” of predefined stiffness on the beams, and evaluating the numerous
combinations of cell and gel types. This device and methods described herein provide
useful tool for studying cellular response to environmental stiffness which is crucial for
the study of wound healing, tissue mechanics and tissue engineering. Chapters 3 and 4

describe the sensitivity of VICs to substrate stiffness in 2D and 3D culture environments.



In Chapter 5 we continue to investigate the role of stiffness in VIC activation by

combining multiple levels of substrate stiffness with equibixial stretch.
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5.1. Abstract

Cells have the ability to actively sense their mechanical environment and respond to both
substrate stiffness and stretch by altering their adhesion, proliferation, locomotion,
morphology, and synthetic profile. In order to elucidate the interrelated effects of
different mechanical stimuli on cell phenotype in vitro, we have developed a method for
culturing mammalian cells in a 2D environment at a wide range of combined levels of
substrate stiffness and dynamic stretch. PA gels were covalently bonded to flexible
silicone culture plates and coated with monomeric collagen for cell adhesion. Substrate
stiffness was adjusted from relatively soft (G’ = 0.3 kPa) to stiff (G’ = 50 kPa) by altering
the ratio of acrylamide to bis-acrylamide, and the silicone membranes were stretched
over circular loading posts by applying vacuum pressure to impart near-uniform stretch,
as confirmed by strain field analysis. As a demonstration of the system, porcine aortic
valve interstitial cells (VIC) and human mesenchymal stem cells (hMSC) were plated on
soft and stiff substrates either statically cultured or exposed to 10% equibiaxial or pure
uniaxial stretch at 1Hz for 6 hours. In all cases, cell attachment and cell viability were
high. On soft substrates, VICs cultured statically exhibit a small rounded morphology,
significantly smaller than on stiff substrates (p<0.05). Following equibiaxial cyclic
stretch, VICs spread to the extent of cells cultured on stiff substrates, but did not reorient
in response to uniaxial stretch to the extent of cells stretched on stiff substrates. hMSCs
exhibited a less pronounced response than VICs, likely due to a lower stiffness threshold

for spreading on static gels. These preliminary data demonstrate that inhibition of



spreading due to a lack of matrix stiffness surrounding a cell may be overcome by
externally applied stretch suggesting similar mechanotransduction mechanisms for

sensing stiffness and stretch.
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5.2. Introduction

Proper spatiotemporal distributions of dynamic physical cues are necessary to guide the
development, maintenance, and healing of tissues. Cells such as fibroblasts, endothelial
cells, and muscle cells actively sense both the external loading applied to them (outside-
in signaling) and the stiffness of their surroundings (inside-out signaling). They respond
to these stimuli with changes in adhesion, proliferation, locomotion, morphology, and

synthetic profile (reviewed in*?°

). Although some likely candidates for sensing stiffness
and stretch exist, it remains unclear if the same mechanotransduction pathways are
responsible for inside-out and outside-in signaling, or if there are mechanosensing and
mechanoregulation machinery specific to each stimulus. A better understanding of how

complex combinations of mechanical stimuli regulate cell behavior is critical for the

rational engineering of tissues in vitro and for guiding proper regeneration in vivo.

Leung et al.** first described the sensitivity of cells to dynamic stretch in vitro by
demonstrating a change in protein production in equibiaxially cycled smooth muscle
cells, and subsequent studies have demonstrated that mechanical stretching induces a
wide range of cellular responses including cytoskeletal remodeling, synthesis of
numerous ECM proteins, and altered expression of a multitude of genes.***° Cell
reorientation “away” from the direction of maximal cyclic stretch is the most visible
effect of stretch and is accompanied by pronounced remodeling of the actin
cytoskeleton.*”*® In vitro investigations into the role of stretch on cell behavior are most

commonly carried out on protein-coated silicone substrates. Countless custom loading
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devices have been developed for both uniaxial**® and biaxial'®’ stretch patterns.
Commercial devices are also available such as Flexcell®, which uses vacuum pressure to
stretch a circular silicone membrane over a fixed loading post, and STREX which utilizes
dual motors to stretch square or rectangular wells biaxially. As cells are not able to
appreciably deform the relatively stiff silicone substrates used in standard cell-stretch
systems (Young’s modulus ~ 150 kPa), it is not possible to quantitatively investigate the
effects of stretch on the traction forces the cells exert on the substrate or to determine the

effect of substrate stiffness (and resulting prestress) on the cellular response to stretch.

Cells are influenced by the stiffness of their surroundings and exert tension on their
environment, a phenomena first described by Harris®® with cells wrinkling the membrane
on which they were cultured. Since that time, it has been clearly shown that the stiffness
of the culture environment is a potent stimulus for a variety of cell functions. Stiffness
induces wide-ranging effects on cell behavior, the most obvious being spread area and
level of prestress. For example, fibroblasts cultured on soft substrates (E ~ 1 kPa) have
significantly smaller spread area and shape factor than those cultured on stiff substrates
(e.g., glass, E ~ 1 GPa).®? Changes in cytoskeletal organization,'?® matrix adhesions,
migration, growth,®* maturation,*® contractile force generation,®® and myofibroblast
differentiation” have also been reported. Recent studies indicate that stem cell
differentiation can be guided by stiffness.****° In vitro investigations into the role of
stiffness on cell behavior are most commonly carried out on 2D PA substrates by

changing the polymer chemistry to alter the substrate stiffness as described in the work of
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Y-L Wang and colleagues,®* although other polymer systems have also been utilized both
in 2D and 3D configurations, e.g., polyethylene glycol (PEG)*? and polydimethyl
siloxane (PDMS).> Cellular deformation of these compliant substrates has also been
exploited to quantify the forces that the cell exerts on the substrate utilizing powerful

traction force microscopy techniques.”’

Recently, Fredberg and colleagues’® developed an indenter-based method (termed “Cell
Mapping Rheometry, CMR”) to locally deform single cells cultured on soft PA
substrates. The authors probed the time-course of changes in cell traction forces
following single and multiple cycles of biaxial and uniaxial stretch and demonstrated
cytoskeletal fluidization or reinforcement in response to uniform and non-homogeneous
strain fields, respectively. In its current configuration, CMR is ideal for the study of
single cells in short duration studies of the dynamics of traction forces and cytoskeletal
stiffness. However, a larger format system for combining levels of stretch and stiffness
would be of benefit for elucidating mechanotransduction pathways requiring large
numbers of cells for gene and protein regulation analyses, and for cell differentiation

studies requiring long culture duration.

The goal of this work is to develop an in vitro method to investigate the combined role of
substrate stiffness and dynamic stretch on cell behavior. Due to common pathways
reported for outside-in (stretch-induced) and inside-out (stiffness-induced) cell signaling,
we hypothesize that the application of cyclic stretch to cells cultured on soft hydrogels

will induce responses commonly observed in cells cultured on stiff substrates. From the
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many possible means of controlling substrate stiffness and membrane stretch, we chose to
covalently bind PA, the most common “tunable” stiffness substrate, to a widely used
dynamic cell culture substrate available commercially (Bioflex Culture Plates, Flexcell
International) to ensure that the method could be implemented widely. Although
seemingly a straightforward approach, the tight control of the process variables necessary
for robust linkage of the PA to the silicone membrane required for large amplitude
dynamic deformation has been a common stumbling block. To verify that the strain field
presented to the cells by the silicone membrane is not altered by the thin PA gel, we
utilize High Density Mapping (HDM) analysis. As a demonstration of the utility of this
method we examine the spreading behavior of adherent valvular and stem cells using
these mechanical stimuli in concert; most notably we investigate initially rounded cells
on very soft substrates subjected to equibiaxial stretch and report a novel outcome.
Implications of our preliminary results are discussed along with potential future

investigations made possible with the method described herein.
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5.3. Methods

5.3.1. Culture Plate Preparation

PA gels of defined stiffness levels were chemically attached onto standard 6-well flexible
silicone membranes. To facilitate attachment, untreated Bioflex Culture Plates (Flexcell
International) were functionalized using a protocol modified from that of Silver et al.**!
The plates were oxygen plasma treated for 2 minutes (Plasma Prep 11, SPI) and then
immediately treated with 4.7 mM 3-(Trichlorosilyl)propyl methacrylate (Sigma) in a 4:1
solution of heptanes and carbon tetrachloride for five minutes, after which the solution
was removed and the silicone was rinsed with hexane. The plates were transferred to a
vacuum chamber and negative pressure was applied for five minutes to remove volatile
solvents from the silicone. The vacuum was released from the vacuum chamber and the
chamber was flushed with nitrogen gas. STREX chambers (10 cm?, B-Bridge

International, Inc.) with flexible silicone culture surfaces were also treated with the above

protocol for comparison.

Collagen-coated PA substrates were prepared based on standard protocols using a hetero-
bifunctional UV activated crosslinker® adapted to the silicone-bottomed flexible well
format (Figure 5.1). Briefly, 50 pL of a PA gel solution consisting of 0.15%
tetramethylethylenediamine, 0.075% ammonium persulfate, and
acrylamide:bisacrylamide (all from Biorad) of varied ratio (Table 5.1) to control stiffness

was applied to the center of each well. Coverslips (22 mm diameter) were made
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hydrophobic to prevent adhesion to the gels by treating with undiluted Surfacil (Pierce)
for one minute and then rinsing with methanol. The treated coverslips were placed on top
of the unpolymerized gel solution and left undisturbed until gel polymerization (under
nitrogen flow) after which they were removed. The photo-activatable, heterobifunctional
cross-linker, sulfosuccinimidyl 6 (4-azido-2-nitrophenyl-amino)hexanoate) (Sulfo-
SANPAH, Thermo Scientific) was applied to the surface of each gel and activated with
UV light as previously described®® and 100 pg/mL type | collagen (Purecol, Advanced
Biomatrix) was applied to the surface of each gel and incubated for four hours at room

temperature. Gels were rinsed with PBS and UV sterilized prior to cell seeding.

Table 5.1. Average strain (+ SD) within central region of PA gel used for analysis of cell
morphology for equibiaxial stretch (round loading post) and uniaxial stretch (Arctangle™

loading post).

Stretch Gel Stiffness Average Strain
0.3 kPa 9.3+0.4%
Equibiaxial 50 kPa 7.9+0.6%
No gel 11.1+0.6%
0.3 kPa 10.9 £ 0.6%
Uniaxial 50 kPa 7.83+0.3%

No gel 9.1+0.9%
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Figure 5.1. Schematic of PA gel on flexible silicone membrane under static (A)
and stretched (B) conditions. Top view of a 22 mm diameter collagen-coated gel
(~70 um thickness) is cast into a 35 mm diameter flexible-bottomed Flexcell™
well (C) and STREX well (C, insert). Image of Flexcell™ well (D) stretched
above an Arctangle™ loading post and labeled with retroreflective beads for strain
field analysis. Rectangle shows region analyzed in HDM software, arrows point

to edge of gel. Scale bars = 10 mm in all panels.**?
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5.3.2. Polyacrylamide Gel Stiffness

The bulk stiffness of the gels was measured by oscillatory shear rheometry using an AR-
G2 rheometer (TA Instruments). A volume of 155 ul of PA solution was placed on the
Peltier plate of the rheometer and a 40 mm diameter parallel plate geometry was lowered
to a gap of 100 um. After polymerizing for 10 minutes, 1X PBS was added around the
circumference of the testing geometry to minimize drying, and the temperature was
brought to 37°C. Following a 1 Hz 0.1% strain-controlled time sweep to monitor PA
polymerization, a 1 Hz stress sweep between 10 and 1000 Pa was performed with the
normal force held at 1 N, and the storage modulus (G’) and loss modulus (G”) were
measured. Three measurements were made on each gel, gels were measured in duplicate,
and values were averaged. As G” was over an order of magnitude lower than G’, the gels
were considered elastic. A wide range of acrylamide:bisacrylamide combinations were
tested and two formulations were utilized for subsequent cell culture experiments: one
low stiffness (3% acrylamide, 0.058% bisacrylamide, G’ = 0.3 kPa) and one high

stiffness (7.5% acrylamide, 0.117% bisacrylamide, G’ = 50 kPa).

5.3.3. Polyacrylamide Gel Stretch Validation
Samples were marked with silicon carbide particles (40 um diameter) and retro-reflective
beads (60 um diameter) to create a random light intensity distribution in the region of

interest (ROI) and stretched to 10% using the Flexcell FX-4000T system (Flexcell
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International, Figure 5.1). Digital images were acquired at a rate of 50 frames per second
using a 1280 x 1024 pixel resolution CMOS camera (Photron Model # Fastcam-X 1280
PCI) with an 8 bit pixel depth while the Bioflex plates were cycled at 1 Hz from 0 to 10%
strain. The strain distributions across the stretched samples were evaluated using digital
image analysis. Specifically, the components of the 2D deformation field (ul and u2
along the X1 and X2 camera axes, respectively) were determined from the images by
measuring light distribution patterns using High-Density Mapper (HDM) software.*® In
brief, HDM converts the light distribution to the spectral domain using a fast Fourier
transform (FFT) and through the use of an interference function, the displacement and
rotation are found. The displacements are then converted back from the spectral domain
to Cartesian coordinates using an inverse FFT. The chosen field of view (FOV) resulted
in a camera resolution of 0.02 mm/pixel. Displacements were measured using a 1.28 mm

(64 pixel) sub-image size with a corresponding step size of 0.64 mm (32 pixel shift)

yielding a 25 x 20 matrix of ul and u2 values for a ~16 x ~13 mm ROI.

5.3.4. Cell Culture

VICs were isolated® from porcine tissue samples obtained from a local abattoir (Blood
Farm) or from the University of Massachusetts Medical School Department of Animal
Medicine, from the carcasses of recently euthanized animals that had been used in other,

non-related, animal studies, ***which had appropriate IACUC approval***. Once the
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animals are euthanized, use of the carcasses and tissues are no longer covered by the
IACUC and, thus, the tissue harvest process has no protocol number associated with it.
The aortic valve was excised and rinsed in 1X phosphate buffered saline. The valve
leaflets were incubated in a 600 U/mL solution of Type Il collagenase (Worthington
Biochemical) in DMEM, (Mediatech) with 100 U/mL penicillin G sodium (Sigma), 100
ug/mL streptomycin sulfate, and 250 ng/mL amphotericin B (Invitrogen) for 20 min on a
rocking platform in a 37°C incubator. After incubation, the surface of the valves were
scraped with a cell scraper to remove endothelial cells, rinsed in sterile 1X PBS
(Mediatech), and cut into 1 mm pieces with a scalpel. The valve pieces were incubated in
a fresh 600 U/mL collagenase solution as described above for 2 hr on a rocking platform
in a 37°C incubator. The resulting cell/tissue solution was filtered through a nylon mesh,
pelleted, and resuspended in standard medium (DMEM, 100 U/mL penicillin G sodium,
100 pg/mL streptomycin sulfate, and 250 ng/mL amphotericin B supplemented with 15%
FBS (Hyclone)) at 37°C with 10% CO,. VICs at passage 2-5 were used for all
experiments. VVICs were seeded onto the PA substrates at a density of 2000 cells/cm? and

cultured in standard media.

Human mesenchymal stem cells (hMSCs, Lonza) were cultured in mesenchymal stem
cell growth medium (Lonza) in a 37°C incubator with 5% CO,. hMSCs at passage 11
were used for all experiments and were seeded onto the PA substrates at a density of 660

cells/cm?.
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5.3.5. Immunofluorescent Staining, Microscopy, and Cell Metrics

After six hours of static or dynamic culture (cyclic strain ~10% at 1Hz), cells were fixed
and permeabilized on the PA substrates with a 5.3% formaldehyde (Ted Pella, prod
#18505) and 4 uM Triton X-100 (Calbiochem) solution. The cells were labeled for f-
actin (phalloidin, green, Invitrogen) and nuclei were visualized (Hoechst 33342, blue,
Invitrogen). Cells were visualized with an epifluorescent microscope (Zeiss) and images
acquired with a CCD camera. Images of 20 cells were acquired from each substrate (n=3
per group, experiment run in duplicate). The resulting images were analyzed using Image
J (NIH) for the cell spread area and perimeter, and the shape factor (Eq. 1) was

computed.

ShapeFactor = w Equation 51
Perimeter

5.3.6. Statistics

All values are reported as mean + standard deviation. Each group consisted of 3 samples.
Statistical comparisons were made across all groups (soft, stiff, static, and stretched)
using two-way analysis of variance (ANOVA). Differences between groups were
determined by post-hoc analysis using the Holm-Sidak method (Sigma Stat). A

significance level of 0.05 was used in all the statistical tests performed.
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5.4. Results

The protocol for covalently attaching the PA to the silicone membranes is relatively
straight-forward in theory, but difficult in practice due to multiple critical processing
steps. In order to develop a robust protocol to repeatedly produce gels of defined stiffness
capable of dynamic stretch, we had to address both the polymerization and covalent
attachment of PA onto silicone. We found that oxygen plasma is necessary for the
covalent attachment, and that both vacuum and nitrogen flow were required to dry the
silicone to allow for polymerization. Gels of low (0.3 kPa) and high (50 kPa) shear
stiffness (G”) were able to be polymerized in silicone-bottomed culture wells for two
different commercially available stretching systems: Flexcell® and STREX. The gels
could also be prepared with unmodified fluorescent polystyrene beads; however, we
found that modified beads can inhibit polymerization, possibly due to the surface charges
(data not shown). We suspect that this process may not work on all silicone as we
experienced difficulty polymerizing the gels on the “uniaxial” STREX wells whereas the
gels polymerized on the “biaxial” STREX plates; however, the reason is not clear at this

point.

Gels polymerized onto silicone membranes had identical appearance as those
polymerized on glass. Cells cultured on the PA gels had similar responses for both glass
and (static) silicone supports. The PA gels attached to silicone membranes can be
stretched equibiaxally to 15% at 1 Hz triangle waveform for 12 hours and still remain

attached under culture conditions. Longer stretch cycles are currently being investigated.
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The gels can be fabricated and stored (pre-collagen coating) at 4°C for multiple weeks
without any apparent degradation in performance as assessed by visual appearance during

manual stretching.

5.4.1. Strain Field Transmission

Strain is transferred through gel and exhibits similar strain patterns compared to
unmodified Flexcell® wells although the average value is slightly lower (Figure 5.2). The
lower average strain likely reflects imperfect transfer of strain rather than restriction of
membrane deformation due to the presence of the very thin and soft gel (Table 5.1);
however, it is conceivable that the stiff gel may somewhat restrict the motion of the
membrane as it is a similar stiffness (50 kPa shear stiffness = 150 kPa Young’s modulus
if incompressibility is assumed). Alternatively, the treatment with solvents may stiffen
the membrane resulting in lower stretch at a given vacuum pressure. The equibiaxial
stretch loading posts provide approximately 3.8 cm? homogeneous region in the center
(Figure 5.2). The Arctangle™ loading post produces complex strain field, as expected
with roughly pure uniaxial strain in discrete areas along the primary stretch axis (Figure

5.3).
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5mm

Figure 5.2. Strain field in region of interest is roughly uniform for equibiaxial
stretch. Strain maps for a soft gel (0.3 kPa) undergoing equibiaxial strain in the X
(A), Y (B), and XY (shear, C) directions demonstrating relatively homogenous
strain and minimal shear within the area of analysis of cell morphology (dashed
box). (D) CAD representation of the circular loading platen over which the

silicone membrane is stretched by vacuum pressure. Scale bars = 5 mm.**?
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Figure 5.3. Strain field in region of interest is roughly uniform for pure uniaxial
stretch. Strain maps for a soft gel (0.3 kPa) undergoing pure uniaxial strain in the
X (A), Y (B), and XY (shear, C) directions demonstrating relatively homogenous
strain and minimal shear within the area of analysis of cell morphology (dashed
box). (D) CAD representation of the Arctangle™ loading platen over which the

silicone membrane is stretched by vacuum pressure. Scale bars = 5 mm.*%
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5.4.2. Cell Culture Results

VICs cultured on static soft gels were small and round and developed pronounced stress
fibers with stretch (Figure 5.4). The spread area of the VICs increased ~3-fold with
stretch of cells on soft gels, but decreased ~25% for cells on stiff gels with 10%
equibiaxial stretch (Figure 5.5). The spread area of VICs on soft-stretched gels was not
significantly different than on stiff-stretched gels (p<0.05), although the perimeter was
smaller (p < 0.05). The shape factor (function of area and perimeter, indicating relative
amount of cellular extension) decreased approximately two-fold with stretch of cells on
soft gels and did not change significantly for cells on stiff gels (Figure 5.5). Stretching
hMSCs cultured on soft gels affected cell spread area to a lesser extent (compared to
VICs) which was likely due to the ability of hMSCs to spread on lower stiffness
substrates (thus little additional spreading occurred with stretch, Figure 5.6). VICs
cultured on soft substrates (0.3 kPa) and subjected to uniaxial stretch showed minimal
alignment perpendicular to the direction of stretch, whereas VICs on stiff substrates
under the same stretch conditions had pronounced alignment perpendicular to the stretch

direction (Figure 5.7).
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Figure 5.4. Cells cultured on soft substrate can sense and respond to stretch.

soft

stiff

Micrographs of VICs cultured statically (left column) and following ~10% cyclic
equibiaxial strain (right column) for 6 hours on soft gels (0.3 kPa, top row) and
stiff gels (50 kPa, bottom row). Staining for f-actin (green) and nuclei (blue)

shows that stretch increases the spread area of the cells. Scale bar = 20 pm.**
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Figure 5.5. When cyclically stretched, cells on stiff substrates reduce spread area
whereas cells on soft substrates increase spread area: Area (A) and perimeter (B)
of VICs cultured on low (0.3 kPa) and high (50 kPa) stiffness gels subjected to
10% cyclic stretch at 1 Hz for 6 hours (grey bars) or static (black bars) culture.
Shape factor (C) quantifies how rounded a cell is (a shape factor of 1 is perfectly
circular, whereas a shape factor of 0 is extremely spread with many extensions).
Cells of low and high shape factor are shown in D. Brackets above bars show

significance between individual groups (two-way ANOVA, p<0.05).**



Soft

Stiff

117

Static (€=0)  Stretch (€~10%)

Figure 5.6. hMSC response to stretch is unclear due to spreading on static soft
gels. Micrographs of hMSCs cultured statically (left column) and following ~10%
cyclic equibiaxial strain (right column) for 6 hours on soft gels (0.3 kPa, top row)
and stiff gels (50 kPa, bottom row). Staining for f-actin (green) and nuclei (blue)
shows that hMSCs on soft gels (static and stretched) have unorganized actin fibers
whereas cells on stiff gels have more organized actin fibers. Unlike VICs, hMSCs
spread well on soft gels and stretch appears to increase the spread area of the cells

slightly on stiff gels. Scale bar = 100 pm.**
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Static (€=0)  Stretch (€~10%)

Dlrectlon of Stretch

Figure 5.7. VICs on soft (0.3 kPa) and stiff (50 kPa) gels cultured under static
and pure uniaxial stretch conditions (1 Hz, 10% stretch, 6 hrs). Cells cultured on
soft substrates appear to have less realignment with stretch compared to the
classic realignment perpendicular to the direction of stretch on the stiff substrates.

Scale bar = 100 um.**
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5.5. Discussion

In this study, we developed a novel method for combining and independently controlling
two important mechanical cues: the stiffness of the culture substrate and dynamic stretch.
Our preliminary data confirm our hypothesis that the application of cyclic stretch to cells
cultured on soft hydrogels induces responses indicative of culture on stiff substrates; most
strikingly, VICs exhibited a rounded morphology on soft static substrates but spread to
the same extent as those cultured on stiff substrates upon application of cyclic equibixial
stretch. Previous studies have shown that cells remain mechanically sensitive when
cultured on soft substrates,”® yet it was unclear a priori if rounded cells on very soft
substrates would retain mechanosensitivity or even be capable of remaining adhered to
the substrates when subjected to large cyclic biaxial strains of extended duration. Our
data indicate that cells on soft substrates remain well attached and have functional
mechanical sensing mechanisms despite their rounded morphology and low basal tension

level and that the application of stretch can override stiffness cues.

5.5.1. Cell Phenotypic Modulation and Differentiation

Our main purpose for developing the combined stretch and stiffness method was to
facilitate the study of mechanical modulation of cell phenotype and differentiation in a
more biofidelic mechanical environment. Cells within connective tissues reside in soft

environments (relative to tissue culture plastic and silicone membranes) and are
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dynamically stretched due to external loading of the tissues and traction forces from other
cells. We are especially interested in the mechanical regulation of VIC phenotype due to
the strong correlation of myofibroblasts and fibrotic pathology in areas of high stiffness
and stretch in the valve. The valve leaflet environment is highly heterogeneous with very
soft and stiff regions as well as extremely large dynamic strains. Our data indicate that
VICs are highly sensitive to combinations of stretch and stiffness. Although
determination of phenotypic shifts awaits analysis of functional outcomes such as
gene/protein expression and traction force generation, these results may have
implications for scaffold design. If a soft substrate is chosen to reduce cell tension and
limit fibrotic behavior within a scaffold (to inhibit myofibroblast activation), the
magnitude of stretch will be higher than in a stiff scaffold for a given loading, and the
stretch stimulus may be sufficient to produce an equivalent (or potentially enhanced)

fibrotic behavior as observed with a stiff scaffold.

The method developed herein is potentially applicable to the study of mechanoregulation
of any adherent cell. Our experimentation with different cell types indicates that the
threshold for responses to stiffness and stretch is likely different for each type of cell
(compare Figure 5.4 and Figure 5.6). Mechanical regulation of stem cells is currently of
great interest, and there is mounting evidence that stem cell lineage is directed, at least in
part, by the local stiffness with osteogenic lineage favored on more rigid substrates,
adipogenic or neuronal differentiation enhanced on soft substrates, and muscle markers

expressed on intermediate stiffness substrates.®***° These findings have practical
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implications for in vitro differentiation of stem cells for cell-based therapies in addition to
the fate of the stem cells once implanted. For example, it has been suggested that the
heightened stiffness of post-myocardial infarction scar tissue is not conducive to
induction of stem cell differentiation to the proper (muscle) lineage.*** It is conceivable
that the cells may even be pushed towards an osteogenic lineage in a stiff scar. Similarly,

cyclic stretch has been shown to induce differentiation of bone marrow stem cells into

135 136

different cell lineages including ligament cells,” chondrocytes, osteogenic cells,

137,138

myocardial cells, and vascular cells in a stretch anisotropy (uniaxial vs.

139 and strain magnitude-dependent manner.****** Although the effect of

equibiaxial)
stretch on spreading of hMSCs (Figure 5.6) on soft substrates was inconclusive in this
study since they did not demonstrate a rounded morphology on the low level stiffness gel,
lower stiffness gels could be utilized in the present system (we have attached gels down
to 50 Pa). Controlling combined levels of stretch and stiffness simultaneously holds the

promise of providing more flexibility in the induction of specific stem cell lineage than

stiffness or stretch alone.

5.5.2. Cell Contractility and Prestress
The ability of the cell to generate tension through its actin cytoskeleton is integral to the
mechanoregulation of cell behavior. For example, stiffness-directed stem cell lineage

specification is blocked by inhibiting nonmuscle myosin 11,%® and endothelial cell
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reorientation with cyclic uniaxial stretch is blocked by abolishing stress fibers.** Cell
traction force is, in turn, strongly modulated by the substrate stiffness.®**** Thus, tunable
stiffness substrates offer a powerful alternative to chemical agents for the study of how
cell prestress levels alter the transduction of dynamic stretch. More recently, dynamic
substrates that utilize UV light to decrease stiffness were developed to evaluate the
cellular effects of changes in stiffness in a single substrate during culture.***** While
these dynamic systems allow the study of the transition between multiple levels of
stiffness, they do not address the differences in cell signaling between stiffness and
stretch. Similar to previous chemical blocking experiments, stress fibers are absent on
soft substrates; however, our data clearly demonstrate the ability of the cells to form
stress fibers and remodel their cytoskeletons in response to cyclic stretch in the absence
of high cell prestress (Figure 5.4). Not only are the potential side effects of chemical
blocking agents removed by using PA gels, the prestress in the cell can be tuned to
various levels by selecting the stiffness of the gel, and the traction force before, during,
and after stretch can be assessed by utilizing traction force microscopy, a technique
widely utilized with standard PA gels.”®%"*** The incorporation of fluorescent
microbeads in PA gels cast in between glass plates is relatively straight forward;
however, care must be taken when selecting the type of beads as to not affect the
polymerization or attachment to the silicone. We have found that beads with surface
modifications such as carboxylate groups interfere with the gel polymerization and

attachment. Our preferred method for incorporating beads into PA gels cast onto silicone
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is to first cast a gel (as described above) and once polymerized, apply a thin layer of
gel/(unmodified) bead solution on top. Only recently has cell traction forces in response
to stretch been evaluated, and it was found that forces initially decreased and then slowly

recovered after a single on-off stretch cycle.”

5.5.3. Cytoskeletal Changes (Cell Area and Stress Fibers)

Quantification of cell traction force is also critical for studying the mechanisms by which
the cytoskeleton is remodeled in response to both stiffness and stretch. VICs cultured on
high stiffness substrates, presumably at a high level of prestress based on their large
spread area, actually reduced their spread area when stretched (Figure 5.4). This behavior
has been observed previously with 1 Hz equibiaxial stretch of endothelial cells (but not
0.01 Hz stretch)*’ and is consistent with the stress fiber disassembly and reassembly to
remain at a tension set-point. Interestingly, cell retraction was observed without an
increase in the rate of disassembly and reassembly of stress fibers in the aforementioned
study. Others have observed stress fiber shortening after only one cycle of quasistatic
stretch of NIH 3T3 cells'*® and rapid fluidization of the cytoskeleton in human airway
smooth muscle cells.”® Although spreading due to cyclic stretch of cells on a soft
substrate has not previously been shown, this behavior (Figure 5.4) is also consistent with
the fibers remodeling and lengthening to reestablish a mean level of fiber tension when

extended cyclically. Kaunas and colleagues®’ have developed a model incorporating



124

viscoelastic stress fibers which predicts high tension in the fibers at high strain rates, but
a negligible perturbation in fiber tension at the low strain rate consistent with the
observed data. Although this and other models have been successful in predicting the
dynamics of cell reorientation with uniaxial stretch, cell spreading and retraction are not
explicitly predicted by any model to the best of our knowledge. We presented preliminary
data on cell re-alignment away from the direction of stretch. This has been described as
cells “shielding” themselves from external forces caused by strain.*® Cells and
subsequently the stress fibers within the cells exposed to uniaxial strain will reorient
themselves in-line with the lowest magnitude of strain.*” Disruption of the stress fibers
after application of strain demonstrated that stress fiber alignment, cellular retraction and
MAPK activations occur in response to changes in stress fiber strain.*” When cells are
stretched at low frequencies, they are able to quickly relax to maintain fiber tension;
however, at high frequencies, cells are unable to relax stress fibers fast enough to
maintain homeostatic tension and an increase in stress fiber turn-over occurs.* Stress
fiber turn-over decreases as the number of stress fibers oriented in the direction of the
lowest strain increases.”’

From a feedback-control system point of view, it is still controversial whether the cell has
an extension (strain) set-point or a tension (stress) set-point;**® or possibly it is a hybrid
system controlling both the stress and strain state in the cell to control a basal energy
level.**® The feedback loop likely contains chemical diffusion and/or bond

formation/dissociation and thus is sensitive not only to differences from the set-point
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(proportional control) but also the rate of change of the signal (derivative control)**° and
the summation of signals over time (integral control). Further, the control is most likely
nonlinear since the cells can actively adapt to the stimuli. Quantification of cell traction
forces, dynamically varying the stiffness of the gel, applying additional non-equibiaxial,
non-homogeneous strain patterns, and changing the rate of strain both for loading and
unloading will provide new data for validation of computational models and will shed

light upon the mechanical control system of the cell.

5.5.4. Mechanotransduction

The similarity of spread morphology of VICs with application of stretch on soft
substrates to those cultured statically on higher stiffness substrates leads us to speculate
that the mechanisms of “outside-in” sensing (of stretch) are similar to those for “inside-
out” sensing (of stiffness). However, identification of the mechanosensors which
transduce substrate stiffness and/or stretch is not trivial since they may be located
anywhere along the mechanical pathway from outside the cell, to the interface between
the cell and ECM, to deep within the cell. It is likely that there are multiple types of

151

mechanosensors including mechanically actuated protein unfolding,™" stretch-sensitive

152 and changes in protein kinetics with loading such as actin stabilization.*’

ion channels,
Further, it is difficult to distinguish between inactivation of a mechanical or chemical

pathway from inactivation of a mechanosensor itself since the physical linkages
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necessary for relaying the mechanical signal to the sensor may be disrupted by
experimental treatments. For example, blocking integrin expression may disrupt
mechanotransduction due to the mechanosensitivity of the integrins themselves, or due to
lack of sufficient attachment to the substrate as integrins are the critical for anchorage to
the ECM. Independent stretch and stiffness control offers the possibility of separating the

effects of outside-in vs. inside-out signaling.

5.5.5. Other Stiffness-Stretch Methods

Other materials and methods could be used to obtain combined levels of stiffness and
stretch. For example, PEG, PDMS, or other soft polymers have been utilized for the study
of stiffness-dependent biology and could be integrated into a similar stretch device.**
Further, beds of microneedles of various dimensions have also been extensively used as

30,130

tunable stiffness culture substrates and could be stretched, although it is unclear if

cells would attach to adjacent posts and spread once adhered to a given set of posts. The

I® or PA gel™ layer attached to a silicone

thickness of a thin (1-10 um) collagen ge
membrane could also be altered to modulate the effective stiffness sensed by the cells if
the thickness could be controlled and the gel affixed tightly. For the development of our
method, we chose to use a relatively thick layer (70 um) of the most common tunable-

stiffness substrate, PA, due to the known conjugation chemistries for various ECM

coating proteins and the extensive traction force microscopy methods developed for PA
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gels. We chose to affix PA onto the most common commercial stretching device
(Flexcell®), although we have also affixed PA to other commercial cell stretching
devices (e.g., STREX, B-Bridge) and custom devices utilizing silicone sheeting (e.g.,
Specialty Manufacturing). Alternatively, the previously mentioned elegant indenter-based
device for stretching individual cells on PA™ could be scaled up to stretch larger numbers

of cells simultaneously.

5.5.6. Limitations/Future

As we have shown in this study, the ability to independently control the stiffness and
stretch of a 2D culture substrate represents a substantial advance for studies of
mechanobiology; however, cells have repeatedly been shown to behave differently in 2D
culture than in 3D systems.'®* The cell shape, motility, proliferation, and protein
biosynthesis are often very different in cells cultured on 2D substrates compared to those
cultured within 3D synthetic and biopolymer gels. Further, cells cultured within soft
biopolymer gels orient towards the direction of stretch'>> whereas the opposite response
is found for cells cultured on 2D stiff substrates.™® This response could be attributed to
contact guidance, but could also be a result of the compliance of the gel. Despite these
differences, 2D systems remain important for the study of mechanobiology due to the
wealth of powerful technigues available to interrogate the cells in 2D and the ability to
control other important factors which may affect cell responses including

nanotopography and ligand density offered to the cell.
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Here we focused on studying relatively large cell populations in parallel for statistical
changes and to allow for future gene/protein quantification. Clearly there is a need to
integrate the PA layer onto flex units on a microscope stage to track single cell behavior
over time (e.g., using the STREX system). Further, dynamic changes in substrate
stiffness should be investigated to study their interaction with changes in stretch.****
Finally, chemical signals are integrated with mechanical signals within the cell, thus

combinations of growth factors and mechanical stimuli should be examined in concert in

future studies.

In summary, we report on a novel method for the study of mechanobiology which
enables independent control of stretch and stiffness of the culture substrate. To facilitate
adoption by other research groups, the method combines the most highly utilized tunable-
stiffness substrate with the most common stretching apparatus available. Preliminary
results demonstrate, for the first time, spreading of rounded cells on soft substrates in
response to cyclic equibiaxial stretch. Studies using this method may increase our
understanding of mechanical regulation of cell differentiation and phenotype, validate
computational models of dynamic cell remodeling in response to stretch, and help
elucidate molecular mechanisms involved in mechanotransduction of both outside-in and

inside-out signaling.
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Chapter 6 - Conclusions and Future Work

The work presented herein describes three distinct model systems for controlled
modulation of the mechanical environment of cells cultured in vitro. We probed different
aspects of VIC mechanobiology with each system and found VICs to be highly sensitive

to both static and dynamic mechanical stimuli.

Data presented here and elsewhere'®*® indicate that the level of stiffness required to
maintain the quiescent VIC phoneotype is potentially too low for a material to both act as
matrix to support cell growth in the non-activated state and also to withstand the
mechanical loading that occurs during the cardiac cycle. If a very soft material is required
to support the growth of an optimal VIC phenotype, a culture system prepared from a
laminate material or a “supported” soft material could be beneficial. Alternatively, other

cell types could be used.

In both the studies using 2D PA gels and 3D VIC populated gels, we observed an
increase in activation (determined by aSMA expression, remodeling, contractile force,
etc.) with TGF-B1 supplementation but only at the higher levels of stiffness tested. These
results were in agreement with studies performed using lung fibroblasts*® and give us

some insight into the interactions between mechanical tension (stiffness) and TGF-f1.

The value in a high-throughput 2D PA gel system is to quickly and easily evaluate cells’
response to a large range of stiffness levels which would be beneficial when selecting

material properties for a tissue engineered product. Alternatively, numerous cell types or
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media additives (drug candidates) can be screened.*® Fluorescent microbeads could be
incorporated into the gels in order to perform traction force microscopy* measurements
of the force exerted on the gel by the cells in response to the stiffness of the gel or an
externally applied chemical or biochemical stimuli. The semi-high-throughput method for
evaluating the response of cells to a wide range of stiffness levels presented here has
potential to be used in numerous other studies of both VICs and other adherent cells
types. Understanding the response of cells to stiffness cues is important for basic
mechanobiology research, designing materials and culture systems for tissue engineered
products as well as developing other therapies, such as surgical intervention which could

alter the mechanical environment and thus the stiffness of the cellular environment.*®’

An obvious follow-up to the study of the effects of 2D stiffness and of TGF-p1 on VICs
is to broaden the range of TGF-f1 concentrations. Additionally, protein levels of aSMA
expressed in response to stiffness and cytokine cues could be measured using semi-
quantitative methods such as Western Blotting or ELISA. However, given the
experimental format, the cells would require culturing at high densities and cell lysates
from multiple wells would need to be pooled to obtain adequate quantities of protein for
Western Blotting. Also of interest, is the expression levels of other biomarkers in
myofibroblasts such as cofilin, in which cellular expression coincides with aSMA
expression and is required for cell contraction.'! In future studies, additional markers
need be evaluated including those indicative of valve calcification. Wang et al. showed

reversal of activated VIC phenotype using a gel system that softens when exposed to
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light.*® A high-throughput gel system capable of softening would be of interested for
future studies in order to further evaluate the threshold stiffness levels for activation and

subsequently reversal of the myofibroblast phenotype.

In native valves, cell density of adult valves is 10% of the fetal valve density."*® Cells
start in close contact and as the valve matures, the distance between the cells increases.
These studies primarily used VICs seeded at a low or medium density in order to study
the effects of substrate stiffness without the confounding effects of cell-cell interactions.
In vivo however, cell-cell interactions are vital for cell function. These cell-cell
interactions could take the form of secretion of soluble factors into the media or forces
transferred through the surrounding ECM and/or adjacent cells. We show in Figure 3.1
how the cell morphology changes with increased cell density. The relationship between
cell density and stiffness is further confounded in a 3D culture system where cells can
interact on all sides. The overall cell density is higher but cells are not necessarily
touching, validating our 2D model of low cell density. Future studies should be designed
to evaluate the role of cell density in cellular response to substrate stiffness in order to

optimize VIC density for TEHVsS.

The 3D controlled boundary stiffness model is a powerful method for measuring the
contractile forces the cell exerts on its surroundings in response to physical or chemical
cues. This system could be used for a number of additional evaluations of stiffness levels,
of other cell types, or of alternative gel materials such as synthetic or biopolymer

systems. The addition of actuators to the controlled boundary stiffness device would
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allow for the concomitant evaluation of tension (stiffness) and stretch similar to the 2D

study presented in Chapter 5.

A number of additional studies could be performed using the modified Flexcell® system.
Of particular interest are the mechanisms involved in the cells; “sensing” of stiffness and
stretch. While there have been numerous studies with the aim of elucidating the sensing
pathways, it remains unknown whether the same or independent pathways are involved in
the sensing of stiffness and stretch. Many of these studies blocked specific receptors or
pathways and evaluated the cellular response. Using the culture system described in
Chapter 5, a well understood pathway, such as one involved in stiffness sensing, could be
blocked and the responses to stretch alone could be evaluated. Could stretch function in
place of stiffness to create a “stiff” environment? Further, could the cessation of stretch
of a soft substrate cause a myofibroblast phenotype to revert back to the quiescent
fibroblast phenotype? These are important questions that have relevance to both
preparation of tissue engineered valves as well as to fundamental research on the onset
and progression of valvular and other fibrotic diseases. A large scale culture system with
defined stiffness and stretch levels could be used to condition cells prior to implantation
in a tissue-engineered construct. Finally, the modified Flexcell® system could be used to
evaluate other disease models such as idiopathic lung fibrosis or for the direction of stem
cells down a specific lineage using both stiffness and stretch cues. Mesenchymal stem
cells cultured in osteogenic media and cyclically stretched had decreased proliferation

and increased mineralization compared to static controls*®®; a similar study using VICs
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could provide insight on the role of stretch in valve calcification.These findings have
numerous implications for understanding and treating heart valve disease and for heart
valve tissue engineering. Understanding the role of mechanical stimulation of heart
valves could lead to surgical intervention such as mechanical modifications of the valve
geometry that reduce stresses across the valve tissue.™’ The same findings can be applied
to the development of tissue engineered heart valves. While high levels of VIC activation
are considered detrimental and characteristic of diseased valves, it is possible that during
the development of TEHVS, activated VICs could be beneficial in their ability to produce
collagen. Given the growing knowledge base around VIC activation, it may be possible
to use activated VICs during valve development and then induce VICs return to the
“quiescent” state prior to implantation through chemical or mechanical means. Like the
native valve, an ideal TEHV would have predominantly quiescent VICs that are capable
of activation to myofibroblasts for valve maintenance and repair. Towards this, several
groups have developed gels capable of softening upon exposure to light.*****° Utilizing
this system with VICs, demonstrated that softening the culture substrate from 32 kPa
(similar stiffness to pre-calcified disease tissue) to 7 kPa (similar stiffness to healthy
cardiac valve fibrosa) caused myofibroblasts to de-activate to quiescent fibroblasts.*®
The de-differentiation of VICs was reversible indicating that VICs could be activated
during valve development and return to the quiescent state prior to implantation. These

studies add to the general state of the field mechanobiology as a whole and are positioned

to help elucidate the relationship between mechanical deformation and the biological
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response of VICs.'®°

In summary, these studies provide information that is critical for understanding how
VICs respond to mechanical stimuli, data that are important for the development of tissue
engineered heart valves and contribute to the understanding of the role of mechanical
cues on valve pathology and disease onset and progression. While this work is focused on
VICs, the culture conditions and methods for applying mechanical stimulation could be
applied to numerous other adherent cell types providing information on the response to
mechanical stimuli relevant for optimizing cell culture, tissue engineering or fundamental

research of disease states.
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Appendices

Appendix A Aortic and Mitral VIC Isolation Protocol

Source: Messier 1994, Taylor 2002, Butcher 2004 — also modified from personal

experiences

Materials:

e Collagenase (Worthington Collagenase, Type | (650 U/mL)
e Sterile PBS

e DMEM + Penicillin/Streptomycin (1 pg/mL)

e DMEM +10% FBS + Penicillin/Streptomycin (1 pg/mL)

e Cell scrapers

e Culture dishes

e Nylon mesh conical tube filters

e Sterile 15 mL conical tubes

e Sterile scissors

Collagenase Preparation:

Determine the volume of collagenase solution required for digestion.

= Aortic valves (for up to 6 cusps) — 3 mL for endothelium digestion and (for up to
3 cusps) 3 mL for cell removal.

= Mitral valves (for up to 2 cups) — 3 mL for endothelium digestion and 3 mL for
cell removal.

Calculate the mass of collagenase needed to make a 600 U/mL solution. (the units/mg

are batch specific and can be found on the collagenase bottle).
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600Units v mg collagenas
ml Units

solution X
collagenas

e Weigh out the collagenase and add to the appropriate volume of DMEM with P/S
(NO Serum!t!)

Valve Dissection:

e Remove mitral and/or aortic valves and place individual cusp types in beakers with
15 mL sterile PBS to rinse. Continue rinsing valves to remove blood.

e Remove the cusps and place each in a 15 mL conical tube with 3 mL collagenase (per
6 aortic cusps or 2 mitral cusps).

e Place on rocker tray for 30 minutes at 37°C.

e Rinse cusps in sterile PBS.

e Place cusp in culture dish and scrape both sides with cell scraper to remove
endothelial cells.

e Rinse in sterile PBS.

e Place rinsed cusp in new culture dish and mince into pieces approximately 1-2 mm?
with sterile scissors or scalpel blade.

e Place minced cusp in new 15 mL conical tube.

e Add 3 mL of collagenase solution.

e Place on rocker tray for ~2 hr at 37°C or until valves are digested. You will need to
keep checking the tubes so they don’t digest for too long.

e Filter solution through nylon mesh into new 15 mL conical tube.

e Centrifuge at 1.2X10° rpm and resuspend in DMEM +10% FBS.

e Perform cell count and plate.
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Appendix B Glass Activation Protocol

Source: (Modified from) Yu-li Wang Laboratory January 4, 2006

Materials:

No. 1 Coverslip, 43x50 mm rectangle coverslip - GoldSeal, cat# 3329

Cell scraper

NaOH, 0.1 N, 100 mL

3-aminopropyltrimethoxy silane - Acros, cat # 31325100

1x PBS

Glutaraldehyde, 0.5% (prepared) in PBS (stock glutaraldehyde, Electron Microscopy
Sciences, 70% solution, EM grade cat# 16360)

Glass Activation:

Make sure you keep track of which side is being activated!!

>

>

If the gels are to be used for AFM, do not attach the activated glass to a petri dish, it
won’t fit on the AFM stage

If the gels are to be used for cell culture, cut a hole in a 60 mm diameter Petri dish
using a drill press and hole bit. Use 45 mm round coverslips. Attach the activated
coverslip with PDMS. Or use custom made holders — use 43x50 mm coverslips attach
coverslip with vacuum grease

Pass one side of a 43x50 mm rectangle coverslip over inner flame of ethanol burner,
place flamed side up on benchtop.

Once cool, transfer to a plastic test tube rack. (The NaOH will react with an
Aluminum rack.)

Using a plastic pipet in the chemical hood, add approximately 6-8 drops of 0.1 N
NaOH to the flamed side of the coverslip. Using a cell scraper, smear the NaOH until
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it covers the entire coverslip. Let dry. Dry is indicated by a white substance on the
surface of the coverslip.

Using a glass pipet in the chemical hood, add approximately 6-8 drops of 3-
aminopropyltrimethoxy silane. Smear with cell scraper until it covers entire coverslip.
Incubate for 5 minutes at room temperature

Place coverslips in dish with ddH,O. Shake for 20-60 minutes, changing the water 3x
(minimum) at room temperature or until the coverslips are clear. There will be a clear
thick substance on glass — this should be rinsed off completely before continuing!!!
(It is important to rinse well at this step, otherwise the coverslips will have a reddish
tint after application of gluteraldehyde).

Place coverslips back on plastic test tube racks and cover with 0.5% gluteraldehyde.
Incubate for 30 minutes at room temperature.

Place coverslips in ddH,0O dish and shake for 20-60 minutes, changing the water 3x
(minimum) at room temperature or until the coverslips are clear.

Dry coverslips vertically on test tubes racks to prevent water marks.

Store at room temperature.

Mount coverslips onto custom chambers with vacuum grease.



151

Appendix C Polyacrylamide Substrate Preparation and Protein
Conjugation Protocol |

Source: (Modified from) Yu-li Wang Laboratory

Materials:

Activated coverslips (see glass activation protocol)

22 mm round coverslips

1x PBS

HEPES 1 M, pH 8.5, 1 mL

HEPES 50 mM, pH 8.5, 500 mL

Acrylamide 40% - Biorad, cat# 161-0140

Bis 2% - Biorad, cat# 161-0142

Ammonium Persulfate; 10 mg in 100 pL ddH,0O. Biorad, cat# 161-0700 (make fresh
for each day of gel preparation)

TEMED - Biorad, cat# 161-0801

(If using gels for traction force microscopy) 0.2 um diameter fluoresbrite
yellow/green microspheres (unconjugated) — Polysciences cat# 17151
Sulfo-SANPAH; 400 pL/22 mm gel at 0.5 mg/mL. Add 4 uL DMSO per 1 mg of
sulfo-SANPAH. Use HEPES 50 mM at room temperature to bring to final volume.
Prepare immediately before use. Pierce, cat# 22589

Collagen (PureCol) 100 pg/mL diluted in 1x PBS ~1 mL solution per 22 mm
diameter gel, enough to cover gel

Acrylamide Preparation:

Make acrylamide solution in a 25 mL glass beaker according to the chart at the end of
protocol. (if microbeads are required, replace 50 pL of the water with 50 uL of beads-
sonacate beads for 1-2 minutes prior to adding to the solution).

Place beaker in vacuum jar and degas solution for ~5 minutes. NOTE: Depending on
the strength of your vacuum, the solution may start to bubble over or freeze. If this
happens, RELEASE THE VACUUM SLOWLY!

Add 30 pL ammonium persulfate and 20 uL TEMED to the acrylamide solution; mix
gently.
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Pipet 20 pL onto activated coverslip and quickly place a 22 mm circular coverslip
over acrylamide drop.

Leave remaining acrylamide in beaker. It should polymerize in 20-30 minutes.

Once polymerized, flood each gel with ~1 mL of 50 mM HEPES to assist in the
removal of the 20 mm coverslip.

Remove 20 mm coverslip by popping it off with the tip of a scalpel blade. Substrates
can now be stored in PBS for 2 weeks at 4°C.

Final Acryl/Bis |40%Acrylamide |2%0Bis |1M HEPES |H,0+Beads | Young's Modulus
12/0.6% 1500 1500 |50 1950 70 kPa
8/0.08 1000 200 |50 3750 10
5/0.10 625 250 50 4075 5
5/0.025 625 63 50 4262 1.5

Acrylamide Activation:

Prepare Sulfo-SANPAH solution immediately before use.

Remove as much liquid as possible without drying out the substrate. Add 200 pL
Sulfo-SANPAH to substrate.

Place 6 inches below 365 nm UV box for 6 minutes. Solution will become reddish
brown when activated.

Remove Sulfo-SANPAH and rinse with 50 mM Hepes.

Add 200 pL Sulfo-SANPAH.

Place on UV box for 6 minutes.

Remove Sulfo-SANPAH.

Wash with 50 mM HEPES and then flick off excess liquid.

Add 1 mL collagen solution to each substrate and put on orbital shaker (slow rpm) for
several hours at room temperature or overnight at 4°C.

Rinse and store in PBS at 4°C for up to one week.

Before plating, UV sterilize substrates for 15 minutes. (can be done in culture hood).
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Appendix D Evaluating FN Density on NHS PA Gels with Antibody
Conjugated Microbeads

Source: Lo et al. Biophysical Journal, 79, 2000, 144-152

Materials:

NHS-PA gels on glass coverslips

Vacuum grease

Culture chambers

50 mL 0.5% BSA in PBS (0.25 g BSA, 50 mL PBS)
Anti-fibronectin

Anti-1gG conjugated microbeads

1x PBS

Procedure:

Using a Kimwipre, dry the surface of the coverslip around gel.
Apply a small amount of vacuum grease to the culture chambers.
Seal the culture chambers to coverslips.

Calculate volume of primary antibody needed (Use 1:100 dilution):

e (#samples x 50 pL/sample) / = total volume of antibody solution

*Add one to the sample number to allow for volume loss during pipetting
Total volume / 100 (dilution factor) = volume of primary antibody stock solution

Total volume — volume of antibody stock = volume of BSA/PBS solution
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In an appropriate size tube, first add calculated volume of BSA/PBS solution, then
add antibody stock and mix well.

Rinse PA substrates 1x with PBS

Remove PBS and block with 0.5% BSA in PBS for 10 minutes

Aspirate BSA solution, add 50 pL antibody solution to each gel, and incubate 1 hr on
orbital shaker at room temperature.

Aspirate antibody solution.

Rinse 3x — minutes each with BSA/PBS solution.

Calculate volume of secondary antibody (1:40 dilution):
(# samples x 50 puL/sample) / = total volume of antibody

*Add one to the sample number to allow for volume loss during pipetting

solution (make sure you account for secondary only controls)
Total volume / 40 (dilution factor) = volume of secondary antibody stock solution
Total volume — volume of antibody stock = volume of BSA/PBS solution

Remove BSA/PBS solution and add 50 pL secondary antibody solution.
Incubate for 30 minutes on orbital shaker at room temperature.

Aspirate antibody solution.

Rinse 3x — minutes each with BSA/PBS solution.

Cover with PBS and image.
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Appendix E Preparation of 5x DMEM for Fabrication of Fibroblast
Populated Collagen Gels

Materials:

e Powdered DMEM

e Sodium bicarbonate (NaHCOs)
L] ddeO

e 100 mL beaker

e 2 graduated cylinders

Procedure:

e Pour 50 mL ddH-0 into a graduated cylinder.

e Remove 25 mL and add to a 100 mL beaker.

e Weigh out 3.37 g of powdered DMEM and 0.925 g of NaHCO3 add both powders to
the 100 mL beaker.

¢ Rinse the weigh boats with approximately 10 mL of ddH,O (from the first graduated
cylinder) to ensure all of the powder is removed.

e Place the beaker on a stir plate with stir bar. Once all of the powder is dissolved, pour
the solution into the second graduated cylinder and bring the volume to 50 mL.

e Pour solution back into the beaker and stir until well mixed.

e Inthe tissue culture hood, sterile filter solution using a 50 mL filter-top conical tube.

e Label and store solution in fridge.
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Appendix F Preparation of 5 mg/mL Collagen Solution for Fibroblast
Populated Collagen Gels

Materials:

e Dry rat tail tendon collagen
e 5mM HCI
e 50 mL conical tube

Procedure:

e Freeze dried rat tail tendon type I collagen is in the fridge in a plastic ziplock bag.

e Weigh out 150 mg (weigh twice for accuracy) and place a 50 mL conical tube.

e Pour 30 mL of sterile 5mM HCI into the 50 mL conical tube.

e Wrap tube with paraffin and attach to rotator in fridge.

e Mix for 12 hours. If bubbles are in the solution, centrifuge for 10 minutes at 1000 rpm
prior to use.

e Label and store in the fridge.

e To check the collagen concentration of the solution, use the Sircol assay.
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Appendix G Protocol for Fabrication of Fibroblast Populated Collagen Gels

Materials:

e 5 mg/mL collagen solution

e 5x DMEM (Dulbuccos Modified Eagles Medium)
e 0.1 MNaOH

e ATCC fibroblasts (Passage 5-9)

e DMEM with 10% FBS

e Trypsin

e Culture plate (specific type depends on experiment)

Aliquot and label the proper amounts (see spreadsheet) of the following, place in ice:

To calculate the correct volumes of solution needed for one experiment, use the excel

spreadsheet (Collagen gel calculation spreadsheet).

e Collagen at 5 mg/mL (see preparation of collagen solution protocol) measure the
necessary volume using a syringe

e 5X DMEM (see preparation of 5x DMEM protocol)

e 0.1 M NaOH

To obtain fibroblasts cells from T-150 flasks:

e Remove T-150 plates from incubator, look at under microscope to ensure viability
and 80-90% confluency, then perform the following in sterile hood.
Note: if cells are over 90% confluent, they should not be used. Cells change

morphology at this density, which will alter the behavior of the cells.

e Aspirate media.
e Add 8 mL Trypsin with EDTA.
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Place each plate in the incubator, let sit for 5-10 minutes until cells have become

unattached (there should be a yellowish cloudy appearance to the solution).

Add 8 mL of warm media (1X DMEM, 10% FBS with penicillin/streptomycin) to

each plate to deactivate the trypsin.

Remove the liquid from the flask with a pipette, place into a 50 mL conical tube and

centrifuge the cell solution at 1200 rpm for 6 minutes.

Aspirate supernatant from tubes being careful not to disturb the pellet of cells in

bottom.

Resuspend the cells in a small volume (1-2 mL) of DMEM with 10% FBS noting the

volume of liquid in mL for cell count.

Mix the solution well and remove 100 pL of the cell-media solution from the center

of the conical tube (this ensures an appropriate representation of the cell solution),

and place in a 1-2 mL microcentrifuge tube. Add 100 pL of Trypan blue dye to the

microcentrifuge tube and mix well (do not vortex, this will kill the cells). Place ~10

uL of this solution into the hematocytometer and perform a cell count.

Add media to the tube in order to bring the cell concentration (cells/mL) to that listed

on the Collagen Gel Calculation Sheet.

Place the cells on ice immediately, and aliquot proper amounts for gel fabrication (per

calculation spreadsheet). Proceed to next header OR

For continued cell culture:

= Resuspend cells with 5 mL of DMEM with 10% FBS.

= Place cells ina T-150 flask. For cell passage, each T-150 flask should have 25 mL
of DMEM with 10% FBS, penicillin/streptomysin, and amphatericin B and 1x10°
cells.

= Slide flask in a figure 8 motion.

= Place in incubator.

To fabricate gels:

NOTE: If a large volume of collagen gel solution is required, it may be advantageous to

make 2 batches of gels to prevent the solution from polymerizing before all of the gels

are plated.

First add 5X DMEM, 0.1 M NaOH, and FBS to an appropriate sized conical tube mix
well and then add the appropriate cell volume last (refer to calculation spreadsheet).
Note: Since the DMEM-NaOH solution is very basic, it is important that cells are
added last to minimize the time in this solution.
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Using a syringe, add the collagen to the aliquot of cell-media-5X DMEM-NaOH
mixture, mix well with pipette until color is homogonous throughout, taking care not
to add air bubbles to the mixture.

Quickly add the desired volume of the collagen-cell solution to each well. Aspirate
any bubbles off the top and swirl gently to assure solution is level and covers entire
plate.

Place gels in 37° incubator for 1 hour.

Add 2 mL of media to each well (for 6-well plate) and place in incubator.

Replace media every other day.
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Appendix H Triple Stain Protocol (Phalloidin, aSMA, Hoechst)

Source: Modified protocol from Katie Bush
Materials:

e Fixing Solution (use .5 mL per sample)
o 12 mL of 1.33X PBS with 4 mL of 16% formaldehyde and 32 uL of 100X
Triton
= 1.33XPBS =1.6 mL of 10X PBS + 10.4 mL of ddH,O
= 16% formaldehyde (Ted Pella, prod #18505)
= 100X Triton (Calbiochem)
e 1XPBS
= 20 mL of 10X PBS (VWR) + 180 mL of ddH,0
e Heat Denatured PBS/BSA solution (make around 300mL) — already made, use
0.25-0.5 mL/sample
= 1XPBS
= 1% BSA = For every 100 mL of PBS add 1 g of BSA (CAT)
= Bring to 80° C for 10 minutes then aliquot as necessary, store at -
20° C.
= Let cool before applying to samples
e Phallotoxin
o Working solution
= For each well to be evaluated, 5 pL stock + 200 uL 1X PBS
(Protect from light)
= Need 4 mL — Add 100 pL of phallotoxin stock solution to 4 mL
1X PBS
e Anti-aSMA Solution (1:500 dilution)
= For each well to be evaluated, 200 pL antibody solution
= Need 4 mL — Add 8 pL Anti-aSMA stock to 4 mL PBS/BSA
e Anti-Mouse 1gG Alexafluor 584 Solution (1:500 dilution)
= For each well to be evaluated, 200 pL antibody solution
= Need 5.2 mL — Add 10.4 pL IgG Alexafluor 584 to 5.2 mL
PBS/BSA
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e Hoechst Staining Solution
o For each well, 200 pL antibody
o 18.3 pL Hoechst Stock Solution +5.5 mL ddH,0

Procedure:

e Warm 1X PBS and Fixing Solutions. Bring PBS/BSA to room temperature.

e Drain media from culture dishes, rinse 2X with warm 1X PBS (~0.5 mL per
sample)

e Add 0.5 mL Fixing Solution to each sample. Put on orbital shaker for 10 minutes.

e Prepare Anti-aSMA solution.

e Remove Fixing solution and put in Hazardous Waste.

e Rinse plates 2X with warm 1X PBS.

e Add PBS/BSA solution (0.25-0.5 mL per sample). Put on orbital shaker for 10
minutes.

e Remove liquid, and add 200 pL anti-aSMA to each sample (except secondary
only samples)

e Seal and put on orbital shaker for 1 hr

e Prepare Working solution, anti-mouse 1gG solution, and Hoechst Staining
Solution. Put on ice and protect from light until solutions are required.

e Remove antibody solution and rinse 3x with BSA/PBS for 10 minutes each (on
orbital shaker).

e Remove final wash of PBS/BSA solution and add 200 puL working solution to
designated samples and 200 pL anti-mouse 1gG solution to every sample. Seal
and place on orbital shaker for 30 minutes.

e Remove solution and wash 2X with PBS/BSA.

e Remove solution and add 200 puL Hoechst staining solution to every sample. Seal
and place in incubator for 5 minutes.

e Remove solution and wash the samples 2x with PBS/BSA.

e Keep hydrated! Store in PBS, wrap plates in parafilm and protect from light until
samples are imaged.
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Appendix | Preparing Flexcell Plates with PA Gels

Source: Leach, J. Neural Eng., vol 4, 26-34 (2007), Schnaar, Analy Biochem, vol 151,

268-281 (1985)

Materials:

e Untreated Flexcell plate

e Glass syringe with gradations (200 pL)

e Glass pipettes with gradations (5 and 10 mL)

e Manual pipettor

e Plasma Prep, plasma oxidizer (chemistry. department)

e 3-(Trichlorosilyl)propyl methacrylate (TPM, Sigma 64205, store in fridge under
desiccate and Ny)

e Heptane

e Carbon tetrachloride
e Hexane

e Vacuum

e Vacuum desiccator

e 40% Acrylamide (Biorad) - refrigerator

e 2% Bis-acrylamide (Biorad) - refrigerator

e 1xPBS

e TEMED (Biorad) — Chemical shelf

e 1% aqueous solution of APS in ddH,O (1g APS /100 mL ddH,O — prepare fresh)
o ddeO

e 22 mm round coverslips

e Surfacil
e Methanol
e Kimwipes

e 60 mm Petri dishes or mounting chambers for glass coverslips
e Nitrogen tank
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e Sterile PBS
e DMEM with 10% FBS

Procedure:

Before plasma cleaning, place the following in the chemical hood, the chemicals will

need to be applied immediately after coating:

e Glass syringe (200 pL)

e 50 mL glass beaker(s)

e Glass pipettes (5 and 10 mL)

e Manual pipettor

e 3-(Trichlorosilyl)porpyl methacrylate (Sigma 64205, store in fridge under desiccate,
keep in sealed jar until ready to use)

e Heptane

e Carbon tetrachloride

e Hexane

e Vacuum

e Vacuum desiccator (plastic only — do not use glass)

e Timer

e Do the following in the chemical hood:

e Treat 22 mm coverslips with surfacil as per protocol. Add a small volume (few mL)
of Surfacil to a glass beaker and dip coverslips in Surfacil solution to coat. Rub dry
with a Kimwipe. Rinse coverslips by washing in methanol. Let dry by standing
coverslips on end to prevent spotting.

Begin to prepare PA — it is important to work very quickly after the silicone surface has

been functionalized...have EVERYTHING ready to go.
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See below for calculating necessary volumes.

For each 1 mL of prepolymer:

e Weigh out ~10 mg of APS.
Zero balance
Label a 1.5 mL eppendorf tube with APS
Weigh the tube and write the mass on the side
Add 1-2 mg APS to the tube
Write the final mass on the side
Add appropriate volume of ddH,O for 1% solution
e Mix the following according to the chart below:
= 40% acrylamide
= 2% bis-acrylamide
= PBS
= TEMED

Leave PA samples on the bench while you plasma clean the Flexcell plate.

Return to the chemical hood and prepare the following solution:

e 8 mL heptane in the 50 mL glass beaker (use the glass pipette).

e Add 2 mL carbon tetrachloride.

(This solution will evaporate so it is important to work quickly after this step).

(using Plasma Prep 1)
Created by: Lee Sierad v 1.0 4/26/2007

e Ensure that the “meter” switch is up and the other two switches are down.
e Turn on the Plasma Prep Il (press the square red button on the front).
e Let the machine warm up for at least three minutes.
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Turn on the O,. Make sure the main valve is completely open — also check side valve
and flow rate (big knob on front of regulator). It is important to have oxygen flow!
Turn on large vacuum pump.

CAREFULLY remove sample container from device.

Place sample inside of container.

CAREFULLY replace sample container into device.

Turn “vacuum” to on position (switch — up).

Ensure a vacuum has been reached.

Perform the next set of steps quickly so the sample is not under plasma oxidation for
an extended period of time.

Turn power on (switch — up).

Turn level up so meter reads about 40.

Tune counterclockwise until area becomes magenta.

Turn level all the way up — about 100.

Tune clockwise slowly until area is at its greatest intensity of magenta.
Let sit for 2 minutes.

Turn level all the way down.

Turn power switch off.

Turn vacuum switch off.

Wait for vacuum to release.

Remove the sample.

Repeat steps 7 through 22 as needed for multiple samples.
Turn large vacuum off.

Turn O, off.

Turn Plasma Prep |1 off.

0O OO0 OO OO O0OO0OOoOO0OOoOO0oOOoOOo

It is important to chemically activate the plates immediately after plasma coating. (all
chemicals are very toxic, wear gloves and always work in the hood).

Using the glass syringe remove 20 uL. TPM (puncture septum with needle, never
open container to the air). Submerge the end of the needle in the heptane/carbon
tetrachloride solution and expel the TPM. Swirl to mix.

Apply ~2 mL of the activation solution to each Flexcell well and cover with lid.

Set timer for 5 minutes.

Note: solution will begin to evaporate, it will turn the lid white, and will cause the
silicone to swell.

After 5 minutes, dispose of in hazardous waste (chlorinated flammable) and apply ~2
mL hexane to each well to rinse. Dispose of hexane in same waste container. At this
point the silicone is relatively fragile, do not puncture with the glass pipette.
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Place flexcell plate in vacuum desiccator and pull hard vacuum (not house vac) for 5
minutes. After 5 minutes the silicone should return to its normal geometry.

Close valve to vacuum desiccator. Remove tube from desiccator (vent vac to atm)
then quickly turn off vac. (keep desiccator sealed).

Bring desiccator to bench top and connect to nitrogen source. Slowly release the
vacuum while pumping nitrogen into the dessicator — it is EXTREMELY important to
only use a plastic dessicator with a light lid. When the chamber has filled with
nitrogen it will lift allowing for excess gas to escape.

Add 100 pL of 1% aqueous solution of APS to first tube of PA and vortex.

Open desiccator and apply 50 pL of PA solution to each well (while under the flow of
Nitrogen)

Using forceps, “rinse” each coverslip under nitrogen flow prior to placing on top of
the PA droplet.

Try to get it in the center when placing the coverslip — forceps sometimes help.

DO NOT MOVE THE COVERSLIP ONCE IT IS DOWN. Sliding the CS around
will cause the PA gel to stick to the CS upon removal.

Put the lid back on the dessicator and continue flowing nitrogen over the gels for 15
minutes. (for softer gels increase time to 30 minutes)

After 15 minutes, turn off the nitrogen tank but DO NOT OPEN THE
DESICCATOR. Let sit for another 15 minutes undisturbed.

After 15 minutes remove the flexcell plate from the desiccator and add PBS to each
well.

Let sit for 10 minutes.

To remove the coverslips, gently press down (into the well) with forceps. You will
see the coverslip lift off the gel.

Remove the coverslip from the well with forceps being sure not to disturb the gel.
Activate gels with sulfa-Sanpah (per manufacturer protocol) and apply collagen
solution

After incubation, cover gels with PBS and place under UV light for 10 minutes to
sterilize

Remove PBS and add 200 pL of media (note: only apply media to the PA, try to
avoid getting media on glass surrounding PA gel) and incubate for 45 minutes at
room temperature.

Remove media and add cells (For most experiments, a concentration of 5000 cells in
200 pL media was used). Again, only put the cell solution on the PA gel.

Allow 1 hr for cell attachment and fill well with media (~2 mL)
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Appendix J Cell Lysis Protocol for Western Blot

Materials:

Sterile, protease free 1.5 mL eppendorf tubes
Lab Marker

Sterile 1x PBS (warmed)

Tissue homogenizer

Centrifuge

Ice

Cell lysis buffer (volume depends on # and cell density of samples):

ALWAYS KEEP SOLUTION COLD!!!

500 pL NP-40 lysis buffer (aliquotted in tubes, 500 pL/tube) (Biosource: cat#
FNN0021)

1.7 uL PMSF (Pierce: cat# 36978)

5 uL HALT protease inhibitor (Pierce: cat# 78410)

Procedure:

For tissue or biopolymer gels:

3 mL per gram of whole tissue or biopolymer gel

Pre-weigh 1.5 mL eppendorf tubes

Rinse tissue in sterile 1X PBS and place in tube.

Weigh tube+tissue and subtract tube mass to get mass of tissue

Add appropriate volume of lysis buffer and homogenize until tissue is pulverized
Incubate on ice for 30 minutes. (vortex every 10 minutes)

Centrifuge tubes for 10 minutes at 10,000 rpm.
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Transfer lysate to new 1.5 mL tube.
Store at -80° C.

For plated cells:

0.6 mL per 100 mm diameter petri dish with subconfluent monolayer

Remove media from culture dish

For a 100 mm Petri dish, add 0.5 mL PBS and scrape cell layer off with cell scraper

Transfer PBS/cell solution to 1.5 mL eppendorf tube.

Repeat 2 times (transfering to same tube) for a total of 1.5 mL PBS

Centrifuge at 1200 rpm for 6 minutes.

Aspirate PBS — be careful not to disturb the pellet.

At this point, cell pellet can be stored in the -80° C freezer until all samples are ready.
(not recommended for long term storage, but should be fine for a few days).

Add 0.6 mL lysis buffer and pipette up and down to break up pellet.

Incubate on ice for 30 minutes. (vortex every 10 minutes)

Centrifuge tubes for 10 minutes at 13,000 rpm.

Transfer lysate to new 1.5 mL tube.

Store at -80° C.

For cells in suspension:

1 mL per 2e7 cells in suspension.
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Appendix K Western Blot Protocol

Materials:

e Pouring Gel

e Acrylamide

e Bis-acrylamide

e TEMED

e  Ammonium persulfate

Running Gel

e Running Buffer

e 6X Loading Buffer

e 1X Loading Buffer

e Protein samples

e 500 pL tubes

e Some sort of lane maker (Previously have not had success with Magic Mark XP
marker).

Protein Transfer

e Razor blade

e Methanol

e Transfer Buffer

e PVDF membrane

e 10 sheets Whatman paper
e Glass pipette

Blotting

e 5% milk in PBS-T
e Anti-aSMA

e Anti-tubulin

e Anti-lgG-AP
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PBS-T
Lumi Phos WB (AP substrate)

Procedure:

Sample Preparation

Quantify the amount of protein using a BSA assay. For dermal fibroblasts or VICs, 10
pg of protein per lane is enough to get a good signal.

Use 1-500 pL tube for each lane. Poke a hole in each lid with a push pin. Add 10 g
protein to each tube.

To calculate volume of 6x Loading Buffer, divide the volume of the most dilute
protein by 5.

Add this amount to each tube.

Bring the volume of each tube to 20 pL by adding 1x Loading Buffer. (it is helpful to
create an excel spread sheet for the calculations)

Boil tubes for 5 minutes. Centrifuge for 1 minutes at 1000 RPM.

Loading the gel

Pour (or purchase) 12% bis-acrylamide gel with 4% stacker.

Load into BioRad electrophoresis system. Short piece of glass should face the inner
chamber of the holder. If only running one gel, put a second glass sandwich on other
side of gel holder.

Fill bucket with 1X Running Buffer until it is to the top of the gel. Note: do not pour
over the top of both pieces of glass, this will prevent the current from flowing through
the gel.

Remove the comb and rinse each lane with 200 pL Running Buffer.

Load 20 pL samples per lane.

Load 20 pL standard ladder

Load 20 pL 1x Loading Buffer to unused lanes.

Run ~2 hr at 30 mA

Transferring Protein

Take apart gel, notch one corner.
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e Cut off unused lanes and stacking gel with razor blade.

¢ Rinse gel in Transfer Buffer for 10 minutes.

e Cut PVDF membrane to size of gel and notch one corner.

e Soak in methanol for 45 seconds, then soak in transfer buffer until ready to use.

e Cut Whattman paper to size of gel, soak in Transfer Buffer.

e To prepare the stack, place 5 sheets of Whatman paper on transfer apparatus. Roll out
air bubbles with glass pipette.

e Place gel on Whatman paper, roll.

e Place PVDF membrane on gel, line up notches, roll.

e Place 5 sheets of Whatman paper on PVDF membrane, roll.

e Dry off anode around stack with paper towel and cover the unused area with parafilm.
This allows the current to only flow through the unblocked area (aka the stack).

e Run 90 minutes at 60 mA.

Blotting

e Take apart stack.

e Place membrane in 5% milk for several hours ~3 hours

e Dilute anti-aSMA at 1:5000 and anti-tubulin (1:500) in PBS-T. (5 mL for bag, 10 mL
for pipette box).

e Rock overnight at 4°C or at room temperature for 1 hr.

e Pour off antibody (can reuse ~3x).

e Do 3 quick rinses with PBS-T.

e Do 4-10 minutes rinses on rocker at room temperature.

e Dilute anti-1gG 1:10,000 in PBS-T (same volume as primary antibody).

e Rock at room temperature for 1 hr.

e Pour off antibody (Do not reuse this one).

e Do 3 quick rinses with PBS-T.

e Do 6-10 minutes rinses on rocker at room temperature.

e Apply 0.125 mL Lumi Phos WB substrate per cm? of PVDF membrane.

e Incubate 5 minutes in dark at room temperature.

e EXxpose.



