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ABSTRACT
In blood vessel engineering, an optimal bioartifical scaffold can be characterized as a 3D
tubular structure with high porosity for nutrient diffusion and enough mechanical strength
to sustain in vivo dynamic environment. The luminal surface of the scaffold is supposed
to have a continuous layer of endothelial cell that is ideally non-immunogenic and non-
thrombogenic while the media layer of the construct is assigned for the ingrowth of
vascular smooth muscle cell which can provide structural integrity and contractility.
While reconstructing endothelial cell layer has been at the center of interest in most
polymeric vascular replacements related research, growing VSMCs has had less attention
due to the high risk of their excessive proliferation and unexpected phenotype shifts that
can result in vessel restenosis. In addition, finding a reliable source of VSMC can be a
formidable task. As such, we believe that if VSMCs can be modulated to remain
quiescent and functional over time after they are obtained from an alternative source, they
might eventually be considered to incorporate into artificial vascular substitute.
To achieve this goal, first we investigated the potential of using stem cell to differentiate
into functional VSMCs. Next, we designed a 3D culture construct to mimic blood vessel
with distinct layers and analyzed the effect of combining different biochemical and
biomechanical signals on modulating VSMCs behavior. Finally, we developed a
biomechanical model that can incorporate the mechanical property of differentiated cell
and distinct layers with geometrical information acquired from confocal images to predict

cellular behavior under different conditions.



The results of these studies provide insights from a basic science prospective about the
potential of using stem cell to obtain functional VSMCs and the impact of environmental
factors on VSMCs behavior. Researchers may use these results to optimize the culture
condition of VSMCs in order to modulate its proliferation, phenotype and mechanical
property. The model developed in this study might be used to predict cellular behavior

under different culture environments without repetitive experiments.
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CHAPTER ONE

INTRODUCTION

1.1 Motivation

Tissue engineering of small-diameter blood vessels holds great promise in treating
peripheral arterial disease. However, several major obstacles have severely limited the
use of combining biomaterials and vascular cells. Among all of them, finding a reliable
source of VSMCs that can be made functional over the time has proven to be a
formidable task. Terminally differentiated SMCs, which have been used previously, lack
the ability to proliferate extensively. In addition, they are limited in supply due to the fact
that there are no obvious arteries that can be removed from the body to isolate arterial
SMCs. These disadvantages make it necessary to explore alternative cell source to
provide large number of functional VSMCs that can be used in blood vessel engineering.
We hypothesized that stem cell can be used as an alternative cell source to differentiate

into functional smooth muscle cell if modulated with proper environmental signals.

The purpose of this research was to investigate the potential of using stem cells to
differentiate towards VSMC lineages for vascular engineering. Specifically, we
compared the mechanical property of VSMC differentiated from bone marrow derived
stem cell and adipose derived stem cell. We also studied the effect of the combination of
different biochemical and biophysical signals on cellular proliferation, alignment and

viscoelastic property during differentiation. Based on the design of our culture conditions,



we developed a computational model to characterize cellular behavior using COMSOL

software. Our specific aims are described below

1.2 Research Aims

1.2.1 Aim 1: Investigate the potential of using stem cells to differentiate into functional
VSMCs

Tissue engineering holds great promise in treating many diseases including
arteriosclerosis. However, several major obstacles have severely limited the use of
engineered tissues for clinical applications. These include issues with proper
vascularization of engineered tissues, limited choices of matrices that can provide
sufficient mechanical support, and the ability of cells to remain functional and
proliferative over time[ 1-3]. Vascular smooth muscle cells (VSMCs) exist in a quiescent,
differentiated state in the adult arterial media and plays an important role in regulating
blood flow and pressure by contracting and relaxing in response to a variety of stimuli.
Thus, VSMCs should logically be incorporated in the development of tissue-engineered
blood vessels and treated as one of the crucial constituents in human vascular
regeneration [4].

Among all the challenges faced in vascular tissue engineering, finding a reliable source of
VSMCs that can be made functional over the time has proven to be a formidable task.
Terminally differentiated SMCs, which have been used previously, lack the ability to
proliferate extensively. In addition, they are limited in supply due to the fact that there are

no obvious arteries that can be removed from the body to isolate arterial SMCs. The



purpose of my proposed research is to investigate the potential of using an alternative
source of cells for VSMCs in vascular tissue engineering. Specifically, we will study the
differentiation of stem cells to VSMCs and the effects of different microenvironments on
the cellular mechanical properties. The results will lead to a better understanding of
cellular behavior under different conditions and can be used to verify the suitability of
different types of multipotential progenitor cells as the supply of VSMCs in vascular

engineering. The specific research aims are as follows:

1.2.2 Aim 2: Determine the effects of biophysical and biochemical signals on VSMC
behavior

The proliferation and differentiation of VSMCs are known to be regulated by
biochemical signals including platelet-derived growth factor (PDGF) and transforming
growth factor- B (TGF-B) [5]. However, the effect of biophysical cues such as topography,
stiffness, and mechanical loading on VSMC differentiation has not been fully studied.
We hypothesize that by combining a variety of different physical stimuli, the
differentiation of VSMC can be controlled and optimized. To test this hypothesis, soft
lithography will be used to fabricate patterned PDMS substrates for cell culture and type |
collagen will be layered on top of cells to mimic physiological conditions. A Flex-Cell
system will be used to apply cyclic stress and strain on PDMS substrates and a custom
bioreactor will provide fluid flow around the cultured cells. The shape and cellular
mechanical properties will be compared under different physical conditions and the

expression of SMC specific markers will be used to verify the cell phenotype.



1.2.3 Aim 3: Use biomechanical models to predict cellular and tissue-level behavior
under specific condition

Biomechanical models have been adopted as a useful tool in predicting both cellular and
tissue-level behavior under specific conditions. Vascular smooth muscle cells play an
important role in native vessel function and might impart functional characteristics to
tissue engineered blood vessels as well. Thus, the ultimate goal of this proposed work is
to develop a biomechanical model composed of the environmental factors important to
VSMC differentiation that can predict the result of seeding VSMCs on pseudo-vessels. In
this aim, COMSOL will be used to model the behavior of VSMCs cultured in a collagen
sandwich. The mechanical loading provided in the previous experiments (Aim2) and the
results of the AFM indentation during VSMC differentiation (Aim1) will be incorporated
into the model. Imaging tools will be used to record the shape change in cell and

substrate for model reconstruction.

1.3 Significance

This research was the first study to compare the potential of differentiating different stem
cells into functional vascular smooth muscle cell in terms of achieving sufficient
mechanical strength. Previous studies have suggested that VSMC phenotype and
differentiation can be regulated by a variety of different environmental factors including
soluble factors, substrate and mechanical loading. However few studies investigated the
effect of combining multiple stimuli on cellular behavior. In this work, we designed a 3D
culture construct to simulate the distinct layers of blood vessel for VSMC growth and

investigated the effect of multiple environmental factors on cell behavior. The results of



these studies provide insight on how VSMC differentiation and phenotype is controlled
by the combination of biochemical and biomechanical signals and can be used to
optimize the culture condition for VSMC differentiation in order to achieve large quantity
of functional VSMCs without excessive proliferation and phenotype shift after enough
cells have populated target construct. We also developed a multiphysics model to predict
cellular behavior under certain mechanical condition based on our experimental data
using flexcell system. The modeling study provided data that may be used as a first step
to estimate VSMC behavior before cells are transplanted into tissue engineered vessel or

graft.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Cell Mechanics

2.1.1 Cellular architecture

In our human body, millions of cells exist and serve as the fundamental structural and
functional unit of tissues and organs. There are about 200 different cells performing
specific function as they have different microstructure and express different genes. Since
it is obvious that the internal constitution of a single cell is responsible for its mechanical
property, understanding the microstructural of single cell by analyzing its distributions,

orientations and interconnections is essential for single cell biomechanics.
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Figure 2.1 Structures and organelles found in most human cells [1].



Figure 2.1 is a schema of a typical cell indicating the major features of the cellular
organelles. It has a membrane that envelops the cell, separating its inner part from the
surrounding environment. The membrane is made up with phospholipid bilayer
containing many proteins that serve as different functions such as channels, gates and
receptors for external molecules. Inside the membrane, a salty cytoplasm takes up most
of the cell volume. However, it is the cytoskeletal that maintains the shape of the cell,
enables cell to move and plays important role during cell division [2,3]. Thus, it is one of

the most discussed topics in cell mechanics.

Cytoskeleton is contained within the cytoplasm and is an elaborate network of fibrous
proteins. The components of cytoskeleton are classified according to their diameter into
three main kinds of filaments, which are actin filaments, intermediate filaments, and
microtubules.

Actin filaments

Actin filaments are the thinnest filaments of the cytoskeleton. Specifically, they are
around 6nm in diameter and are relatively flexible and strong. They are polarized and
polymers of actin subunits. The subcellular location allows its responsiveness to
transmembrane receptor action. The elongation in the barbed end and the contraction in
the pointed-end enables filament in total moves.

Intermediate filaments

Intermediate filaments are named because the diameter of them is around 10nm lying
between actin filament and microtubules. There are six classes of intermediate filament

proteins and each class contains multiple members indicating its diversity compared to



the other two filaments. Despite their diversity, they share common structural and
sequence features: a parallel dimer constituted with two a-helical chains forming a coiled
coil rod. They provide a supporting net-work for the cell and are capable of cell-cell and
cell matrix adhesion. Considering their biomechanical properties, they are rather
stretchable and can be deformed several times longer than their initial length due to their
hierarchical structural.

Microtubules

Microtubules exist as cylinders in a diameter of approximately 25nm and a length
range from 200nm to 25um. They also play an important role in the structure
network. Moreover, they participate in many other processes like cell division,
generating force by growing and shrinking, letting organelles to move along.
Typically, it has a higher bending stiffness than the other two types of filaments but

is less stiff for elongation.
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Figure 2.2 Mechanical property of the three types of filaments [4].



2.1.2 Mechanotrasduction

Mechanotrasduction is a process in which cells convert external mechanical stimuli into
biochemical activity. Many studies have been focused on investigating how cells sense
mechanical signals and transduce them into biological responses, however, the precise
mechanism is remain unclear. Several theories for these mechanisms have been proposed
[5,6]. For instance, Ingber’s group suggests that cells use tensegrity structures to sense
mechanical signals [5]. Based on the theory, they point out the important role that ECM
and cell structural plays in the process and the regulation performed by molecular
mediators such as signaling moleculars and integrins [6]. Future research requires the
investigation of the interaction between mechanical force and soluble factor including
growth factor, cytokines which are associated with the development and remodeling of
tissue. Studies related to the response of specific cell type to external force are of interest
for understanding the progression of certain disease. In addition, identifying the exact
force that cause a receptor to sense the external loading and that results in altered cellular

function will be crucial for further research.

2.1.3 Techniques of imaging and manipulating cells used in biomechanics

As biomechanics has participated in virtually every modern advance of medical science
and technology [7], people seek to better understand the structure-property-function
relationship of living cells among extracellular environment in order to find possible
connection between physiological change and certain diseases. With the development of
techniques to manipulate mechanical and structural property range from micro to the

picoscale, we are now able to perform mechanical test for single cell in physiological
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condition. Moreover, arising from the advancing imaging techniques developed in the
past decade, it is possible to image intracellular structure together with the shape and

geometry of the cell which is a primary concern in cell modeling.

AFM (atomic force microscope)

Atomic force microscope is a cutting-edge technique used in both cellular mechanical
testing and imaging. The basic principle of AFM is the detection of cantilever deflection
arising from the forces applied between a sharp tip on the end of cantilever and sample’s

surface.
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Figure 2.3 Schematic of typical AFM [8].

The most important feature for AFM in imaging is it can acquire images of cells in fluid
which match their physiological environment in vivo. According to that, it makes AFM
an indispensable imaging technique in studying biological samples. Moreover, AFM is
capable of measuring cellular elastic property by collecting indentation depth and force

while inserting tip into the cell [9]. Picture below shows a typical force curve for the

11



indentation of tip. The combination of fluorescent labeling and AFM makes it possible to
analyze the contribution of different cytoskeleton components in cell mechanical property.
Study has shown that the actin filaments contribute more to the cells stiffness than

microtubules even the latter has a greater diameter [10].
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Figure 2.4 Typical Indentation depth and force curve [11].

AFM can also be utilized in cell-cell and cell-substrate adhesion by adhering living cells

on the tip [12]. Similarly, it can be applied to study the ligand-receptor or antigen-

antibody binding force [13].

Although AFM has become a popular tool in the study of cell mechanical property,
limitation exists in certain aspects. First, since the cantilever is inclined approximately 15
degrees, the tip is not approaching normal to the surface thus generating lateral stress to
the cell. In addition, the classical model used in AFM indentation analysis assumes the

cell is linear elastic and the function is time-independent. These assumptions are invalid

12



for living cell. For the imaging part, because AFM is a rastering technique, it takes time
to generate the whole picture of the sample which makes it difficult to investigate

dynamic processes of living cells.

Optical traps

Optical traps is often used to deal with cell mechanics, When a laser transmits through an
object with a high refractive index, the momentum change result in a force generated
toward the center of focus point. Thus, the object can be moved in that direction under a
certain force. The trap is stabilized by the repulsive force along the laser axis. It can be
used to measure an externally applied force by considering the resulting motion from the
center of focus point [ 14]. By considering the function caused by displacement between
sample and focal point as typical spring, we can reach a simple equation Fg =-kx where k

is the stiffness of optical trap and x is the sample’s displacement.

(a) (b)
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Figure 2.5 (a) Schematic of optical trap (b) Simple spring system to describe the

displacement from the trap center [15].

Due to the function principle of optical trap, the object should have a high refractive
index compared to the environment and should be as symmetric as possible [16]. Thus, it
is most appropriate to study mechanical property of cells in fluid suspension like
mechanical response of RBCs at the different developmental stages [17]. Optical trap is
also utilized in studying motor protein such as kinesin [18]. The main limitation is that

only one particle can be manipulated by a beam of laser at one time.

Micropipette

Micropipette aspiration provide a simple method to probe mechanical property of a cell,
it uses a suction pressure to suck a single cell into the micropipette which has a smaller
inner diameter than the size of the cell. By measuring the elongation of the cell, we can
then evaluate its mechanical property based on the known suction pressure. According to
that, several mechanical properties can be analyzed by micropipette. Many experiments
have been designed to measure the viscoelastic behavior of erythrocytes, granulocytes

and neutrophils [19].
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(a) (b)
Figure 2.6 (a) Schematic of a micropipette aspiration (MA) technique and (b) image on

the aspiration of a RBC [15].

The main disadvantage of MA is the complexity of analyzing stress concentration at the
edge of pipette and the friction between micropipette and cell, which, if not take into

consideration, will impair the accuracy of measurement.
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Figure 2.7 Cellular manipulating techniques and the scales for which they are applied

[15].

Other imaging techniques used in cell mechanics

As mentioned earlier, in the study of cell mechanics and modeling, imaging techniques
are employed to get structure and geometry information of biological sample ranging
from single cell to tissue. Commonly, the shape of an object is the first thing we need to
consider in building model for any structure. Thus, the imaging part is of great
importance in dealing with cell mechanics. As many efforts have been made to develop
techniques in imaging, there are many ways to get picture from biological sample
depending on the type and size we are interested. Optical microscopy is the standard
technique used in the study of biological tissue and cells. Fluorescence microscopy is

especially useful as it makes a better contrast between sample we are interested and the
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environment. Unfortunately, optical techniques are limited in resolution by the
wavelength of light used. Transmission electron microscopy (TEM) and Scanning
electron microscope (SEM) can provide a significantly higher resolution than optical

microscope. However, these techniques have limitation due to sample preparation and
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- >
: ! N
acting P
Biological ; e
Structures DMA nanoparticles red blood call
DMA, proteins,
cytoskeletal viruses cells tissues organs
elements
100nm 1um 1mm 1cm im
] | | | | | | | | | | 1

| Transmission electron microscopy |

| Atomic force microscopy |

Imaging ‘ Scanning electron microscopy |
Techniques

| Fluorescence microscopy |

Optical microscope |

Figure 2.8 Cellular imaging techniques and the scales for which they are applied [15].

2.1.4 Single cell model

As we know, the structural and mechanical property of living cells not only maintains the
integrity of them but also affect their biological function. Any deviation from the normal
condition may result in the dysfunction of cells and even apoptosis. Thus, a quantitative
study of their physical property is needed. Many attempts have been made to build

appropriate model for cells to characterize their mechanical response to transient and
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dynamic loads. Generally, these attempts are based either on the structural approach or
the continuum approach. Here, we will briefly discuss how these two approaches are

applied to single cell mechanics.

Structural based model

Structural based model deems the cytoskeletal structural of cell as the most important
component in the single cell mechanics and focus on the role of them in maintaining
physical property of cell. While there are many methods for modeling fiber networks [20],
few studies have used structural based models for whole cells; cell structure is extremely
complex and modeling the whole system would be computationally intractable.
Tensegrity model and spectrin level model [21] are among the approaches trying to deal
with the equilibrium shape and deformation of cell. Tensegrity model suggests that cell
uses tensegrity architecture to maintain their physical shape and process mechanical
signal. Ingber’s group proposed that the tensegrity structural once used in architecture
can be applied to cell mechanics. They demonstrate the cytoskeletal filament as stick and
string to resist tension and compression [6]. Spectrin network model was proposed to
study for suspended cells such as erythrocytes. It is a network that relaxes shear stress

everywhere and generates cytoskeletal structure to predict the large deformation of red
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cells [22].

Figure 2.9 The pricture shows how cells in tensegrity model spread on substrate and

detach [6].

Continuum based model

The continuum approach treats cell as continuum rather than separate parts. This makes it
easier to derive constitutive models to characterize material property and is more
straightforward to deal with the mechanical property of cell. Liquid drop model, solid
model and biphasic model are in this catalog. The liquid drop model was first developed
to investigate the rheological property of neutrophils in micropipette aspiration and was
then improved and expanded to different experimental conditions. The main concept is to

consider the cell consisting different layers which have different surface tension and
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viscosity thus resulting in different deformation under pressure [23]
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Figure 2.10 The compound liquid drop model [24].

Solid models include both elastic model and viscoelastic models. The most differentiating
feature of solid models compared to liquid drop models is that they assume that the whole
cell is homogenous and they do not consider different cortical layer. This reduces the
parameters needed for modeling. The method to describe the whole cell’s mechanical
property is achieved by simply using the combination of spring and dashpot to simulate
the stress relaxation and the creep function of cell. While liquid drop and solid models
both consider cell as a single phase material, the biophasic model treat the cell as a
mixture consisting of solid phase and fluid (water) phase. It was first introduced to study

biological tissue and then applied at the single cell scale as well. Despite its complexity
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compared to viscoelastic model, biophasic property of bone cells and cartilage has been

applied to study the mechanotransduction in the dynamic environment of ECM [25].

2.2 Tissue mechanics

Literally, tissue mechanics means applying mechanical principles to biological tissue.
Thus, similar to the study of common material such as steel and wood, several aspects are
considered when we investigate tissue. First, due to the complexity of our living body,
tissues are classified as soft tissue like cardiovascular vessel and hard tissue such as bone.
Second, several basic concepts and principles need to be checked before applying to
biological tissue. The last but the most important thing is to consider the constitutive
relations that describe the mechanical property of tissue and the solution to boundary
conditions. As our aim is to find a relation between the mechanical property of cell and
tissue, soft tissue i1s what we are interested. Since soft tissue respect basic concepts (stress
and strain) and principles (conservation of mass, momentum and energy), the
investigation will be focused mostly on formulating the behavior of soft tissue in
constitutive relation and then the solution to initial boundary problems. After that,
appropriate model can be achieved to reflect tissue response due to changes in

physiological environment.

2.2.1 Soft tissue mechanical characteristic
By definition, soft tissue refers to tissues that connect, support or surround other
structures and organs of the body. It has been known for years that soft tissue behave

differently from traditional material like metal or wood. Soft tissue is normally

21



viscoelastic, incompressible and has thermoelastic behavior similar to rubber. While soft
tissue exhibits a nonlinear, inelastic, heterogenous and anisotropic behavior, the
mechanical property of different tissues differ a lot. This means tissue properties vary a
lot from point to point, time to time and individual to individual. Due to the complexity
of soft tissue mechanics, characterization of mechanical property is the first step before

formulation constitutive relations.
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Figure 2.11 Typical stress strain data for soft tissue [26].

Pseudoelasticity

The term pseudoelasticity for soft tissue was first introduced by Fung YC to explain the

nonlinear stress and strain relationship. He showed that after some preconditioning
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process for soft tissue, it can be independent of strain rate while still present hysteresis
behavior. Fung also suggested an exponential relationship between stress and strain [27].

Equation 2.1. The equation of Green strain tensor and stress tensor

W 09Q
o8 € 5k

In the equation, S represents the stress tensor, W stands for the energy function which
equals to c(e? — 1) where Q is a function of the Green strain tensor E and c is just a
material parameter. Based on research data, Fung then found a quadratic relation between

functional form Q and green strain tensor E.

Equation 2.2. The quadratic form of function Q

1

Q= 2 CapcpEapEcp

Where c4pcp 1s material constant. Thus, any soft tissue can be described by equation 1

and 2 is called Fung-elastic.

T A
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Figure 2.12 Pseudoelastic behavior (Stress T and stretch 1) of preconditioned soft

tissue[28].

Viscoelasticity

One of the most important properties of soft tissue is its viscoelasticity.
Viscoelasticity means the material exhibit both viscous and elastic behavior when
undergoing deformation.Due to the large portion of water contained in soft tissue, it is not
hard to understand that it has both solid-like and liquid-like behavior. Typically, a
viscoelastic material exhibit hysteresis under cyclic loading, have stress relaxation
function under constant strain and behave creep when applied with constant stress.
Approaches to describe viscoelastic behavior fall into two types, the differential type (e.g.

Maxwell, Voigt and Kelvin models) and the integral type (e.g. Boltzmann models).
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Figure 2.13 Typical mechanical behavior of viscoelastic material (a) hysteresis (b) stress

relaxation (c) creep function.
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Differential theory deems the response of viscoelastic material to external loading as
elastic behavior and viscous behavior. To model the behavior, people use a simple
combination of linear spring and dashpots to represent the elastic and viscous component.
The elastic component can be represented by spring which can be given as Equation 3.
Equation 2.3. Spring equation where stress(o) is analogous to force(F), spring constant(k)

is analogous to elastic modulus(E) and strain(¢) is analogous to displacement(u)
o =ke

similar to Hooke’s Law. The viscous component can be modeled as a dashpot which can

be given as

Equation 2.4. Spring equation where stress(o) is analogous to force(F),  is viscous,

) de, . . d
strain rate(d—i) is analogous to displacement rate(d—?)

de
O'=T]E

Three common models differ at the arrangement of the two elements are used to describe

viscoelastic behavior which is Maxwell model, Voigt model and Kelvin model.

Maxwell Model is composed of a linear spring and a dashpot shown in diagram, in this

n

Dashpot
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Figure 2.14 Schematic of Maxwell model.

model, same force is transmitted through spring and dashpot, thus a relation of each

elements with the total stress and strain can be concluded as

Equation 2.5. The relation between total stress and strain with each element in Maxwell

model
O = Ospring t Odashpot> € = Espring = €dashpot
The governing equation of the model can be given as

Equation 2.6. Governing equation of Maxwell model

du_ldF+F
dt kdt 7

For Voigt model, it consist a spring and dashpot connect in parallel which means they

have the same displacement wu.

o
F +— " —
L A
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Figure 2.15 Schematic of Vigot model.

Equation 2.7. The relation between total stress and strain with each element in Vigot

model

O = Ospring = Odashpot> € = Espring T €dashpot

Equation 8. Governing equation of Vigot model
du
F=ku+n T

The kelvin model combines a Maxwell model in parallel with a spring which makes it

similar to Vigot Model if we consider the Maxwell model as a single component.
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Figure 2.16 Schematic of Kelvin model.
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Equation 2.8. The relation between total stress and strain with each element in Kelvin

model

0 = Ospring = OMaxwell> € = Espring T EMaxwell

Equation 2.9. Governing equation of Kelvin model

n dF n ( ko) du
dt

Fabo = kofut (142
T ar - ottt

As long as we have got the governing equation of these models, certain analysis for
specific condition such as a constant strain (stress relaxation) and constant stress (creep
function) can be done. When the model is under either of the stimulus, the spring
responds instantaneously while the dashpot responds overtime. Because the inherent
nonlinear character of soft tissue, the above linear viscoelasticitymodel cannot apply to
all cases in general. It was Fung then, proposed a so called quasi-linear viscoelasticity

(QLV) theory. It is composed of an infinite series of Kelvin bodies.
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Figure 2.17 Schematic of Kelvin model.
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Remodeling and growth of soft tissue

Besides the nonlinear, anisotropic, incompressible (saturated by water) and viscoelastic
behavior of soft tissue, another important character elucidated recently is its ability to
remodel and growth in response to disease, injury and changes in physiological
environment. The first formal framework about kinetic growth was proposed by
Rodriguez. He assumed a piece of soft tissue free from external stress and is controlled
by a growth tensor Tg, the tissue is divided into many individual pieces which means the
responses to the growth tensor in different pieces are not compatible with each other. Due
to the internal force assembling individual pieces into a contiguous configuration,
residual stress is produced in the process making the tissue still an integrity [29].
However, for soft tissue in our living body, the change in mass (growth) and the change
in structure (remodeling) often occur simultaneously. In order to describe the
mechanically-based remodeling and growth of soft tissue more accurately, a constrained
mixture homogenization theory was proposed. While the mixture theory aims at the
separate contributions in mass change by each constituent, the homogenization theory
accounts for the stress response to individual constituents [30]. By melding the two
theories, we can then able to take advantage of mixture theory and simplify the

formulation considering the homogenization.

2.2.2 Imaging techniques in tissue modeling
Since imaging technique is always a powerful method in acquiring anatomical data of

soft tissue and reconstructing 3D model, it definitely plays an important role in
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investigating tissue mechanics. Here, we will briefly discuss some imaging technique

applied in tissue scale.

CT and micro-CT

CT employs an ionizing radiation such as x-ray to go through the sample
resulting in a contrast in the absorption of the radiation which is then detected and
imaged. The image is 2D and can be further stacked into a 3D representation of
the scanned area. The main advantage of CT and micro-CT is the high resolution
due to eliminating the superimposition images outside the interested area. Micro-CT
has been used to study the structural-function relation of soft tissue and to non-
destructively image and quantify the 3D microstructural morphology of samples
[31,32]. Moreover, it can be used to quantify regional mechanical properties in
lung [33] and employed as an efficacious way to reconstruct bronchial and
pulmonary arterial and venous trees in 3D [34]. As the differentiation of different
tissue is achieved by contrasting absorption of radiation, the segmentation of
tissue is only determined by tissue density which makes it inferior to MRI and
optical microscopy in differentiating similar soft tissue density. However, the poor
segmentation of different tissue can be addressed to some extent by using contrast
agent (e.g., iodine, which is primarily used in angiography). The high radiation
exposure is also a limitation of CT which makes a focus on improving low dose CT

scan today.
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Figure 2.18 Cube of the normal lung specimen, reconstructed in three-dimensions from

286 micro-CT sections (volume of interest, 4 mm per side) [35].

Magnetic resonance imaging (MRI)

Unlike CT scans, MRI does not use ionizing radiation which makes its increasing use in
clinical imaging. For MRI, it makes use of a magnetic field to align the magnetization of
some atoms in the body and a radio frequency field to further alters the electromagnetic
filed. Then, after turning off the filed, we can detect a rotating magnetic field produced
by the nuclei which is depended on the strength of magnetic field gradient. The image of
MRI is also a 2D picture similar to CT which can be further stacked. The function
principle of MRI makes it better at differentiating soft tissue types than CT scans and
superior in recognizing soft tissue in similar density. Despite the superior tissue
differentiation ability, the resolution of MRI is worse than both CT and optical

microscopy. Typical application of MRI in studying soft tissue involves geometry and
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motion reconstruction based on MRI image, Cardiac function and anatomy investigated
by analyzing data acquired by MRI [36]. MRI is also a powerful tool in diagnosing tumor
in soft tissue. Besides, since MRI is capable to obtain 2D and 3D images, it has the
potential to track displacement fields within the tissue otherwise the analysis of static
deformation in soft tissue can only be performed at tissue’s surface with the help of
external marker or instrumentation [37]. It has been proven the application of MRI to
texture correlation theory in calculating soft tissue (tendon) strain fields is more accurate
than tracking markers placed on the surface of the tissue [38]. Although the accuracy of
MR texture correlation for other types of soft tissue has not been characterized, it is

definitely a promising technique for the study of tissue mechanics in the future.
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Figure 2.19 Schematic of MRI applied in texture correlation in strain determination [39].

Ultrasound
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Ultrasound has been used as a diagnostic imaging technique for a long time and is widely
used for its real time application, low cost and non-invasive property. Moreover, it has
been employed to noninvasively measure the mechanical property of structure within
body based on the principle of ultrasound speckle-tracking [40]. Ultrasound speckle-
tracking is to analyze the motion of tissue by tracking the interference pattern and
acoustic deflection. The deflections can be then resolved to strain sequences providing
quantitatively information about tissue deformation and motion. Such kind of
bioelasticity imaging is capable of acquiring the stiffness of soft tissue which is not

available with other imaging modalities.
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Figure 2.20 Schematic of ultrasounic viscoelasticity imaging [41].

Bioelasticity imaging has been applied to measuring the compliance of artery and

diagnosing breast cancer [42]. Previous attempts for peripheral artery include arterial
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wall motion estimation, intraparietal strain imaging and pulse wave velocity
measurement. However,vascular vessel wall deforms nonlinearly in three dimensions
which means 1D analysis is not sufficient since only strain information in the radial
direction is obtained. Several 2D and 3D approaches based on blocking matching

technique is applied to address the problem and will remain a research focus in the future.

Optical microscopy

Optical microscopy is a general definition of microscope which uses visible light and
lenses to get images from sample. It includes many types of microscope such as
fluorescence microscope, phase contrast microscope and confocal microscope. Each of
them has its initial superiority and aims at different aspects of imaging tissue. Optical
microscope can also be used to model soft tissue in 3D with the help of theoretical
modeling software in computer to reassemble dissected histological slices together. In
order to get high resolution image of soft tissue, the sample should be sectioned and
placed on slice. Thus making the 3D reconstruction a labor-intensive work due to
hundreds of slices prepared. Despite this limitation, optical microscope does have some
advantages over the other two imaging techniques. Stains can be applied to samples on
slices which make it possible to differentiate even individual cell type in the tissue. It is
superior to CT and MRI because the differentiation is based on the feature of cells not on
the intensity or signal intensity. Recent approach to acquire deep imaging in tissue is
attributed to the development of non-linear optical microscopy. While linear optical

microscope such as confocal microscope involves a single photon and light-matter
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interaction to generate contrast which depends linearly on the incident light intensity,
non-linear microscope such as two-photon microscope uses multiple photons in the
generation of contrast which makes it less sensitive to scattering and thus is better to
image in depth. Due to its ability to image biological tissue to the depth of around 1mm,
multiphoton microscope has been used to noninvasively study microstructure and to
investigate the relation between bulk mechanical property and optical property in

collagen gel [43].

2.2.3 Soft tissue modeling

People have always tried building model to describe the structural and function of our
living body. For soft tissue modeling, the benefits include knowing injury mechanisms
and damage threshold, understanding the diseases related mechanical property change
and optimizing the design of tools and instrumentation used in surgery. Due to the
complex mechanical behavior of soft tissue, the modeling methods are mainly based on
the different mechanical characterization of soft tissue. As continuum mechanics is most
often used to serve as a mathematical framework to describe deformation of soft tissue, it
will be discussed with basic concepts of linear and nonlinear elasticity and FEM

modeling technique.

Continuum mechanics

Continuum mechanics is a branch of mechanics that treat material as continuous. It is a

theory that describes the relationships between gross phenomena and deems an
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infinitesimal volume of materials as a particle in the continuum. In the field of continuum

mechanics, tensor is often used to describe the equation related to deformation of material.
Linear elastic modeling

Linear elastic modeling assumes the relation between loading and strain is linear and the
deformation of the sample can be recovered completely upon removal of the loading. Due
to its simplicity, linear elasticity theory has been widely used in soft tissue modeling. The
Cauchy stress o is a function of the infinitesimal strain E. According to Cauchy-Hooke’s

law,
0ij = CijriEn

Where C; jy, is called elasticity tensor. C;j; is a matrix containing 36 coefficients,
however, since it is symmetric which means Cjjy; = Cjjxy, it only has 21 independent
coefficients. The number of independent coefficient can be further reduced if it is more
symmetric (orthotropic, transversely isotropic and isotropic). If the material described is
isotropic, then we only have two independent parameter of Cj;. We can further
transform the equation and get the relation between Young’s modulus E, Poisson’s ratio v

and shear modulus p

_E
T 2(14v)

u

Although soft tissue is intrinsically anisotropic, the two parameters v and p are in

common use to describe the property of soft tissue in many research. One of the models
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based on linear elasticity is Hertz model which is originally used to describe the elastic
behavior of two spheres in contact. It is often applied to evaluate the cell’s elastic moduli

by indenting into the sample using AFM.

4 E 13
F= 3 (1-v2) R242

Where F represents the force, E is the elastic modulus of the sample, v is Poisson’s ratio,

R is the radius of indenter and § is the indentation depth.

Linear viscoelastic modeling

Since most soft tissue exhibit viscoelastic behavior which means they have both the
property of elastic solid and viscous fluid. Linear viscoelasticity is the kind of theory that
deems the creep response and load separable when making the simulation. The linear
viscoelastic property can be represented by separating stresses and strains into the

hydrostatic (H) and deviatoric (D) components.

o=o+oP

e=¢ll +¢P

Hydrostatic components result in the change of volume while maintain shape, deviatoric
components lead to the deformation of shape but remain the same volume. The

hydrostatic stresses and strains have certain relationship given as

ofl = 3Ke!
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Where K is the bulk modulus equals to E/3(1-2 v). Deviatoric stresses and strains can

also be related by

N aiJD _ M ajSD
i=0Pi 5 T Lj=04j 5

where p; and q; are material constants. M and N depends on the number of material

constants needed to fit well with the experimental results.

As already mentioned above, stress relaxation and creep function are two specific
material behavior of soft tissue. The viscoelastic property is described using models
containing linear or parallel combination of spring and dashpot which has been discussed

previously.
FEM modeling

The finite element method (FEM) is a numerical technique to find approximate solutions
to field equations, especially partial differential equations and has been applied to
simulate the deformation of soft tissue by solving equations of continuum mechanics. In
order to simulate a structure with FEM, it is first divided into simple parts called elements
such as tetrahedrons and quadrilaterals. The point to join one element with an adjacent
element is called node, and the assembling of all the elements together create the whole
structure. To describe the force and displacement relation at each node, a stiffness term
K™ is introduced. The whole structure stiffness matrix K can be derived by reassembling
individual elements. When the material is under quasi-static condition, the element

behavior can be characterized as
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Ku=F—-R

where F and R are the external and internal node forces vector. Based on that, algebraic

equations can be then solved. Although most FEM techniques are optimized for linear
elastic problems, it is applied to simulate the response of biological soft tissue by solving
complex constitutive equations in recent years. Generally, the quality of simulation
largely depends on the generation of mesh but it is a trade-off between time and fine
mesh. Besides, the speed of simulation is also influenced by the constitutive law used,
material property chosen and scale of the deformation. Thus, the pre-process is crucial to

the accuracy and efficiency of FEM modeling.

2.3 The influence of cell and tissue mechanical property on disease states

The relation between biomechanics and human disease has always been a focus of
biomedical research. The application of traditional solid and fluid mechanics concept to
biological tissue and cells has made it possible to quantitatively analyze the
phenomenological responses associated with biological systems. With the rapid advance
in engineering and imaging techniques, we are now be able to make new progress in

studying mechanical property of tissues and even individual cells.

2.3.1 Disease related cell mechanics
Our living body consists of hundreds of different cells and work as a multi-
molecular collective. In order to understand the connections among cellular and

cytoskeletal mechanics, biological function and disease state, the first step is to
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investigate the influence of physical forces and mechanical structure change on

living cell and tissue and how these factors affect the cellular decision making

process. As there are a large number of people suffering from cancer and

cardiovascular dysfunction and both of which are diseases among the highest

mortality rate, biomechanical studies in these areas are considered of great

significance

in the

development of disease diagnostics,

prophylactic and

therapeutics. Picture below gives a schematic illustration of relationships among

cell structure, biological process and disease states.
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Figure 2.21 Structure-Property-Function-Disease Connections for biological cells [44]

Biomechanics in cancer cells

With the application of continuum mechanics to biological and cellular problem, the

study of biomechanical process can now be well categorized and quantified. The research
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at individual cell level has also benefited a lot from the concept and result in significant

implications of cancer diagnosis and treatment.

Cancer is a disease caused by dysfunction of biological cells, the diseased cells, known as

cancer cells, proliferate uncontrollably and result in the disruption of tissue function. The

discovery of proto-oncogene that can mutate into oncogene which has a potential to turn

normal cell into a cancer cell, has laid the foundation of understanding the roles that

molecular and genes play in creating cancer. Figure below gives a demonstration of cell

invasion-metastasis cascade.
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Figure 2.22 Various steps involved in cancer cell invasion-metastasis cascade [45].

42



Since a cell undergoes a series of genetic changes as it transits to malignancy, there is an
increasing interest in understanding the influence of changes in cell structure, mechanics
and microenvironment (e.g., cytoskeletal structure, geometry and topology of
extracellular matrix (ECM)) on the malignant transformation [45-47]. Alterations in the
mechanical interaction between cells and their environment have been proved to
contribute to tissue dysplasia result in tumor initiation. Ample examples include
transformed epithelia cells which have significantly different cytoskeletal structure than
the normal cell which disrupt cell-cell junctional integrity, increase the viability of
anchorage-independet cell and enhance invasion [48-50]. Moreover, the stiffening of
tissue and ECM accompanied in the cancer formation plainly exist in tumor systems and
is well characterized in mammary tumor tissue [51]. The increase in stiffness in turn
promote the growth, survival and invasion of tumor cells by increasing tractional force,

focal adhesion maturation and signaling through actomyosin contractility [52-54].

A variety of probing techniques have been applied to study the mechanical property of
cancer cells. Some techniques are used to apply force on a portion of cell surface which
results in nanometer displacement. Such methods include AFM, magnetic
twisting cytometry (MTC) and instrumented depth sensing technique. Other methods
such as optical tweezer(OT), micro-postarray deformation (mPAD) and micropipette
aspiration (MA) induce force on the whole cell while submicrometer displacement can be
monitored optically. Among them, AFM can be used with confocal fluorescence imaging
to not only get the mechanical property of benign and cancerous cell but also

acquire the corresponding information of cytoskeletal structure [55]. Certain study in
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breast cancer cell is trying to compare cell elasticity and effect of loading rates between

benign and malignant cell while investigating the cellular actin cytoskeletal structure [56].

Methods like optical tweezer can be used to efficiently collect abnormal cells based on
their deformability [57]. Although the force exerted on the cell is not sufficiently large to
result in large deformability, it is still a useful soring method for isolating cells from

exfoliative cytology [58].

The availability of techniques to measure the force vs. displacement of cells makes it
possible to analyze the mechanical change accompanied with other chemical, biological
and genetic pathways through tumor formation. Further investigation in how mechanical
responses are influenced by transformation from normal subcellular structure to irregular
cytoskeletal network may contribute to a better understanding of cancer at the molecular

and cellular level.

Disease related cardiovascular cell mechanics

For cardiovascular system, one of the most thoroughly studied cells is red blood cell.
Normal human RBC (red blood cell) is in biconcave shape and has a highly flexible
membrane which enables its deformability for circulation. The morphology and
mechanics of RBC can be altered by a variety of diseases including hereditary disorders
and parasite infections, which may cause the disruption of circulation. Elliptocytosis is an
inherited blood cell disease which is characterized by a large amount of blood cells of
suffers being elliptical rather than typical disc shape. While the precise cause of the

disease is still unclear, sufficient case studies suggest the disruption of horizontal
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cytoskeleton interactions may have an influence in HE and leads to reduced elasticity and
durability of HE blood cells [59]. Under shear stress, the instability of cytoskeleton result
in destabilized network structure and the formation of elliptocytic cell shapes. Sickle cell
anemia disease is another inherited blood disorder causing sickle-shaped RBCs. It is
believed that the abnormal form of hemoglobin attribute to the disease. Sickle cells
exhibit decreased deformability with increased viscosity which causes the decrease in
blood flow velocity. Malaria is a wide-spread blood cell disease affecting 500 million
people. The disease is induced by parasite modification of RBCs affecting the mechanical
property of cells membrane through asexual parasite stages. The deformability change
during parasite development has been studied using optical tweezers indicating the role of
RESA (ring-infected erythrocyte surface antigen) in deformability of ring stages [60].

The mechanical property of blood cells can also be investigated by ektacytometry [61,62],
micropipette aspiration [63] and AFM. Also, biomechanical models were developed to
quantitatively predict the motion and deformation of blood cells in vivo [64,65]. The key
factor of these models is the preservation of membrane area by lipid bilayer under tension.
The newly developed models for RBC can be an efficient support in the biomechanical
analysis process. Cardiomyocytes are muscle cells specific to myocardium. These cells
contain myofibrils, which are responsible to the contractility of cell. Cardiomyocytes are
extremely sensitive to the mechanical environment for their optimal development and
function. If they grow on normal matrix condition range from 10-15kPa, they have the
capability to differentiate and beat. However, if they are grown on much stiffer substrate

(35-70KPa), they will lose their striations and decrease in the frequency of beating [66].
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The mechanical property of cardiac muscle is closely related to heart disease.
Significantly much stiffer muscle strips were found in those suffering from diastolic heart
failure than normal muscle [67]. However it was suggested that the increased stiffness in
muscle strips is attributed to the change in matrix rather than cardiac muscle cell due to
the fact that the stiffness of muscle strips remain the same even myofibrils and titin were
extracted. AFM was used to test the mechanical property of cardiomyocte which may
have an influence on left ventricular dysfunction. The result indicates the mechanical
property of cardiomyocyte changes with aging as well as the change in ECM

participating in the LV diastolic dysfunction [68,69].

Basically, three main cell types play a particularly important role in the biomechanics of
arterial wall: endothelial cells, smooth muscle cells and fibroblasts. Endothelial cells
make up the interior surface of blood vessel. They alter their shape, size and cytoskeletal
structure under the change of flow-induced shear stress [70].Vascular smooth muscle cell
is a specific type of muscle cell found in vessels. It is believed to have influence on
certain vascular diseases such as atherosclerosis due to its mechanical property and
change in phenotype. In atherosclerosis, the vascular smooth muscle cell gradually
undergoes a transformation from contractile to synthetic phenotype. The synthetic
phenotype of VSMC cannot contract and has a high rate of ECM synthesis [71]. The
phenotype shift is not unique to atherosclerosis, the environment change in any other
vascular disease may also have an effect on VSMC and result in the alteration in
phenotype. Micropipette system has been utilized to study the tensile property of VSMC

with the result indicating contractile VSMC has higher elastic modulus than synthetic
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VSMC [72,73]. AFM was also used to investigate the mechanical property change in
concert with the phenotype shift which can be helpful to elucidate the development of

vascular disease [74].

2.3.2 Disease related tissue mechanics

The overall object of tissue mechanics is to illustrate the function of a system by
analyzing its geometry, biomechanical property and boundary conditions. When a system
suffers from disease, in some cases, the disease will contribute to the alteration in
mechanical property of tissue or vice versa. The study of mechanical change arise from
certain disease will help us not only better understand the cause of dysfunction but also

improve the diagnosis and treatment of the disease.

CV system

The cardiovascular system consists of two major components, the heart and blood vessels.
Its function includes supplying blood to organs throughout our body form left heart and
circulating blood within right heart and lungs. Blood vessels, in the meantime, serve as
the highway for transportation and conserve the blood pressure in diastole.
Cardiovascular disease is a class of disease related to cardiovascular system which

mainly refers to the dysfunction of heart and peripheral circulation. Atherosclerosis is a
disease caused by the thickening of artery wall as a result of accumulation of lipids,
calcium, necrotic debris, and excessive matrix and cells. While atherosclerosis is one of
the major contributing factors to cardiovascular disease, the endothelial dysfunction is

believed largely to affect the development of atherosclerosis [75]. The morphological and
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mechanical changes in arterial wall can be deemed as indices of the development of
atherosclerosis and further investigation may contribute to the early diagnosis of
cardiovascular disease. Since atherosclerosis is a complex disease that can affect the
entire vascular wall, studies considering the entire stress field within the wall are needed
for biomechanical approach to it. The most regular and common biomechanical test for
artery is the cyclic inflation performed on straight segment whose length is maintained
near its in vivo value. Extra tests such as cyclic extension and torsion test can be
conducted at fixed diameter [76]. Data from these tests reveal a mildly non-linear
response in circumferential direction but highly non-linear in axial direction. According

to that, it indicates the overall non-linear response of passive vessel to finite deformation.
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Figure 2.23 Arterial elasticity characteristics at different preloads. Solid curve refers to

normal tissue while dashed curve refers to less compliant diseased tissue [77].

Due to the complexity of its mechanical property, multiple constitutive relations are
required to describe different behaviors exhibited by the same artery. Pseudoelasticity,

viscoelasticity, theory of solid—fluid mixtures, continuum damage mechanics and thermal

48



damage mechanics are different aspects of mechanical property which may be considered
in the analysis of specific condition. In the exploration of atherosclerosis related tissue
mechanics, studies of atherosclerotic plaque indicate plaque exhibit a strongly non-linear
relationship between stress and finite strain and has a viscoelastic character [78].
Moreover, plaques which are highly calcified turn out to be much stiffer than those
primarily consisting matrix proteins [79]. Tensile behavior in the circumferential
direction and compressive behavior in the radial direction were measured to acquire
physiological characterization of atherosclerotic plaque [80]. The combination of data on
plaque behavior and the associated constitutive relations may help in the modeling of

disease progression and treatment.

Disease related cartilage mechanics

Cartilage is a load-bearing connective tissue that exists in many areas of human body
especially joints between bones. The primary function of cartilage is to support joints and
distribute forces loaded on it. Cartilage can also stabilize the motion of joint and
contribute to joint lubrication. The study of cartilage mechanics tries to analyze the
function-form relationship of cartilage morphology, mechanical behavior and the change

of mechanisms associated with disease process.

Osteoarthritis, one of the common cartilage diseases, is a kind of mechanical
abnormalities result in progressive degeneration of cartilage. The stiffness of cartilage
with osteoarthritis decreases along with a couple of changes in structural and mechanical

property such as tensile, compressive and shear behaviors [81]. The degeneration of
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cartilage and bone may result in the dysfunction of joint motion and makes patients suffer
from disability and pain [82]. The degeneration can be clarified in microscopic level as
fibrillation of the articular surface, loss in tissue and occurrence of crack and cleft [83,84].
However, due to the inconsistence of osteoarthritis in human joint, it is often hard to
precisely characterize such a disease. Often, the approach to study cartilage mechanics
related to osteoarthritis is focused on changes of material behavior as tension,
compression and shear. Research result shows the tensile modulus of osteoarthritis
affected cartilage can decreases as much as 90% compared to normal tissue which reveals
the disrupted collagen fibril network [85]. The compression of cartilage is studied by
using a biphasic constitutive law characterized as solid and fluid phases [86]. The
degeneration makes the cartilage more compliant and deformable in compression but has
less influence on hydraulic permeability [87,88]. Torsional shear testing indicates the
loosening in collagen-proteoglycan matrix and a shear behavior dependence on hydration
[89,90].
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Figure 2.24 Schematic of articular cartilage [81].

The analysis of cartilage degeneration is advanced by applying appropriate model and
imaging technique. Anterior cruciate ligament transection model (ACLT) is the most
widely used model for the study of cartilage degeneration. ACLT produces increased
anterior drawer in the knee joint at extension and at 90°of flexion reflecting the
morphological and histological changes [91]. MRI is introduced in the quantitatively
analysis of cartilage morphology, structure and function in health and disease [92].
Experimental osteoarthritis models as well as imaging technique used in post-processing
have been successful in reporting the cartilage changes associated with the disease and

lay the foundation of studying the degeneration progress.

2.4 Tissue mechanics based on multi-cellular network

The advancing experimental abilities nowadays make it possible to gather a large number
of biophysical and biological data in cellular level. An efficient transformation of the
information from the cellular scale to the whole tissue where multiple cell types are
involved to describe the tissue behavior associated with cellular change influenced by
disease progression. The mechanical property of a cell is controlled in many ways and
largely affected by the communication with its environment. Thus, in order to describe
multi-cellular system based on cells, a thorough consideration of network among cells
and the environment is needed. Moreover, to integrate cellular information gathered into
complex system, computational technique and appropriate model is essential. Agent-

based model seeks to study the multicellular interactions important in tissue patterning

51



which allows investigation of properties emerging from the collective behavior of

individual units.

2.4.1 Cell-cell interaction and many cell interaction

Cell-cell interaction refers to the interaction between neighboring cells that play an
important role in controlling both the fate and function of individual cells as well as
governing the emergent properties of associated tissue. Cell-cell interactions are
fundamental and widespread character in tissue and organ. Some cell-cell interactions are
temporary, such as the interaction between immune system and cell, while in other cases,
stable cell-cell junction occurs and regulate the organization of cells in tissue. Study
reveals cell proliferation is closely related to intercellular communication across gap
junction and the disruption of such communication is believed to link to several
pathologies [93]. It has been indicated that gap-junctional intercellular communication
plays an important role in the maintenance of homeostasis in the process of
embryogenesis, differentiation, growth, and regeneration [94]. Previous research shows
the interconnection of granulation tissue fibroblasts due to extensive cell-cell contact.
Fibroblast was found to cultivate and operate in proliferation of tumor cells in nude mice
which indicates the essential role fibroblast plays to initiate a tumor in host [95]. Force
exerted between interconnection fibroblast was measured by isolating and pairing them to
acquire contractile force [96]. Experimental result suggests the inhibition of gap junction
is associated with the inhibition of wound contraction and is directly related to the role of
cell-cell interaction which can result in reorganization of matrix. The study of force map

indicate around 10-8 N can be generated by single cell [97]. Such forces can cause
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reasonable deformation of other individual cells and in the surrounding matrix to about
30-50pm. To measure the mechanical parameters of cell, it is either suspended in a
spherical shape or spread on a 2-D substrate [98,99]. Certain models such as JKR
model(Johnson—Kendall-Roberts) can be applied to describe the mechanical property of
spherical shape cells in suspension [100]. MEMS-based techniques are developed to
quantify the mechanical interaction between cells which requires the resolution in force
and displacement of picoNewtons and nanometers. However, cells in the tissue are
surrounding each other which means a single cell is compressed by its surrounding
cells not only in contact with another individual cell. This leads to a refinement of the
model by considering the volume conservation based on the relaxing force generated by
strongly compression of surrounding cells. The idea of interactions among cells has made
significant progress in understanding tissue dysfunction and diseases. It has becoming
clear that cell-cell interaction is a critical component in tumor progression for instance
[101]. Cell-Cell contact status has been characterized as a necessary property to

understand in order to fully describe a more complex system.

2.4.2 Cell-Matrix interaction

In our human body, there are around 1013 cells and approximately 200 types of different
cells. ECM serves as a residence for each one of these cell types. It is defined as the
extracellular part of tissue which provides support to cells and performs other important
functions. It has also been known that cells exert forces on their matrix and the elasticity
of matrix have an influence on the forces of cells and their motility. Many cell types

including fibroblasts, smooth muscle cells and endothelial cells are proved to contract

53



collagen matrices. The contraction of matrix is a highly conserved feature of cell motile
behavior and has the potential to change the structure of tissue [102]. Therefore, a
thorough knowledge of the mechanism of cell-matrix interaction is indispensable for
tissue mechanics and tissue engineering. The force exerted on the matrix by the cell
which is often termed tractional force is believed to be responsible for the organization of
the matrix in early studies. However, it is a complex and interactive mechanical system
including several variables such as cell-matrix tension states, tractional force relative to
matrix stiffness and growth factor environment that regulate the interaction between cells
and protein matrices. It is also possible for cells to penetrate and move through the matrix
due to its porosity and the geometry of the matrix has an influence on cell adhesion which
is one of the major design principles to guide cell behavior and tissue formation [103].
Experiment results shows the stiffness of matrix can alter the nature of cell-cell
interaction. Cells tend to remain in contact on compliant substrate while migrate away
from each other on stiffer substrates [104]. In both the tissue and cell level, many
activities in our body largely depend on the property of the matrix. Angiogenesis is the
process of growing new blood vessel from pre-existing vascular network. According to
its vital role in wound healing and tumor formation, many researches have focused on
how to control angiogenesis in the engineering of most tissues and how to inhibit tumor
growth by limiting blood supply related to angiogenesis. Most of these studies require a
better understanding of the influence of matrix mechanics and cell-matrix interaction.
Studies reveal that endothelial cells can generate new vasculature if plated on collagen

gels, fibrin gels or matrigel scaffolds; otherwise, they will form tubules given enough

54



time for secreting their own matrix [105,106]. Obviously, these gels are relatively
compliant compared to glass and tissue culture polystyrene. Thus, mechanical property of
the extracellular matrix seems to be a determinant in angiogenesis and require further
investigation. Although the mechanism of how cell sense each other is still not clear,
endothelial cells are observed to undergo shape changes during network formation by
time-lapse microscopy. Previous hypothesis points out that there is a balance between
cell-cell and cell-matrix adhesion placed on different matrices. The more cell-cell contact
on more compliant substrate is believed to arise from cells unable to adhere well
to the substrate. Based on that, to find an appropriate balance between cell-matrix and
cell-cell adhesion may be an effective way to control angiogenesis. Besides, cell-cell
adhesion may in turn affect the substrate by exerting traction force communicating
through matrix which results in the deformation of substrate. As it is well established that
cells exert more traction force on stiffer substrate while the disturbance field on a stiff
substrate is less than a compliant one, the two competing factors result in an uncertain
relationship between the average distance of deformation and the compliance of substrate.
However, result shows cells on compliant substrate induce larger displacement of the
substrate than on stiff substrate even they exert weaker forces [107]. Further investigation
suggests that cell can have a mechanical influence on its neighboring cell by extending
stress through substrate [108]. A better understanding of cell-matrix interactions could
help us to better control the formation of tissue by mediating cells associated with each

other.
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2.4.3 Agent based model

Biological tissue is a composite of cellular and acellular material arranged in certain
structures and is considered as a complex system due to its specific temporal and spatial
dynamic behavior based on multifaceted composition. Understanding the complex
biological system requires the integration of the autonomous entities interactions with
each other and the system environment to predict higher level emergent patterns. Four
dispensable elements are involved in the elucidation of tissue pattern, 1) Characterize all
the autonomous entities within tissue such as molecular and cellular
components; 2) Comprehend the way all the components act with each other; 3)
Integrate the temporal and spatial dynamic behavior of components into system 4)
Simulate the phenomena of system considering all these events. Agent based-modeling
(ABM) has been recently applied to biomedical research [109]. ABM is characterized as
a “bottom-up” modeling technique assuming the integration of simple rules governing
agent reactions can generate a complex higher level outcomes observed in a certain
system. Such concept is highly compatible with biological system such as tissue which is
largely affected by cellular behavior and its environment. Typically, in the process of
modeling biological phenomena, the individual agent represents a single cell and certain
tissue can be composed of several different agents. As different agents have individual
attributes and state variables, these characters are corresponding to cellular dynamic
behavior and phenotypic state. The most important part in agent-based modeling is the
establishement of rules governing individual agents. It defines initial conditions,

boundary conditions as well as agent-agent interactions and agent-environment
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interaction. The rules determines how the individual agent will change related to the

given information and these agent behaviors aggregat to produce emergent phenomena.
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Figure 2.25 Schematic of agent based model [109].

As shown above, the attributes of cells and environment can be described by a variety of
parameters. However, if we only care about changes in certain aspects such as the tissue
dysfunction affected by mechanical change, then we can simply focus on parameters
which have an influence on the interested apsect. ABM can not only simplify the process
but also deal with spatio-temporal interplay which enables the observation of growning

phenomena. Some areas of biomedical research has already employeed ABM for
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investigation. Ample examples include tumor formation which is a complex process
depending on many cell types, their mechanical behavior and gene expression. Some
tumor models are trying to determine the contributing factors to tumor progression [110].
Other processes highly depend on cell-cell interactions and cell-matrix interactons can
also utilize ABM as an efficient way for analysis. Thus, ABM can also be applied to
physiological and pathological events as well as morphogenesis of tissues. In order to
ensure the realism of the complex biological system, the ABM should be integrated with
experiments. First, we need to derive the govering rules for agents from published
literature or new experiments. Second, the rules should be parameterized to make the
model output matrix fit with experiment data. Third, validating the ABM output by
comparing it with experiment data which were not used in the parameter fitting process,
finally we can use the validated ABM model for predictions. Because cell-based

mechanics measurements are relatively recent, this type of approach as not yet been
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applied to cell-tissue biomechanical systems.
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Figure 2.26 Integration of ABM into experimetal data [109]
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CHAPTER THREE

MECHANICAL PROPERTIES OF STEM CELLS FROM DIFFERENT SOURCES

DURING VASCULAR SMOOTH MUSCLE CELL DIFFERENTIATION

3.1 Introduction

Stem cell therapy has been under intensive research in recent years due to its potential in
regenerating tissue and treating injury. Vascular smooth muscle cell (VSMC), as one of
the crucial constituents in human vascular regeneration, can be derived from a variety of
stem cell sources including bone-marrow progenitor cells [1], skin-derived precursors [2]
and adipose stem cells [3]. Although it is known that VSMC and stem cells both can
undergo significant phenotype shift in response to environment including mechanical
stimuli [4], no comparison of mechanical property change has been made between
different stem cell sources during differentiation. A better understanding of the
mechanical property change during VSMC differentiation will not only indicate the
differentiation status the cell is undergoing but also guide us to better design cell-cultured

scaffold based on the optimal environment it requires during differentiation.

Bone marrow-derived mesenchymal stem cells (BMSCs) have been shown to have the
capacity to differentiate towards a variety of cell types, including vascular smooth muscle
cell lineages [5], and thus, have shown great potential in tissue repair application [6].
Previous studies showed a high similarity between native smooth muscle cell and
mesenchymal stem cell differentiated towards a vascular smooth muscle lineage, which

include expression of specific smooth muscle cell cytoskeleton protein during the
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differentiation of MSC following SMC pathway [7]. Mesenchymal stem cells are also
believed to stimulate angiogenesis in certain condition and are reported to stabilize
vascular structure when co-cultured with other cells. These features together with their

low immunogenicity make BMSCs a promising resource in vascular tissue repair [7-9].

Adipose tissue derived stem cells (ADSCs) have a mesenchymal-like morphology and
are capable of differentiating to form different kinds of tissue-specific cells [10]. Some
groups have hypothesized that ADSCs may not be inherent to adipose tissue and that they
are instead floating mesenchymal or blood peripheral stem cells passing into adipose
tissue [11]. However, there is no doubt that these cells isolated from adipose tissue, can
be potentially useful stem cells for tissue repairing and disease treatment [12]. ADSCs
have been confirmed having the capability to differentiate to functional SM-like cells;
many smooth muscle cell specific markers were observed upon differentiation [13,14]. In
addition, ADSCs are easier to harvest and purify compared to bone marrow derived stem
cell. Thus, ADSCs are also considered as a competitive candidate in repairing vascular

tissue.

Vascular smooth muscle cell, as one of the main constituents of the media layer in blood
vessel, is under consistently mechanical loading from changes in blood pressure. As
cellular mechanical behavior is highly associated with tissue level function, it is very
important to investigate and understand the mechanical behavior of VSMCs and VSMC-
like cells before applying them to any tissue level application [15]. Given the limited

study of mechanical behavior of cells undergoing vascular smooth muscle cell

76



differentiation, the overall goal of this study was to investigate the differences in cellular
mechanical properties of BMSCs and ADSCs during VSMC differentiation using AFM
nanoindentation. VSMC-related cell markers were further visualized by
immunofluorescence and the gene expression was assessed using PCR. Researchers have
suggested that ADSCs can be differentiated to contractile VSMCs induced by TGF-
B1.[16] However, they do so more slowly than their bone marrow counterparts. Studies
show that it may take up to 6 weeks for ADSCs to differentiate into VSMC-like cells
with the same level of differentiation markers as what is achieved by cells differentiated
from BMSCs within 7 days. [14,17] Our hypothesis is that since BMSCs can be more
quickly differentiated to functional SMC-like cells compared to ADSCs, they will also
achieve more VSMC-like mechanical properties. This study will help elucidate the
potential of using different sources of stem cells to differentiate into functional VSMC

with certain mechanical strength.
3.2 Materials and Method

3.2.1 Cell Culture

For these studies, human bone marrow and adipose derived cells were purchased from
commercial sources. Mesenchymal stromal cells isolated from human red bone marrow
(BMSCs, Thermo Scientific HyClone, SV30110.01) were seeded at 1 x 10* cells/ cm® in
® 35-mm dishes (Fluorodish FD35-100) resuspended in Dulbecco’s modified low
glucose Eagle medium (LG-DMEM, Gibco) supplemented with 20% FBS (Atlanta

Biologicals, Lawrenceville, GA, USA) and 1% 100x penicillin-streptomycin (Fisher
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Scientific, Pittsburgh, PA, USA). After cells were adhered to plates (1 day culture in
incubator), we added differentiation media containing 10ng/ml TGF-B1 to induce
differentiation towards VSMC. BMSCs were cultured for 7 days and used for following
study at different time points. Human adipose derived stem cells (ADSCs) isolated from
human lipoaspirate tissue (Thermo Scientific HyClone, SV30102.01) were cultured in @
35-mm dishes with 1 x 10* cells/ cm? in LG-DMEM (Gibco) supplemented with 10%
FBS and 1% 100x% penicillin-streptomycin. Similarly, culture media with 10ng/ml TGF-
B1 was added to induce differentiation after cells adhere to plates. According to the
manufacture, bone marrow derived stem cell was acquired from single donor while
adipose derived stem cell was obtained from multiple donors. Since many factors,
including substrate stiffness and culture conditions, can affect cell mechanical properties
[18], The two cell types were maintained in standard cell culture condition on tissue
culture plastic dish to minimize potential confounding factors due to culture substrate
selection. As a comparison positive control group, primary VSMCs were isolated from
rat aortic tissue using standard methods. It should be noted that the Young’s modulus of
human VSMC is characterized in 10-100kPa which lies within the same range of rat
VSMC [19,20]. Procedures were approved by the Clemson University Institutional
Animal Use and Care Committee. The cells were cultured for 1 day in LG-DMEM with

10% FBS and 1% 100x penicillin-streptomycin.

3.2.2 AFM indentation
For AFM indentation, an Asylum Research MFP-3D AFM mounted on an Olympus IX-

81 spinning disc confocal microscope placed on a vibration isolation table was used.
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Borosilicate spherical probes (radius = 2.5um, Bruker Nano Inc) with a nominal spring
constant of 0.06N/m were utilized to indent into cells. Cells were kept in 35-mm culture
dishes with growth media throughout the experiment. Prior to loading with the AFM, a
thermal fluctuation test is performed in air to calculate the actual spring constant of the
cantilever [21]. Single cells were randomly chosen by the optical microscope with a 20X
objective lens while morphologically abnormal and overlapped cells were excluded.
AFM tests were performed on one dish at a time while the rest of dishes were stored in an
incubator until just prior to use. Normally, each test takes less than 30mins for one dish.
This is similar to the time cells are out of the incubator for other cell culture maintenance
protocols (e.g., media changes, microscopy images). Similar to past studies using the
same system [22], the tempature does not fluctuate by more than 8°C over 30mins while
no noticeable changes in cell behavior and mechanical properties were observed over the
30mins time the cells were in the AFM. The AFM probe was positioned over the central
part of the cell and was adjusted to avoid the edge of the cell. Each cell was indented 5
times to a depth of at least 1um into the cell with a loading rate of 1um/s in Spm force
distance. At each time point, 10 representative cells from each sample were chosen for

evaluation and their elastic modulus were then analyzed based on at least 50 replicates
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per sample.
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Figure 3.1 Representative AFM indentation consisting both an indent and retract curve.
The contact point was determined by a certain degree of upwards shift while the Hertz

model fit to the data over the indentation curve from 30nm to a 300nm indentation depth.

3.2.3 Indentation curve analysis

The Hertz contact model [23] was used to estimate the elastic modulus values from the
indentation curves acquired from the contact between AFM spherical tip and cell. A
MATLAB script was used to determine the contact point of the force curves by
identifying the point at which force shifts upwards above the baseline noise level [24].
The modulus was calculated using the Hertz model fit to the data over the indentation

curve from 30nm to a 300nm indentation depth, a range over which the Hertz contact
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model still remain accurate [25]. The Hertz contact model is used to simulate the elastic

behavior between a spherical indenter (AFM probe) and an elastic half plane (cell) [26].

1 3
F=2_Lf Ris: (1)

T 3(1-v?)

Where F represents the force, E is the elastic modulus of the cell, v is Poisson’s ratio
(v=0.5 as the cell cytoplasm is assumed incompressible [27]), R is the radius of indenter,
and o is the indentation depth. The Hertz model has two major assumptions: linear
elasticity and infinite sample thickness. These can result in significant errors if the
experiments are far from these approximations. However, by using microsphere tips and
the small indentation depth, the approximations of the Hertz model remain close to major
assumptions and have reasonable accuracy in the calculation of elastic modulus for cells
[28]. As validation of model assumptions, the point-wise calculated elastic modulus was
found to be nearly constant over the 30-300nm indentation range. This indicates that the

conditions of the Hertz model are fairly well met in this indentation range [23].

3.2.4 Immunofluorescence

We fixed cells in 24-well plates with 4% Paraformaldehyde (PFA, Sigma-Aldrich) at
37°C for 10 minutes and rinsed cells with phosphate buffered saline (PBS) two times for
30 minutes. PBS with 0.01 M Glycine and 0.1% Triton-X was placed on the cells for 30
minutes. Cells were then rinsed with 5% BSA/PBS and 1% BSA/PBS followed by
incubation with primary antibodies against SMa-actin (aSMA) (Sigma-Aldrich),
calponin (Abcam) and SM myosin heavy chain (SM-MHC) (Abcam) at 4°C. Fluorescein

isothiocyanate (FITC)-conjugated goat anti-rabbit secondary antibody (Millipore) was
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added the following day to detect the localization of anti-calponin antibodies while FITC-
conjugated goat anti-mouse secondary antibody (Millipore) was used to detect the
localization of antiaSMA and anti-SM-MHC antibodies. Images were visualized using a
Nikon Eclipse TE2000-S fluorescence microscope (Nikon USA, Melville, New York,

USA)

3.2.5 RNA Isolation and RT-PCR

We extracted total RNA using TRIzol (Invitrogen) from cells cultured during different
differentiation time points to investigate if there is any correlation between the expression
of aSMA and cellular mechanical property. The isolated RNA was further purified using
RNeasy Kit (Qiagen, Valencia, CA) according to the instructions of the manufactures.
RNA quantity was assessed using Take3 micro-volume plates (BioTek) and 1 pg was
used for each reverse-transcription. DNA denaturation was performed in PCR by 3
minutes heating at 70 while Complementary DNA (cDNA) was synthesized using
QuantiTect reverse transcription kit (QiaGen) and equal volume of synthesized cDNA
was then added to a master mix containing specifically designed primers for aSSMA and
B-actin. Reverse transcription was conducted consisting 1 hour heating at 44°C followed
by a 10 minutes Rtease inactivation a 92°C. The amplification efficiency of primers was
tested first to ensure the number of PCR cycles for amplification is in a linear range. The
primer sequences for aSMA are designed as 5’- GGTGATGGTGGGAATGGG-3’ and
5’-GCAGGGTGGGATGCTCTT-3"to generate a 188 fragment size PCR product [3] and
the primer sequences for B-actin are 5’- TGGGTCAGAAGGATTCCTATGT-3’ and 5°-

CAGCCTGGATAGCAACGTACA-3' to generate PCR product [29]
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3.2.6 Quantitative Real-Time PCR analysis

For quantitative PCR analysis, the expression of aSMA and B-actin was assessed during
the differentiation of both BMSCs and ADSC. We performed RT-PCR on Rotor-Gene
(RG-3000, Corbett Research) using QuantiTect SYBR Green PCR Kit (QiaGen) to have
a final reaction volume of 25ml. The expression of aSMA was normalized based on the
transcript level of B-actin to determine the differentiated portion of total amount of stem

cells.

3.2.7 Statistical analysis

ANOVA with Tukey multi comparison test using SAS software were performed to
determine if there are significant differences among samples during differentiation.
Student’s t-tests were used to examine significant differences between samples on a given
day and across all time points. P value less than 0.05 were considered statistically
significant based on the significant level of 5%. The statistical analysis was conducted on

the elastic modulus of both two stem cells over differentiation.

3.3 Results

3.3.1 Elastic modulus of single cell during differentiation

The modulus values obtained from the 1-day cultured VSMCs were consistent with those
from previously published studies of similar in vitro cultured VSMCs [30]. Generally, the
resulting elastic modulus of both BMSCs and ASCs gradually increased during
differentiation (Figure 3.2) and both stem cells reach 80% confluency at day 7. We found

a significant increase in the mechanical properties of day 3 BMSCs while observing a
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relatively steady raise in the Young’s modulus of ASCs over 7 days differentiation. Force
curves were then plotted according to each time point during differentiation (Figure 3.3).

Both BMSCs and ASCs exhibit an increasing force vs. indentation trend with time in

culture.
Young's modulus over differentiation
14
mbone marrow

12 stem cell
% 10 Cadipose stem
ﬁ * cell
3 8
[=]
E 6 m vascular smooth
.tz muscle cell
w

(%)

0 | el | el ﬁ

day 0 day 1 day 3 day 5 day 7 VSMC
Figure 3.2 Apparent elastic modulus of BMSCs and ADSCs measured with a
borosilicate spherical AFM probes of Sum diameter at 1um/s approaching speed with

indentation depth from 30nm to 300nm for calculation (10cells per day). Data are

presented as mean = standard error (*Significant difference between two groups

(p<0.05)).
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Figure 3.3 Averaged force vs. indentation curves of BMSCs and ADSCs. Curves shown
in the figure are averaged at different time points over differentiation (control is
undifferentiated cell at day 0). Generally BMSCs generate higher force in response to

indentation compared to ADSCs.

3.3.2 Gene expression of SMC-specific markers

The main objective of this work is to determine whether the expression of specific SMC
markers match the change in mechanical property during differentiation (Figure 4). Early
and late SMC markers including aSMA, calponin and SM-MHC are detected by
fluorescent staining and aSMA is further quantified by real time PCR. We found that for
ADSC:s, the expression of specific SMC markers gradually increased during
differentiation while for BMSCs, the increase of the gene expression can be merely
observed after three to five days differentiation. In addition, not all ADSCs showed
positive staining for calponin and SM-MHC at day 3 while all the BMSCs imaged stained
for calponin and SM-MHC at day 3 (Figure 4). We found a baseline expression of aSMA
in both undifferentiated stem cells. The expression of aSMA has a significant increase at
day 3 for both stem cell types. Although the relative gene expression of aSMA for
ADSGC:s is slightly higher than that of the BMSCs, the quantity of aSMA in terms of RNA
level for ADSC:s is still much lower than BMSCs based on the absolute number of their
PCR cycles, which might be the reason why ADSCs exhibit lower elastic modulus than

BMSCs (Figure 3.4).
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Figure 3.4 The immunofluorence staining of SMC-specific marker calponin and SM-
MHC over 7 day differentiation from (A) BMSCs and (B) ADSCs. Nucleus were stained
with DAPI while antibodies against calponin and SM-MHC were used for

immunostaining (scale bar=50pm).
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Figure 3.5 Expression of aSMA normalized to control gene B-actin during SMC
differentiation for 7 days using real-time PCR (*Significant difference between two

groups (p<0.05)). Data are presented as mean + standard error.

3.4 Discussion

One of the major challenges in the development of cell therapy for vascular disease is to
validate a reliable cell source in order to translate the progress from cell study to clinical
application. Since mature SMCs cultured in vitro can easily lose their ability to
proliferate and contract if used as seeded cells for blood vessel construction [31]. Recent
research has been focused on exploring alternative cell source which can be served as
donor for cardiovascular cells. It has been shown that BMSCs have the ability to
differentiate into cells characteristic of blood vessels [32,33] and are believed to help
stabilize vascular structure when co-cultured with other type of cells [34]. On the other

hand, ADSCs have been shown to be capable of differentiating into smooth muscle like
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cells expressing both early and late SMC markers [3] and are believed to improve
vasculogenesis for cell therapy in adult [35]. Thus, in our study, we analyzed the
progression of the mechanical properties of these two types of stem cells during
differentiation towards a vascular smooth muscle cell lineage. This data can help to

determine the cells suitability as a source for vascular smooth muscle repair.

The mechanical behavior of a vascular smooth muscle cell not only suggests its ability to
contract and relax but also indicates tissue level function. However, limited research has
been done to analyze the mechanical property change during vascular smooth muscle cell
differentiation, let alone any comparison between different stem cell sources. In the
present study, we investigated if the process of vascular smooth muscle cell
differentiation varies given different sources of stem cells. The results show the
mechanical property of differentiating stem cells changes significantly depending on the
cell source. The Hertz model was utilized in our study to evaluate cell’s elastic modulus.
Although Hertz model makes several simplifying assumptions, it can still provide good
qualitatively comparison of the elastic modulus between different cells during
differentiation. Previous research shows the result of cell’s modulus remains reasonable if
the indentation depth used in Hertz fit is small before significant non-linearity occurs

with the increase of indentation depth [36].

In our current study, a significant increase in elastic modulus was observed from day 3
BMSCs during differentiation. In the following days, the value reaches its peak at day 7

which is very close to the elastic modulus of vascular smooth muscle cell in control
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group (Figure 2). Cells in both groups reached 80% confluency at day 7. Since cells are
known to stiffen when in confluent cultures[37], it is not clear whether any additional
increases in modulus that can be observed after day 7 are due to the cells differentiating
further or from the additional cell-cell contacts that occur in very confluent cell cultures.
Compared to BMSCs, the overall elastic modulus of ADSCs was much lower and
underwent a smoother increase during differentiation. As has previously been established
[1], there is a high similarity between the expression of certain genes in BMSCs and
smooth muscle cells; therefore, we are not surprised to discover that BMSCs eventually
have the similar elastic modulus as in vitro 1-day cultured vascular smooth muscle cell
after differentiation. However, the differentiation potential of BMSCs into different
vascular lineages is still not fully understood [38]. Due to the variable nature and
incomplete characterization of isolated mesenchymal stem cells, both the culture
condition and isolation method are highly variable [39]. In our research, we found that
BMSCs from a commercial cell line source have the potential to differentiate into smooth
muscle-like cells with mechanical properties similar to native VSMCs, which is crucial in
clinical use. However, our current experiments are not sufficient to characterize the
whole mechanical behavior of cells and thus further investigation is required to determine
if the differentiated stem cells are functional given a physiological loading condition.
However, considering the difficulty in obtaining large number of mesenchymal stem cells
from bone marrow for clinical use, ADSCs provide an attractive alternative cell source,
as they can be harvested in relatively large quantities with minimal compensation of

tissue morbidity. While the elastic modulus of ADSCs increased more slowly over time
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during differentiation compared to BMSCs, the results show ADSCs still have the
potential to gradually acquire higher elastic modulus during differentiation induced by
TGF-beta 1. Thus, these cells could be a promising cell source for tissue repair. However,
further study is required to determine if the elastic modulus of ADSCs can get closer to
fully differentiated vascular smooth muscle cells if given different conditions including
the combination of growth factor, co-culture with different cells, and cyclic mechanical

loading.

To further establish that cells differentiated are functional smooth muscle cell, the
expression of SMC-specific markers were examined by PCR and fluorescent staining.
Fluorescent microscopic images of FITC-labeled aSMA reveals that cells differentiated
from both stem cell sources have a baseline level of aSMA with minor but constant
increase over differentiation. After 7 days culture, most cells appear to be elongated with
highly expressed aSMA throughout the cells. As previous research suggests the
relationships between the existence of aSMA and cellular contractility along with the fact
that contractile VSMCs having more aSMA are stiffer than synthetic VSMCs with less
aSMA [30,40] we believe that the increase of aSMA along with morphological and
adhesive alterations, result in the change of elastic modulus measured in our AFM
experiments. Our work shows that there is a correlation between the level of aSMA in the
cell and the cellular mechanical properties. The gene expression of aSMA was analyzed
by PCR. Consistent with fluorescent staining, aSMA has a baseline expression for both
undifferentiated BMSCs and ADSCs along with the increase in baseline expression over

differentiation.
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However, the expression of aSMA alone does not definitely suggest the cells are fully
differentiated, other groups have found that the mid-differentiation marker calponin and
late stage differentiation marker SM-MHC may have more SMC lineage correlativity
than SMA [41]. In our study, both of the two markers were found to be significantly
enhanced after 7 days culture compared to the merely detection at day 1 culture. There is
also an increase in the levels of both markers over time during differentiation which
correlates with the change in elastic modulus. All the results suggest that when induced
by TGF-beta 1, both of the two stem cell types differentiate down a SMC lineage while
acquiring basic SMC functionality reflected by the increase of elastic modulus. Although
TGF-beta 1 activation is not completely understood [42], it has been well documented to
be responsible for the induction of mural cell (pericytes or smooth muscle cell)

differentiation which are crucial in modulating blood flow and vasculargensis..

Functional VSMC plays an important role in blood circulation by contracting and
relaxing. Previous studies showed that there is a difference in the mechanical properties
of vascular smooth muscle cells as they shift between synthetic/proliferative and
contractile/quiescent phenotypes VSMC [30,43,44]. While cells are naturally viscoelastic,
the elastic property measured previously still provides some insight into the mechanical
property of VSMC. In our study, we utilized AFM to analyze the mechanical properties
of live cells undergoing differentiation down a smooth muscle cell lineage. Based on that,

we demonstrate both stem cells used in our study stiffen when differentiating down
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VSMC lineages as induced by TGF-beta 1. This change in mechanical properties is also
correlated to the change in aSMA expression. Taken together, these results help to
analyze the functionality of differentiated cells that may have potential use in clinical
application. In addition, while it is possible to assess individual cell mechanical
properties in 2D cultures, it will be very difficult to do so when the cells are cultured
inside 3D matrices for potential tissue engineering or regenerative medicine applications.
The results from this study, which show the correlation between aSMA expression and
cellular mechanical properties, could help researchers to assess, at least qualitatively, the
mechanical properties of differentiating cells in setups where direct cell probing cannot

be performed.

3.5 Conclusion

In vitro 7-day culture of BMSCs induced by TGF-beta 1 exhibited greater elastic
modulus than ADSCs. We also found that BMSCs can acquire the mechanical property
close to VSMC cultured in vitro. This result indicates BMSCs may be a better candidate
in differentiating to functional VSMC in terms of mechanical strength. However, further
research is required to determine if the differentiation can be affected by environmental
change including cyclic loading and combination of growth factor. Optimization of such

differentiation can have potential use in clinical application in future.
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CHAPTER FOUR

DIFFERENTIATION OF HUMAN ADIPOSE DERIVED STEM CELL INTO
FUNCTIONAL VASCULAR SMOOTH MUSCLE CELL UNDER BIOCHEMICAL

AND BIOMECHANICAL SIGNALS

4.1 Introduction

Tissue engineering of small-diameter blood vessels holds great promise in treating
peripheral arterial disease. However, several major obstacles have severely limited the
use of combining biomaterials and vascular cells. [1-3] Among all of them, finding a
reliable source of VSMCs that can be made functional over the time has proven to be a
formidable task. Terminally differentiated SMCs, which have been used previously, lack
the ability to proliferate extensively. In addition, they are limited in supply due to the fact
that there are no obvious arteries that can be removed from the body to isolate arterial
SMCs. These disadvantages make it necessary to explore alternative cell source to

provide large number of functional VSMCs that can be used in blood vessel engineering.

Stem cell therapy has been under intensive research in recent years due to its potential in
regenerating tissue and treating injury. Vascular smooth muscle cells (VSMCs), as one of
the crucial constituents in human vascular regeneration, can be derived from a variety of
stem cell sources including bone-marrow progenitor cells,[4] skin-derived precursors[5]
and adipose stem cells.[6] Among them, adipose stem cells (ADSCs) are capable of
differentiating toward osteogenic, chondrogenic adipogenic and cardiomyogenic lineages

under appropriate conditions [7,8] and have several advantages such as easy obtainability,
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lower donor site morbidity, and higher harvest frequency. Thus, ADSCs are considered a

competitive candidate in blood vessel engineering.

Phenotype regulation of vascular smooth muscle cell differentiated by stem cell is a key
point in vascular replacement. Fast proliferation of synthetic VSMCs are preferred to
populate vascular constructs initially in order to provide mechanical strength and tissue
architecture at the first stage while contractile VSMCs are eventually needed to prevent
stenosis and attain contractility. Many efforts have been made to study environmental
cues that can control the differentiation and proliferation of VSMCs. Soluble factors have
been believed to promote VSMCs differentiation in different ways. More proliferative,
synthetic SMCs were achieved from stem cells by using platelet-derived growth factor
(PDGF), insulin-like growth factors (IGFs)[9,10] while contractile phenotype were
promoted with transforming growth factor 1 (TGF-B1) and Ang-11.[11,12] It has also
been shown that VSMC phenotype can be controlled by the composition and physical
structure of ECM.[13] There is also an increased focus on fabricating substrates with
different topography to study specific cellular behaviors.[14] Previous studies show that
microchannel scaffolds with discontinuous walls not only support VSMC proliferation
but also transform the cell phenotype towards greater contractility and promote cell
alignment when the cells reach confluence.[15] Mechanical environment has been
assumed to play an important role in determining SMC phenotype as well. However,
inconsistent results have been observed in the phenotypic response of SMCs to cyclic
strain.[16-19] It has been suggested that the cell state before mechanical strain as well as

the magnitude and duration of the strain might contribute to the outcome of phenotype
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response.[20,21] Given the complexity and variety of stimuli that can regulate VSMCs
phenotype shift, there is not yet a conclusion on how we should differentiate and control

the environment of VSMCs seeded for vascular engineering.

In our study, we evaluated the influence of combining multiple biomechanical and
chemical factors to control proliferation, phenotype, and mechanical behavior of VSMC
differentiated from ADSCs. The phenotype of VSMCs will be assessed by the expression
of intermediate and late SMC markers and functionally based on its mechanical
properties. Our goal is to investigate the potential of utilizing environmental signals to
promote VSMCs differentiation and proliferation while regulate their phenotype to meet
the need for vascular engineering. The finding of this research could be useful to guide

the optimization of VSMCs culture condition for vascular replacement purpose.

4.2 Materials and Method

4.2.1 Micro-patterning of PDMS substrate

Micropatterns were designed using AutoCAD and printed on a photomask film (CAD/Art
Services, USA). The size of the individual discontinued wall on PDMS was
30umx300um with a 300um space between walls (see supplemental SEM image). SU-8
2025 (Microchem, USA) master was first fabricated using photolithography steps for
PDMS replication. SU-8 photoresist was spin-coated on 350pum thick circular silicon
wafer with 50.8mm diameter (University wafer, USA). To harden the photoresist, silicon
wafer was soft baked at 65°C for Smins and then at 95°C for Smins after photoresist was

spread uniformly on silicon wafer. After pre-baking, the silicon wafer was brought to UV
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exposure through the designed photomask followed by baking at 65°C and 95°C again.
The wafer was then developed using SU-8 developer (Microchem, USA), rinsed with
isopropyl alcohol and dried with nitrogen gun. The SU-8 wafer was then ready to be used

as a negative mold for PDMS patterning.

Sylgard 184 silicone elastomer base and curing agent were mixed and stirred at 10 : 1

ratio (Sylgard184 kit, Dow Corning, Midland, MI, USA). The mixture was vacuumized

for 60mins to remove air bubbles. The degassed mixture was then poured onto silicon
wafer and spinned at 1000rpm for Imin followed by soft bake at 65°C for 6 mins. After
cooling down the wafer, patterned PDMS was peeled off by blazer and resonated in 100%
ethanol and DI water for 30mins followed by chemical treatment in triethylamine, ethyl
acetate and acetone each for 2 hours. PDMS was then immersed in 70% ethanol with
overnight UV sterilization before it can be used for cell culture. Fibronectin I was coated

to the substrate at 10ug/mL prior to cell culture.

4.2.2 Cell culture

ADSCs were obtained from commercially available cell line, which is isolated and
expanded from human lipoaspirate from multiple donors (Thermo Scientific HyClone,
SV3010201); characterized and tested with stromal, stem, and hematopoietic markers.
The passage number of ADSCs used in these experiments was 2-5. ADSCs were
differentiated toward SMC lineage via soluble factor along with mechanical stimuli.
Differentiating media consisted of LG-DMEM (Gibco) supplemented with 10% FBS

(Atlanta Biologicals, Lawrenceville, GA, USA), 1% 100x penicillin-streptomycin (Fisher
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Scientific, Pittsburgh, PA, USA) and 10ng/ml TGF-B1( R&D systems, Inc. Minneapolis,
MN). Cells were seeded on patterned PDMS substrate layered on the bottom of 6-well
flexcell culture plates. At day 3 of cell culture, some groups were exposed to mechanical

stretch for 24hrs to simulate pulsatile blood flow.

4.2.3 In vitro mechanical stretch

The Flexcell system FX-2000 (Flexcell, Hillsborough, NC) was used to apply cyclic
stretch to ADSCs cultured on patterned PDMS substrate. Due to the intrinsic adhesion
between PDMS substrate and silicon membrane of Bioflex plate, mechanical stretch
applied at the bottom of the plate can be transmitted to PDMS layered on the silicon
membrane. Verification test was performed to check the strain distribution of PDMS
substrate by marking dots on both the bottom of the plate and the PDMS. The dots
marked on both sides matched up with each other when deformation was applied on
silicon membrane indicating same strain field was experienced on PDMS and the bottom
of Bioflex plate. ADSCs cultured on patterned PDMS were subjected to 10% strain at 1

Hz at day 3 for 24hrs to simulate the effect of pulsatile blood flow.
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Figure 4.1 Schematic diagram of the Flexcell system : (A) ADSCs on flexcell membrane
(B) Discontinued wall on PDMS parallel to mechanical stretch (C) Discontinued wall on

PDMS perpendicular to mechanical stretch.

4.2.4 Controls and conditions

Four varied conditions were investigated in this study to evaluate the effect of a chemical
growth factor, substrate topography, mechanical stretch on the behavior of differentiating
cells. The negative control group was ADSCs seeded on PDMS substrate without
differentiating media. Without the induction of TGF-1, ADSCs proliferated during 7
days culture but did not follow specific differentiation pathway. The positive control
group was ADSCs cultured on PDMS substrate with differentiating media. Similar to
previous study, ADSCs in this group differentiated into smooth muscle like cell with
positive protein and gene expression of VSMC specific markers. For mechanical stretch

groups, ADSCs were seeded in two different conditions including (1) PDMS with
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features parallel to the direction of mechanical stretch (2) PDMS with features

perpendicular to the direction of mechanical stretch

4.2.5 AFM indentation and stress relaxation

For AFM indentation and stress relaxation, an Asylum Research MFP-3D AFM mounted
on an Olympus IX-81 spinning disc confocal microscope placed on a vibration isolation
table was used. Borosilicate spherical probes (radius = 2.5um, Nanoandmore corp) with a
nominal spring constant of 0.12N/m were utilized to indent into cells. PDMS substrates
with cells on it were transferred to fluorodish (WPI) with growth media throughout the
experiment to undergo indentation. Prior to loading with the AFM, a thermal fluctuation
test is performed in air to calculate the actual spring constant of the cantilever.[22] Single
cells were randomly chosen by the optical microscope with a 20x objective lens while
morphologically abnormal and overlapped cells were excluded. The AFM probe was
positioned over the central part of the cell and was adjusted to avoid the edge of the cell.
Each cell was indented 5 times to a depth of more than1pum with a loading rate of 1pum/s.
At each time point, 10 representative cells from each sample were chosen for evaluation
and their elastic modulus were then analyzed. Stress relaxation was performed to assess
the non-elastic response of single cell. In contrast to indentation, the AFM tip was held
within cell for 60 seconds and then retracts back to its original spot. Two relaxation

curves were acquired from each cell for further evaluation.
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4.2.6 Force curve analysis

The force curves were exported from AFM software (Igor pro, USA) and loaded by
MATLAB with a custom script to determine the contact point of the force curves by
identifying the point at which force shifts upwards above the baseline noise level.[23]
The elastic modulus values from individual cell were calculated by fitting the Hertz
contact model[24] to exported force curve data. This model was fit to the data over the
indentation curve from 30nm to a 300nm indentation depth, a range over which the Hertz
contact model still remain accurate.[25] The Hertz contact model is used to simulate the

elastic behavior between a spherical indenter (AFM probe) and an elastic half plane.[26]

4 E 1.3
F= 309 R242 (1)

Where F represents the force, E is the elastic modulus of the cell, v is Poisson’s ratio
(v=0.5 as the cell cytoplasm is assumed incompressible[27]), R is the radius of indenter,
and o is the indentation depth. The Hertz model has two major assumptions: linear
elasticity and infinite sample thickness. These can result in significant errors if the
experiments are far from these approximations. However, by using microsphere tips and
the small indentation depth, we can remain close the approximations of the Hertz model

and have reasonable accuracy in the calculation of elastic modulus for cells.[28]

4.2.7 Stress relaxation curve analysis
Stress relaxation curves were also exported from AFM software (Igor pro, USA) and
shifted along y-axis to set the baseline force value to 0. Curves were then normalized to

the maximum force to obtain a starting normalized force value of 1.0 and making all the
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stress relaxation curves fit into a 0 to 1 force range. In order to describe the viscosity of
the normalized data, the percentage of relaxation was used and calculated with a reduced
relaxation function G (t) as

Percent relaxation=1-G (t=60sec)

The reduced relaxation function G(t) can be calculated with various relaxation models. In
our study, Quasilinear Viscoelastic (QLV) model was used to fit the data. The QLV
reduced relaxation function G (t) contains 3 parameters (c, T;, and 1,) with a continuous

relaxation spectrum (S (1) = ¢ / 1) between t; and 1,:

-t
+c [22 qr

1
G(t)—%1— 2
© 1+c f: 2lge (2)
1T
The constant c is unitless and represents a relative measure of viscous energy dissipation
while 1) and 1, are time constants governing short and long term relaxation behavior,

respectively.

4.2.8 Cell proliferation assay

The proliferation of cells cultured under different conditions were analyzed at day 1, 3, 5
and 7 by using CellTiter AQ proliferation assay kit (Promega). The detection of viable
cells was based on the bioreduction of a tetrazolium compound (MTS) by cells into a
colored formazan product that is soluble in tissue culture medium. Assays were
performed by adding 1:5 ratio of CellTiter reagent to medium into cell culture wells
containing PDMS substrate, the absorbance of the formazan product on PDMS at 490 nm

was recorded by BioTek plate reader. The cell proliferation index was read directly from
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the absorbance data as an arbitrary number. All data presented in results are the average

of three independent experiments.

4.2.9 Analysis of cell alignment

The alignment of a single cell with respect to the feature on PDMS substrate was
measured by calculating the angle between the long axis of the cell nucleus to the long
axis of the micropatterned discontinued wall on PDMS with the use of Imagel
software.[29] According to that, the alignment of cell has a value ranges from 0° to 90°.
An angle of 0° indicates that the cell is highly aligned to the discontinued wall while an
angle of 90°indicates that the cell is aligned perpendicular to the discontinued wall. A

wide range of cell angles within a sample means cells are randomly oriented.

4.2.10 Immunofluorescence

Immunostaining was carried out in 6-well flexcell plate with PDMS substrate in it. Cells
seeded on PDMS were fixed with 4% Paraformaldehyde (PFA, Sigma-Aldrich) at 37°C
for 10 minutes and rinsed with phosphate buffered saline (PBS) two times for 30 minutes.
PBS with 0.01 M Glycine and 0.1% Triton-X was used as permeabilization buffer to treat
cells for 30 minutes. Cells were then rinsed with 5% BSA/PBS and 5% donkey serum
followed by the incubation with primary antibodies against aSM-actin (aSMA) (Sigma-
Aldrich), calponin (Abcam), SM22-0. (Thermo scientific) and SM myosin heavy chain
(SM-MHC) (Signma-Aldrich) at 4°C. Cells were washed three times in 1%BSA-PBS

solution and incubated in secondary antibody at 37°C for 2 hours. Images were visualized
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using a Nikon Eclipse TE2000-S fluorescence microscope (Nikon USA, Melville, New

York, USA)

4.2.11 RNA Isolation and RT-PCR

Expression of smooth muscle cell markers were identified by isolating total RNA from
differentiated cells after 1 week culture. Total RNA was extracted using TRIzol
(Invitrogen) from cells and further purified using RNeasy Kit (Qiagen, Valencia, CA)
according to the instructions of the manufactures. RNA quantification was conducted by
using Take3 micro-volume plates (BioTek) and 1 pg RNA of each sample was used for
reverse-transcription. Complementary DNA (cDNA) was synthesized using QuantiTect
reverse transcription kit (QiaGen) and equal volume of synthesized cDNA was amplified
by PCR using primers shown in Table 1. PCR was carried out for 40 cycles of denaturing
(94 °C, 15 s), annealing (56°C, 20 s), and extension (72°C, 20s). The amplification
efficiency of primers was tested first to ensure the number of PCR cycles for
amplification is in a linear range. Human GAPDH was used as internal control for
standardization.

Table 4.1 Primer sequence for RT-PCR

Targets Forward primer Reverse primer

aSMA 5'-CCAGCTATGTGAAGAAGAAGAGG-3' | 5'-GTGATCTCCTTCTGCATTCGGT-3'
SM22-a 5'-CGCGAAGTGCAGTCCAAAATCG-3' 5'-GGGCTGGTTCTTCTTCAATGGGG-3'
Calponin 5'-GGCGAAGACGAAAAGGAAA-3 5'-GGGTACTCGGGAGTCAGACAG-3'

SM-MHC | 5-GGACGACCTGGTTGTTGATT-3' 5'-GTAGCTGCTTGATGGCTTCC-3'
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GAPDH 5'-AGCCACATCGCTCAGACACC-3' 5-GTACTCAGCGCCAGCATCG-3'

4.2.12 Statistics

ANOVA with Tukey multi comparison test using SAS software were performed to
determine if there are significant differences among samples during differentiation.
Student’s t-tests were used to examine significant differences between samples on a given
day and across all time points. P value less than 0.05 were considered statistically
significant based on the significant level of 5%. The statistical analysis was conducted

among samples in various conditions of all the studies.

4.3 Results

4.3.1 Proliferation

The viability of ADSCs cultured on PDMS in different conditions was evaluated by the
MTS assay. The result shows ADSCs induced by differentiating media TGF-1
proliferate faster than ADSCs without TGF-1. Mechanical stretch downregulates the

proliferation of ADSC:s a little while the alignment of features on PDMS did not
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influence cell proliferation.
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Figure 4.1 The viability of ADSCs cultured in different conditions evaluated by MTS

assay. Data are presented as mean + standard error.

4.3.2 ADSCs alignment on PDMS

The orientation of cell was measured by calculating the angle between the longer axis of
cellular nucleus and the longer axis of discontinued wall. ADSCs seeded on PDMS
without feature were unorganized and randomly aligned. In contrast, for ADSCs cultured
on PDMS with discontinued wall, they were organized and their alignment varied with
respect to different culturing conditions. The average cell angle of negative and positive
control group was 24.379°+18.291° and 20.029°+18.904° indicating ADSCs with
differentiating media aligned better inside discontinued wall. The average cell angle of

ADSC:s cultured on 1) PDMS with features parallel and (2) perpendicular to 1 day
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mechanical stretch were 43.01°+24.75° and 14.03°+10.1° suggesting that the orientation

of feature to mechanical stretch plays a major role in cellular alignment.
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Figure 4.2 Cellular alignment was measured by ImageJ. The average angle of ADSCs
seeded in various conditions was calculated between the longer axis of cellular nucleus
and the discontinued wall. * p<0.05 compared to negative control, # p<0.05 compared to

positive control. Data are presented as mean + standard error.

4.3.3 Elastic modulus

AFM indentation and stress relaxation were aimed at investigating the effect of substrate
topography, mechanical stretch and 3D culture on cellular mechanical behavior. The
elastic modulus obtained from negative control group of cells without differentiating
media were 0.454+0.08kPa which is significantly lower than the rest of the groups while
the elastic modulus of cells found in positive control group was 2.75+0.22kPa which is

similar to our previous study of ADSCs differentiated by TGF-B1 in vitro. The

114



distribution of elastic modulus for various conditions is shown in Figure 4. The elastic
modulus of ADSCs cultured on (1) PDMS with features parallel and (2) PDMS with
feature perpendicular to 1 day mechanical stretch were 3.03+0.41kPa and 3.47+0.25kPa
indicating that cells cultured on features perpendicular to mechanical stretch were stiffer

than seeded on features parallel to mechanicals stretch.

Elastic modulus of cells in various conditions

4 No Stretch : With Stretch #

Elastic modulus (KPa)
[,

0.5
.,
N P Parrallel Perpendicular
Figure 4.3 Apparent elastic modulus of ADSCs measured with a borosilicate spherical
AFM probes of Sum diameter at 1um/s approaching speed with indentation depth from
30nm to 300nm for calculation (10cells per sample). * p<0.05 compared to negative

control, # p<0.05 compared to positive control. Data are presented as mean + standard

€rror.

4.3.4 Stress Relaxation
Stress relaxations were performed to estimate the viscoelastic behavior of cells in various

conditions. The average percent stress relaxed of cells over 7 days culture are shown in

115



table2 The coefficient of determination (R?) for QLV has an overall 99% value indicating
that the model fit the ADSCs relaxation data well. On day 7 in culture, generally ADSCs
in mechanical stretch groups have lower value of percent stress relaxed compared to
ADSC:s cultured in in control groups. There were no significant differences between

negative and positive control groups.

Table 4.2 Percent stress relaxed over 60 seconds hold for ADSCs 7 days culture in
different conditions. QLV model was used to fit stress relaxation curves with R2 listed.

Data from all samples were averaged with standard error.

Samples Percent Coefficient T, (fast T, (longer C(energy
Stress of relaxation) relaxation) dissipation)
Relaxed determinati
(%) on R? (%)
N 58.65+2.37 99.76 0.47+£0.13 368.80+18.46  0.18+0.04
No stretch — p 57.83£3.78 9813 0.26£0.01 123.41£2591  0.13+0.005

Parallel 49.52+3.92 98.71 0.31£0.04 141.83£78.46  0.21+0.02

With Stretch
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Perpendicular  50.26+3.46 99.65 0.29+0.08 217.50+70.28  0.17+0.04
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Figure 4.4 Sample stress relaxation curve with QLV fit.

4.3.5 Immunofluorescence

To determine the role of multiple stimuli in the differentiation of ADSCs to SM-like cells,
we investigate the expression of SMC specific markers including aSMA, SM22aq,
calponin and SM-MHC detected by fluorescent staining. Figure 6 shows the marker

expression among various conditions.
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Figure 4.5 Expression of SMC-specific proteins (a-SMA, SM22a, calponin, SM-MHC)
under (A) negative control group (B) positive control group (C) parallel group (D)

perpendicular group by immunofluorescent staining. Nucleus were stained with DAPI
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while FITCS conjugated antibodies against a-SMA, SM22a, calponin, SM-MHC were

used for immunostaining (scale bar=50pm).

4.3.6 RT-PCR

In order to corroborate our findings of SMC-specific protein expression under different
culture conditions, RT-PCR was performed to assess SMC-specific gene expression
regulated by multiple biomechanical signals. By comparing gene expressions including
aSMA, SM22a, calponin and SM-MHC between cells in negative and positive control
group, we found TGF-B1 upregulated SMC-specific gene expression similar to previous
study [12]. Although all these genes were elevated compared to control group,
differences in gene expression were observed among these conditions. Higher fold
change in gene expressions of ADSCs cultured on PDMS with features perpendicular to
mechanical stretch was found compared to ADSCs cultured on parallel feature. The
expression of aSMA and SM22a were also downregulated slightly as a result of 10%
mechanical strain for 24 hours if compared to positive no stretch control group. Gene

expression of ADSCs in various groups was shown in Figure 7.
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Figure 4.6 RT-PCR was performed to measure the expression of aSMA, SM22q,
calponin and SM-MHC of ADSCs cultured for 7 days in different conditions with control
gene GAPDH. * p<0.05 compared to negative control, # p<0.05 compared to positive

control. Data presented as mean + standard error.

4.4 Discussion and Conclusion

The results of our study indicate that the migration, mechanical property and
differentiation of VSMC can be regulated by diverse mechanical signals including
substrate topography and mechanical stretch. Distinct differences were observed among
cells cultured in different conditions. An important finding of this study is the potential of
combining different chemical and mechanical signals in modulating VSMC

differentiation and phenotype change. This could be extremely helpful in obtaining
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functional VSMC from stem cell source by promoting the proliferation and

differentiation at first followed with cellular phenotype and growth control.

The excessive proliferation and unexpected phenotype shifts that can result in vessel
restenosis has always been one of the major concerns of reconstructing VSMCs layer into
tissue-engineered vessel construct.[30,31] It has been known that cyclic strain can be a
key factor in VSMCs behavior.[21,32] Our findings suggest that 24hr 10% cyclic strain
has a minor effect in repressing the proliferation. Literatures also report that the
pathological cyclic strain largely increase VSMCs proliferation while physiological strain
decrease VSMCs proliferation.[33,34] Thus, we believe the proper use of mechanical

stretch can help control VSMCs proliferation as well as keep the cells in a quiescent state.

In vascular structure, endothelial cells (ECs) are oriented longitudinally in the intima
while the VSMCs are aligned circumferentially in the media.[35,36] One of the main
tasks in tissue engineering is to mimic the vascular architecture. Thanks to the
introduction of microfabrication techniques, the shape and orientation of VSMCs can
now be regulated by micropattern or microchannel on a given surface.[15,37,38] In our
study, we utilize soft lithography to fabricate discontinued microwalls on PDMS to study
cellular alignment under different conditions. Our finding that cellular alignment is
highly correlated with the orientation of features on substrate suggests that the direction
of features on substrate to cyclic loading is almost as important as the shape of features.
In our study, cells close to microwall tend to adhere to the wall thus they aligned parallel

to the feature. However, cells in the middle of two walls tend to align perpendicular to the
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direction of mechanical stretch if not restricted by walls. Therefore, cells cultured on
PDMS with microwalls perpendicular to mechanical stretch had a significant better
alignment than cells in parallel group (Figure 4.8). The limitation of this study is that

cells were not allowed to proliferate to fully confluency which could result in even better

cellular alignment as observed by other group.[15]
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Figure 4.7 Sample confocal images to calculate cellular alignment (A) cells in parallel
group (B) cells in perpendicular group and distribution of cellular alignment based on the
angle of cellular nucleus and longer axis of discontinued wall (C) number of cells count

in parallel and perpendicular group.

The mechanical behavior of a vascular smooth muscle cell not only suggests its ability to
contract and relax but also indicates tissue-level function. However, limited research has
been done to analyze the effect of combining biochemical and biomechanical signals on
VSMCs behavior. TGF-B1 has been found to induce smooth muscle differentiation from
adult stem cell according to many research groups.[39-41] Micropatterned substrates
have also been reported to induce and maintain the differentiated VSMC phenotype in
vitro.[15,42] In addition, past studies have shown that the phenotype of differentiated

VSMCs can be modulated by mechanical strain [19]. In our study, we investigated the
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mechanical behavior of ADSCs following VSMC differentiation under different
conditions. We found that the topography of substrates and the mechanical strain both
have impact on the mechanical properties of VSMCs differentiated from ADSCs. When
these environmental factors are combined, they contribute differently to the mechanical
property change of cells which could be used to guide the optimization of culture

environment in order to achieve functional VSMCs.

Cellular mechanical propeties were characterized in two different mechanical tests:
elastic modulus of cells tested by AFM nanoindentation provided the overall mechanical
property of single cell for comparison among different conditions while percent stress
relaxation of cells analyzed by dwelling the AFM tip for 60s gave the viscoelastic
information of cell. ADSCs cultured in the perpendicular group shows the highest elastic
modulus among all conditions followed by cells in parallel group and positive no stretch
control group. Cyclic stretch has been shown to increase the expression of contractile
differentiation markers in VSMCs[43,44] and cells in contractile phenotype are stiffer
than cells in synthetic phenotype[45] thus the increase of stiffness of cells in
perpendicular group may due to the upregulation of contractile phenotype in response to
cyclic strain. Stress relaxation experiments have been used to determine viscoelastic
property of cells recently.[46-48] Under 60s static strain, the least percent stress relaxed
was observed among cells with collagen top layer followed by cells in parallel and
perpendicular group and then the control groups. Since it has been conjectured that the
viscoelastic behavior of biological tissue is closely related to the smooth muscle

content,[49] our study sheds light on how environmental signals affect the viscoelastic
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behavior of differentiated smooth muscle cell, which can be helpful in designing tissue

engineered construct.

Our findings are generally consistent with previous studies of how smooth muscle cell
respond to different environmental signals. It has been reported that airway smooth
muscle cells exposed to chronic mechanical strain have increased cytoskeletal
stiffness[50] and vascular smooth muscle cell under cyclic equibiaxial stretching at
0.25hz can have a time dependent significant increase in cell stiffness[51] which is
similar to the increase of elastic modulus of the ADSCs cells in response to cyclic strain
observed in our study. However, currently, there are no standards of how to apply
mechanical strain to VSMCs which might be the reason why some different effects have

been observed in VSMCs in response to mechanical strain.[52-54]

The Hertz contact model was utilized in our study to evaluate cell elastic modulus.
Although Hertz model makes several simplifying assumptions, it can still provide good
qualitatively comparison of the elastic modulus between different cells during
differentiation. Previous research shows the result of cell modulus remains reasonable if
the indentation depth used in Hertz fit is small before significant non-linearity occurs
with the increase of indentation depth.[55] The QLV model has been used extensively to
model tissue behavior, but was only recently applied to cellular data.[56,57] In our study,
QLV model provided a good fit with an average R* of 0.99 and remains consistent among

cells in all four conditions.
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To further establish that cells differentiated from ADSCs are functional smooth muscle
cell, the expression of SMC-specific markers were examined by PCR and fluorescent
staining. ADSCs cultured in all conditions induced by TGF-1 were stained positive for
SMC specific protein aSMA, SM22a, calponin and SM-MHC compared to negative
control group. The gene expression analyzed by PCR reveals a baseline expression of
aSMA, SM22a in negative control group with a generally 2 fold increase found in other
groups after 7 days differentiation. The expression of SMC late marker calponin and SM-
MHC had more than 14 fold increase among positive, parallel and perpendicular group
compared to negative control group. According to the result, it suggests that when
induced by TGF-B1, ADSCs differentiate down a SMC lineage and such differentiation
can be modulated by different environmental factors in terms of the expression of
specific markers.

In conclusion, TGF-B1 promoted the VSMC differentiation of ADSCs with the increase
of mechanical strength and SMC specific marker expression of cells. 10% Cyclic strain at
1hz for 24hrs slightly inhibit cell proliferation but upregulate SMC marker expression.
Among all the conditions, ADSCs cultured on discontinued walls perpendicular to
mechanical strain had the best cellular alignment along with highest elastic modulus and
marker expression. Based on our findings, ADCSs as one of the most abundant stem cell
in our body can be a competitive candidate in providing functional smooth muscle cell if
modulated with proper environmental signals. However, further research is required to
determine the best way to combine biochemical and biophysical stimuli to achieve large

quantity of functional VSMCs without excessive proliferation and phenotype shift.
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CHAPTER FIVE

EXPERIMENTAL AND COMPUTATIONAL CHARACTERIZATION OF
DIFFERENTIATED VASCULAR SMOOTH MUSCLE CELLS CULTURED IN 3D

CONSTRUCT IN DYNAMIC ENVIRONMENT

5.1 Introduction

Blood vessel wall consist of three distinct layers: adventitia, media and intima. Vascular
smooth muscle cell, as one of the most abundant cells in blood vessel, mainly exist in the
media layer. Under normal physiological condition, VSMC act as the major component
in regulating the constriction and dilation of blood vessel. While under pathological
condition, VSMC can change its phenotype as well as proliferation, migration and matrix
synthesis which can result in unwanted accumulation of plaque and vessel occlusion.
Reconstructing VSMC layer in diseased tissue has not been highly studied for blood
vessel engineering due to the high risk of their excessive proliferation and unexpected
phenotype shifts. However, VSMC play an important role in maintaining physiological
function of vessels and can provide sufficient mechanical strength in dynamic conditions.
Based on this fact, VSMCs should logically be incorporated in the development of tissue-

engineered blood vessels.

Decades of experimental research have provided us the knowledge of how VSMC are
affected by their environment. However, the effect of combing different environmental

factors on regulating VSMC'’s behavior is not well understood. In addition, the majority
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of 2D monolayer studies cannot fully reflect the physiological environment to which
VSMC are exposed. The development of more complex and physiologically relevant
culture system is therefore needed to better mimic the interaction between VSMC and the
surrounding environment. Such culture system is supposed to provide combined
biochemical and biophysical stimulation in a 3D environment. At the same time,
biomechanical models have the potential to simulate complex physiological condition
and can be used to guide the development of engineered blood vessel as well as other
engineered tissue. The introduction of computational characterization of cellular behavior
in a complex culture condition can not only provide prediction of specific responses of
cells to environmental signals but also save the time and effort for repetitive studies and
system design. In this study, we first built a simplified 3D culture construct consist of
micropatterned PDMS and collagen top layer with cyclic strain to mimic physiological
conditions to differentiate ADSCs to VSMC. We then developed a biomechanical model
that incorporate the mechanical property of differentiated cell and distinct layers with
geometrical information acquired from confocal images to predict cellular behavior.
Finite element analysis (FEA) is being applied to determine theoretical strain distribution

in cells and culture construct.

5.2 Materials and Method
In this study, many of the methods are similar to the methods used in chapter 4. For
previously discussed methods they are briefly outlined here while new concepts are

introduced and described in detail.
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5.2.1 Sample preparation

Collagen top layer

Type I collagen sourced from rat tail (BD, cat. #354249) was used as the major
component in making collagen gel used in our study. The collagen layer was prepared by
mixing 1:1:8 proportions of HEPES (0.5mM): 10X DMEM: collagen I (4mg/ml) first and
the mixture was placed on ice during the whole procedure to prevent it from gelled.
Before adding collagen layer to the cell culture dish, medium was aspirated and discarded
to leave the plain PDMS substrate with cells seeded on top of it. After that, 500ul
collagen solution was pipetted carefully to the edge of the dish and spread out to form a
thin layer in the dish. The whole dish was incubated at 37°C for 45 minutes until the
collagen layer was gelled and solid. Cell culture media was added back into the dish for

cell growth. (Fig 5.1)
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Figure 5.1 Schematic of 3D culture construct

Controls and conditions
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ADSCs were seeded on micropatterned PDMS substrate as discussed in section 4.2.1.
The negative control group and positive control group were ADSCs cultured with and
without differentiating media Tgf-p1 described in 4.24. With the introduction of collagen
top layer, three varied conditions were investigated to evaluate the effect of 3D culture on
cell behavior. Three different conditions include: (1) 3D culture of cell on PDMS with
features parallel to 1 day mechanical stretch (2) 3D culture of cell on PDMS with features
perpendicular to 1 day mechanical stretch (3) 3D culture of cells on PDMS without

mechanical stretch.

AFM Testing and Data analysis

For cell cultured in 3D construct, collagenase I was used to dissolve the top collagen
layer in order to do AFM testing on cells. 1mg/ml collagenase I (Gibco®, 17100-017) in
culture media was added to cell culture dish at day 7 followed by 2 hours incubation at
37°C. PDMS substrates with cells on it were then transferred to fluorodish (WPI) with
growth media throughout the experiment to undergo AFM indentation. The same AFM
indentation experiments and data analysis discussed in section 4.2.5 were performed on
all groups in this study. Hertz contact model and QLV model were also used to fit the

indentation and stress relaxation data collected in this study.

Proliferation and Alignment study

To evaluate cell growth and migration in 3D culture, same proliferation and alignment
study were performed as discussed in section 4.2.8 and 4.2.9. For cells cultured with top

collagen layer, CellTiter working solution was added after the collagen layer was
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dissolved by collagenase I. Fluorescent images were also taken without collagen layer
and analyzed in ImageJ to get the average cell angle between the long axis of the cell

nucleus to the long axis of the micropatterned discontinued wall on PDMS.
Immunofluorescence and PCR

In order to corroborate the differentiation from ADSCs to VSMC, immunofluorescence
and PCR were carried out to test VSMC specific marker and gene expression. Similar to
section 4.2.10 all samples were fixed and stained for nuclei, aSMA, calponin, SM22-a
and SM-MHC. In PCR study, specifically for 3D culture samples, the cells on PDMS
substrate were transferred to new dish for RNA isolation to prevent protein contamination.

Primers used in this study are listed in section 4.2.11.

5.2.2 Build biomechanical model

The geometry of the flexcell system including rigid post and silicone membrane was built
in COMSOL. In order to get geometric information of cell seeded on PDMS substrate,
confocal images were taken to get the contour of multiple cells. The contour information
was then converted to vector graph which can be imported to AutoCAD. The cell contour
image was then reconstructed in CAD and exported to COMSOL with a relative repair

tolerance of 10~. Figure below shows the 3D geometry of the model built in this study.
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Figure 5.2 3D geometry model built in comsol.

In general, solid mechanics was the major physics applied in Comsol with defined linear
elastic, and viscoelastic models as well as fixed constraint and contact pair. In our study,
we first assume that the polycarbonate post and the flexcell plate itself are incompressible
that can be defined as rigid domains. Secondly, the edge of the silicone membrane was
considered as a fixed constraint with zero displacement throughout the entire study. For
the boundary load, a 20kPa vacuum pressure was applied at the underside of the silicone
membrane with controlled frequency and waveform defined as sin(xt). The cell, PDMS
substrate, silicone membrane and rigid post are defined as two contact pairs. Between the
silicone membrane and rigid post, a layer of silicone lubricant was applied and modeled
with a friction coefficient of 0.03 based on the typical value of silicone lubricants[1]. The
contact between silicone membrane and PDMS substrate was fixed since they were
stretched to the same degree under vacuum pressure. The adhesion between the cell and
PDMS substrate were characterized with a friction coefficient of 0.03 [2]. The collagen
top layer was defined to fill up the empty space of a 0.2cm cylinder on top of the cell and

pdms surface to form a thin layer. The material properties of these domains are also
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important for modeling deformation. The silicone membrane of flexcell plate was
characterized by generalized Maxwell model of 5 branches with value listed in table 5.1

obtained from the rheology handbook [3].

Table 5.1 Parameters of generalized maxwell model used for silicone membrane

Counting number of | Individual relaxation time [s] | Individual relaxation modulus
the Maxwell [Pa]
elements

i=1 0.01 200,000

i=2 0.1 100,000

i=3 1.0 10,000

i=4 10 100

i=5 100 10

The material properties of cell, PDMS and collagen top layer were acquired from AFM
experiments while the polycarbonate post was defined with a 2.4GPa Young’s modulus

and a 0.37 Poisson’s ratio.

Meshing of the PDMS resulted with 41475 free tetrahedral elements. Meshing of the cell
resulted with 3018 free tetrahedral elements. The silicone membrane contains 11175 free
tetrahedral elements while rigid post is consisted with 1027 free triangle and 5 layers of

rectangles. The collagen top layer consists of 11546 free tetrahedral elements.
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5.3 Results

5.3.1 Proliferation
The viability of ADSCs cultured on PDMS in different conditions was evaluated by the
MTS assay. The result shows Adding collagen top layer largely reduce the number of

viable cells compared to conditions without collagen top layer.
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Figure 5.3 The viability of ADSCs cultured in 3D evaluated by MTS assay. Data

presented as mean + standard error.

5.3.2 Cellular alignment in 3D culture

The average cell angle of ADSCs cultured in (1) 3D with features parallel to mechanical
stretch and (2) 3D with features perpendicular to mechanical stretch were 29° +13.4° and
22.14°£16.5° showing that 3D culture inhibited further alignment of cell once collagen

top layer was added. The average cell angle of ADSCs cultured on (3) PDMS in 3D
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culture without mechanical stretch was 25.19°+11.3° which further confirms the role of

collagen top layer in downregulating cellular alignment.
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Figure 5.4 Cellular alignment in 3D groups. * p<0.05 compared to negative control, #

p<0.05 compared to positive control. Data presented as mean + standard error.

5.3.3 Elastic modulus

The elastic modulus of ADSCs cultured in (1) 3D with features on PDMS parallel to 1
day mechanical and (2) 3D with features on PDMS perpendicular to mechanical stretch
followed by 3D culture with collagen top layer were 2.46+0.18KPa and 2.68+0.19KPa
suggesting that cells under 3D culture tend to become softer. The elastic modulus of
ADSCs cultured in (3) 3D without mechanical stretch was 2.33+0.20KPa 20KPa

implying that the collagen layer slightly decrease the stiffness of cells.
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Elastic modulus of cells in various conditions
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Figure 5.5 Apparent elastic modulus of ADSCs. Data presented as mean =+ standard error.

5.3.4 Immunofluorescence and PCR

To verify the differentiation, the expression of SMC specific markers including aSMA,
SM22a, calponin and SM-MHC was investigated by fluorescent staining and the gene

expression of these markers were further quantified by PCR.
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a-SMA SM22a calponin SM-MHC

Figure 5.6 Figure 6 Expression of SMC-specific proteins (a-SMA, SM22a, calponin,

SM-MHC) in 3D groups

146



=
o0

No stretch : With stretch

=
o

L
'S

[y
LSl

[
o

HSMA

00

m 22alpha
W Calponin

m SM-MHC

Relative gene expression to GAPDH

.
N P 30 Parrallel3D Perpendicular3D

Figure 5.7 RT-PCR was performed to measure the expression of aSMA, SM22aq,
calponin and SM-MHC of ADSCs cultured for 7 days in 3D groups. Data presented as

mean =+ standard error.

We found that by adding collagen top layer, the SMC-specific gene expressions were

reduced compared to ADSCs cultured in positive no stretch group.

5.3.5 Stationary study in COMSOL

The stress distribution on the surface of flexcell membrane was calculated to be in a
range from 5.57x10° N/m’to 4.01x10"N/m”. For the PDMS substrate, it has a surface
stress distribution range from 1.46x10°N/m” to 1.91x10" N/m®. The displacement of
silicone membrane and PDMS show an equal large deformation in the central region of

post. At the off-post region of the silicone membrane, the deformation is approximately
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zero while the strain field gradually decreases from the center to the edge on the PDMS
substrate. This is consistent with a study of complete strain field analysis within the
flexcell membrane in which researchers observed similar strain countours from a biaxial

post simulations[4].

Surface: von Mises stress (Hm'} Surface Geformation: Bisplacement field (Material) - .
Suefate: von Mises sress (') Suface Defoemation: Disglacamant Seld (Materisl) ;
& 401142007 »
=107 & 1paraxia’
=107

3 o
. 2 ]
1 3 o6
04
z o =
L., {20
¥ 5.5662x10° ¥ 1484x00"
Line Graph: von Mises stress (N/m’) 5 Line Graph: won Mises stress (Nm’)
10 10t
3 s
28
85
26
24 8
£ 22
£ R
P i
i g 7
: 18
z
s 16
14
6
12
55
1
08 E
0
05 T 15 2 25 3 35 13 14 15 16 17 18 18 2 21 22 23 24 25 28 27
-coordinate (cm) X-coordinate (cm)

Figure 5.8 Stationary simulation (a) Stress distribution on silicone membrane (b) Stress
Distribution on PDMS membrane (c) line graph of stress distribution from silicone

membrane (d) line graph of stress distribution from PDMS surface.
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For cell seeded on PDMS substrate, the orientation of feature on PDMS was taken into
consideration. When the mechanical stretch was applied parallel to the rectangular feature,
the cell was modeled perpendicular to the feature and both ends of the cell have higher
stress compared to the rest of the cell surface while the cell also has the highest
deformation on one end. When the mechanical stretch was applied perpendicular to the
rectangular feature, the cell was modeled parallel to the feature and the stress is equally
distributed on cell surface while the cell has the highest deformation in the middle. Under
both conditions, cell has an approximately 2um deformation which is about the same
distance range we performed in AFM indentation. We believe the different stretch

distributed on cell might have an effect on cellular shape and mechanical property.
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Figure 5.9 (a) stress distribution and (b) deformation of cell cultured on pdms with
feature parrallel to mechanical stretch (c) stress distribution and (d) deformation of cell

cultured on PDMS with feature perpendicular to mechanical stretch

5.3.6 Time dependent study in COMSOL

To better model the deformation of silicone membrane and PDMS substrate, we
performed a time dependent study to simulate the change in cyclic strain as a sinusoidal
wave. We defined the boundary load to be (-20000(sinzt)Pa) and we set the time range
from 0 to 1 second to fulfill one circle of the cyclic strain. Each step we take in the time
dependent study is 0.1 second with a relative tolerance of 0.01. By modeling the
deforming motion of the silicone membrane, we can better characterize the stretch

applied to all the components involved in the culture construct.
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Figure 5.10 Time dependent simulation of stress distribution on silicone membrane over

1 cycle .
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5.4 Conclusions

In summary, collagen layer can be used to control the proliferation and mechanical
property of differentiated VSMC. For biomechanical model, the stationary study
demonstrated similar result in agreement with biaxial post simulations performed by
other group [4]and also demonstrated the stretch on cell under 20Kpa vacuum pressure.
The average stress on cell surface is around 5x10°N/m” and the maximal difference in
deformation is about 2um. The time dependent study indicated that the silicone
membrane on post is pushed upward and then falls back during one cycle of mechanical
strain. This finding is consistent with the motion of the membrane on flexcell plate
observed in our experiment. The stress distribution and deformation of the PDMS and the
cell, on the other hand, change accordingly during one cycle of mechanical strain. These
results can be used to determine how much stretch was applied to cell under different
biomechanical conditions. Based on cellular behavior, the result of the simulation can in

turn guide the optimization of the culture condition for cell.
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This research is motivated by the desire to implement vascular smooth muscle cell in
tissue engineered vascular graft. As VSMC play an important role in maintaining
physiological function of vessels and can provide sufficient mechanical strength in
dynamic conditions, it should be considered as an essential physiological component in
the development of tissue-engineered blood vessels. However, the unwanted migration
and excessive proliferation can result in restenosis of currently used vascular grafts and
might contribute to the development of vascular diseases. In addition, differentiated
autologous smooth muscle cells, usually isolated from patient’s subcutaneous veins can
easily lose their ability to further proliferate and are limited in quantities. As such,
attempts have been made to differentiate vascular smooth muscle cells from stem or
progenitor cells. In our study, we hypothesized that stem cells can be used as an
alternative cell source to differentiate into functional vascular smooth muscle cells in
terms of their mechanical strength and marker expression. Also, the proliferation,
migration and mechanical property of differentiated cell can be regulated by the
combination of different biochemical and biomechanical signals. Furthermore, a
biomechanical model was developed to characterize the stress distribution and
deformation of cells used in our experiment. The work presented in current study

represented the first step of achieving functional VSMCs that can be potentially used in
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vascular engineering and the biomechanical model is the first of its kind to characterize
cellular behavior using flexcell system. Such model might be used to guide the

optimization of the culture condition for cells.

In our first study, we compared the difference in the mechanical property of
differentiating bone marrow and adipose-derived stem cells by using atomic force
microscopy indentation. Our hypothesis was that BMSCs can be more quickly
differentiated to functional SMC-like cells compared to ADSCs with a better mechanical
performance during differentiation. The result showed that in vitro 7-day culture of
BMSCs induced by TGF-B1 can acquire higher elastic modulus than ADSCs which is
closer to the mechanical property of VSMCs cultured in vitro. However, given the fact
that ADSCs can take up to 6 weeks to differentiate into VSMC like cell with the same
level of differentiation markers as differentiated from BMSCs within 7 days, we believe
ADSC:s can get stiffer if cultured in a longer period of time. Thus, both of these two
candidates were considered a potential candidate in differentiating to functional VSMC in

terms of mechanical strength.

With the advantage of easy obtainability, low donor site morbidity and the ability to
expand rapidly, ADSCs was used in our second study to evaluate the influence of
combining multiple biomechanical and chemical factors to control proliferation,
phenotype and mechanical behavior in VSMC differentiation. We investigated the
potential of utilizing environmental signals to promote VSMCs differentiation and

proliferation while regulate their phenotype to meet the need for vascular engineering.
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We found that TGF-B1 promoted the VSMC differentiation of ADSCs with the increase
of mechanical strength and SMC specific marker expression of cells. 10% cyclic strain at
1hz for 24hrs slightly inhibit cell proliferation but upregulate SMC marker expression.
Collagen top layer significantly reduce the number of viable cells and repress the
expression of SMC later markers. Among all the condition, ADSCs cultured on
discontinued wall parallel to mechanical strain had the best cellular alignment along with
highest elastic modulus and marker expression. Based on our findings, ADCSs as one of
the most abundant stem cell in our body can be a competitive candidate in providing

functional smooth muscle cell if modulated with proper environmental signals

Finally, a biomechanical model was developed to incorporate the mechanical property of
differentiated cell and distinct layers with geometrical information acquired from
confocal images to predict cellular behavior. By running the model, it elucidated the
stress distribution and deformation of the cell and other components used previously in
our experiment which can be used to determine how much stretch was applied to cell
under different biomechanical conditions. Based on cellular behavior, the result of the

simulation can in turn guide the optimization of the culture condition for cell.

6.2 Recommendations

6.2.1 Investigate the differentiation of VSMC in longer period of time
In our current study, we investigated the differentiation of two stem cells and the
behavior of differentiated cell under different conditions for 7 days. This was to ensure

cells would not get fully confluent so that Hertz contact model could be used to study
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single cell mechanical property. However, 7 days is a relative short period of time to
study cellular behavior and differentiation. Although we expect to see similar result in
proliferation, alignment with increased stiffness and more percentage of differentiated
cell, we suggest that by limiting the initial concentration of cell, a 14 or 21 day study can
be performed to evaluate cellular behavior in a longer period of time. Compare the result
with the current 7 day data will reveal if time can be a significant factor in determining

the cellular behavior of VSMCs differentiated in vitro.

6.2.2 Obtain better mechanical property measurement

One of our research goals is to determine if stem cell can differentiate into functional
VSMC in terms of their mechanical strength. Currently, the mechanical property of cell is
evaluated by using Hertz contact model to fit the indentation data acquired by AFM
indentation. However, Hertz contact model makes several simplifying assumptions
including linear elasticity and homogeneity which is apparently not the case for cell.
While Hertz contact model still remain accurate in the calculation of elastic modulus for
cells within the first several hundred nanometer indentation, we suggest that a more
complex model can be used to better fit the AFM indentation data. Recently, researcher
from other group suggest a “brush model” that assume the majority of cells have a
surface covered with various membrane protrusions and corrugations. They verified that
independence of the elastic modulus of the indentation depth could only be observed
when processing the data with the brush model [1]. While the accuracy of the model for
VSMC still need to be tested, such a model can be used to achieve a potential

improvement in evaluating the overall elastic modulus of cell if used appropriately.
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6.2.3 Replicate experiments in more conditions

In this work, we compared the combination of different biochemical and biomechanical
signals in determining cell proliferation, migration and differentiation. With the use of
soft lithography, we managed to fabricate feature in different orientation on PDMS.
While currently the size of discontinued wall on PDMS is 30pmx>300um with 300um
space between walls, we suggest that by changing the size of the rectangular wall and the
space between two walls, cells might be constrained differently that could result in
altered shape and migration. It has also been suggested that the magnitude and duration
of the strain might contribute to the outcome of phenotype response of VSMC|2]. In our
study, a 10% cyclic strain at 1hz were applied to cells for 24 hours. While the frequency
of strain was set to simulate the cardiac cycle, the magnitude and duration of strain could
be changed to study different cellular response. These strategies could provide more

insight into the effect of environmental factors on cellular behavior.

6.2.4 Seeding vascular smooth muscle cell on tubular scaffold

In this work, we created a 3D sandwich construct to mimic the distinct layers of vessel
wall and provided some insights into cellular behavior under physiologically relevant
environment. At this point, it is important to take the next step to incorporate VSMC onto
a tubular structure that better represent the physiological condition of blood vessel. While
seeding VSMC onto tubular scaffold is the first and important step for vascular tissue
engineering, the delivery efficiency of cells has been the key issue for the subsequent
patency and functionality of the scaffold. According to that, numerous cell seeding

techniques have been investigated. Common SMC-seeding techniques include rotated
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bioreactor, static-seeding and cell sheet wrapping. More recently, a method based on
magnetite nanoparticles and magnetic force has also been introduced[3]. These
technologies could be used to study VSMC behavior when cultured in a tubular culture
system. Cells could be colonized in the luminal surface of the construct and applied with
dynamic loading. When necessary, part of the construct could be cut off to study the
mechanical property of the cell on its surface. This could give us a better understanding

of the celluar behavior when used in a tissue engineered vascular graft.

6.2.5 Build more complex model to represent viscoelasticity of cell

In the current biomechanical model we built to predict cellular behavior, we assumed cell
to be homogenous and linear elastic. By doing this, we can simply assign the young’s
modulus calculated from experimental data to the material property of the single cell for
the whole geometry. However, this neglects the fact that cell is heterogenous and
viscoelastic. A more complex model which can successfully incorporate the
heterogeneity and viscoelasticity of cell are expected to be more accurate than the model
presented in chapter 5. Furthermore, the ultimate goal is to incorporate VSMC in
bioartificial vascular graft. Some modification of the model is needed if cell is cultured
on luminar surface of a tubular structure. While some layer specific model is introduced
to study the stress-strain relation in the vessel wall [4], these concepts could be used in

developing our model for the purpose of future study.
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Appendix A

Additional PDMS fabrication

A.1 Background

The effect of biophysical signals on cellular function, orientation and movement has long
been recognized. Vascular smooth muscle cells (VSMCs) exist in a quiescent,
differentiated state in the tunica media layer of blood vessel and are primarily subjected
to cyclic stretch resulting from pulsatile changes in blood pressure. Prior studies have
shown that VSMCs cultured in vitro can respond to dynamic mechanical loading by
changing its phenotype and alignment [1,2]. Controlling cell shape by micropatterning
has also been shown to affect VSMC phenotypic shift. However, it is not yet clear how
shape and alignment of VSMCs can be modulated by seeding them inside different
micropatterned features. Comparison of cell behavior in different features could help us
understand the effect of constraining VSMCs in grooves with different shapes on the
stiffness and phenotype change of VSMCs. Atomic Force Microscopy (AFM) and
Confocal Microscopy were used in conjunction with each other to locate cells in features

and perform nanoindentation to evaluate the mechanical property of VSMC.
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Figure A.1 Relation between shape and stiffness of rat arotic VSMCs, AlexaFluor 488

phallodin was used for staining f-actin [3].

A.2 Methods

A.2.1 Substrate preparation

Microscale patterned substrate was be fabricated by using soft lithography. Silicon wafer,
photomask, Sylgard 184 polydimethylsiloxane (PDMS) elastomer kit and SU-8
photoresist were used for substrate fabrication. SU8 photoresist was spinned at 1000rpm
for 60 seconds in a spinner to get 8-10pum features. In order to do that, the wafer was
carefully centered on the spinner chuck and then a small amount of photoresist was
poured on the silicon wafer. A pre-bake step was used to harden the SU-8 resist before
exposure. For this, the wafer was moved from the spinner, using vacuum tweezers to
transfer it to the hotplates. Silicon wafer was soft baked at 65°C for Smins and then at

95°C for 5Smins after photoresist was spread uniformly on it. The patterning of the
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photoresist was performed using ultraviolet light and a patterned mask. While the wafer
was brought into contact with a mask, the pattern from the mask was replicated into the
photoresist by ultraviolet illumination. The SU-8 patterned wafer was then ready to be

used as a mold for PDMS. The patterned PDMS was be rinsed with 100% ethanol and 70%
ethanol for 2 hours followed with overnight UV light sterilization before it was used for

cell culture.

Figure A.2 Photomask designed for PDMS substrate, features include rectangles of

15pum, 30um and 60um width, circle of 200um diameter

A.2.2 VSMC isolation and culture

In the cell culture study, we compared cellular behavior of VSMC harvested from week
12 Sprague-Dawley in different features. To get isolate VSMCs, the aorta was clipped at
the pelvic bifurcation and dissected away from the dorsal abdominal wall to the aortic
arch. Arterioles were trimmed and the endothelial layer was scraped away. Arterial
segment left was digested to get VSMC. VSMC was then cultured in each T75 flask to
reach 80% confluency. They were passaged using standard techniques to @ 50-mm

fluorodishes at 1x104 cells/cm” concentration. Dulbecco’s modified high glucose Eagle
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medium (HG-DMEM, Gibco) supplemented with 10% FBS (Atlanta Biologicals,
Lawrenceville, GA, USA) and 1% 100X penicillin-streptomycin (Fisher Scientific,
Pittsburgh, PA, USA) was used as VSMC culture media. VSMCs were subjected to 10%
cyclic strain at the frequency of 1Hz for 24hr at day 3 by using the Flexcell system. The

cells were allowed to continue to grow until day 7.

A.2.3 PDMS on flexcell membrane

To verify that the vacuum pressure applied on the bottom of flexcell plate can provide
equibiaxial strain to the silicone membrane. A calibration paper was adhered on top of
the rigid post while the silicone membrane was marked with dot. By tracking the
movement of dot on the calibration paper, the strain filed of silicone membrane can be
verified. To ensure that the PDMS is tightly adhered and stretched to the same extent as
silicone membrane, dots were marked on both the bottom of the plate and the PDMS. The
dots marked on both sides matched up with each other when deformation was applied on
silicon membrane indicating same strain field was experienced on PDMS and the bottom

of Bioflex plate.
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Figure A.3 Flexcell plate with calibration paper.

A.2.4 AFM mechanical testing

Day 7 VSMCs were mechanically probed using an Asylum Research MFP-3D AFM
operating in contact mode with a fluid cell. Cells were kept in 50-mm culture dishes with
growth media throughout the experiment. A 5 pm diameter borosilicate spherical-tipped
AFM probe on a silicon-nitride cantilever (Nanoandmore, spring constant ~0.2 N/m) was
used to mechanically probe individual cell which was grown inside features on PDMS
substrate as shown in Fig A.3. Each cell with be indented five times to for around 1pm

indentation.
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Figure A.4 AFM mechanical testing on VSMC cultured in patterned PDMS substrate.

A.3 Results

Results are shown in Figure A.4 and A.5S.

Elastic modulus of VSMCs under different
conditions
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Figure A.5 Elastic modulus of VSMCs seeded inside different features. Data are

presented as mean + standard error.
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Figure A.6 Immunofluorescence imaging of aSMA and nuclei for VSMCs cultured in

30um rectangle and 200um circle.

A.4 Conclusion

The results show that VSMCs seeded inside rectangular features can be constrained to
spindle like shape. The elastic modulus of VSMCs is dependent on the size of the

features. VSMCs were found to be stiffer when cultured in smaller rectangle compared to
larger rectangle. This can be explained by the relation between cell shape and stiffness.
According to previous study, contractile VSMCs with spindle like shape have better
mechanical strength than synthetic VSMCs with round shape [3]. For cells underwent 10%
cyclic strain, an overall decrease in elastic modulus was observed. Further research is

required to investigate if the phenotype shift of VSMCs can be controlled by
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environmental change including surface topography and mechanical loading.
Optimization of such culture conditions can have potential use in clinical application in

future.
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Appendix B

Matlab code

B.1 Elastic modulus script

B.1.1 Script to load raw data: massexcompile
function [elasticity Curves] = massexcompile(folderin)
% folderin should be the folder your data is in. something like "C:\Documents and
Setting\My Documents\MyData"
mainfolder = cd
format long
fnames = dir(folderin);
numfids = length(fnames);
cd(folderin);
%filtering out irrelevent "files" such as .' and '..'
cellnames = {};
for s = 1:numfids;

if 'B' == fnames(s).name(1) % 'd" represents the letter that the relevent file names begin
with

cellnames{end+1} = fnames(s).name;

end

end

%combine every 3 files and write
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counter = 1;
numcell = length(cellnames);
numfile = 1;

elasticity = [];

% OMIT THIS WHILE LOOP IF YOU WANT TO LOAD CELLS INDIVIDUALLY
Curves(numcell, 1) = struct('extension’, [], 'retraction’, []);
CurrentCell =1;
while counter <= numcell
a = load(cellnames {counter});

¢ = load(cellnames {counter+2});

cd(mainfolder);
[elasticity(end+1,1) xe ye xr yr] = elast_analysis(c,a,mainfolder,counter);
Curves(CurrentCell).extension = [xe ye];
Curves(CurrentCell).retraction = [xr yr];
%  figure('Name',sprintf('Cell %d', ((counter-1)/3)+1),'NumberTitle','off") %comment
out in order to turn plotting off

% plot(c,a) %comment out in order to turn plotting off

counter = counter+3;

CurrentCell = CurrentCell+1;

171



cd(folderin);
% numfile = numfile+1
end

cd(mainfolder)

B.1.2 Script to find contact point: xycorrect.m

function [xc,yc] = xycorrect(x,y)

s =0.01; %slope sensitivity

%correction for y

format long

region = [1:length(x)/4];

slope = polyfit(x(region),y(region),1);

yci = y-(polyval(slope, x));

Y%correction for x

numslope = diff(yci)./diff(x);
index = 1;

condition = 0;

contactx =0

172



while condition == 0 && index ~= length(numslope)
if numslope(index) > s && mean(numslope(index:5:index+200)) > s;
condition = 1;
contactx = index;
end
index = index+1;

end

Xc = X-x(contactx)-yci;

% correct again for y

yc = yci-yci(contactx);

B.1.3 Script to calculate elastic modulus: elast_analysis.m

function [e xe ye xr yr] = elast_analysis(c,a,mainfolder,counter)
cd(mainfolder)

format long

k = 0.208; %spring constant value N/m

v =0.5; %poisson's ratio

R =2.5*%10"-6; % tip radius in meters

L =30*10"-9; %lower bound for elasticity (in m from contact point)
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U=330*10"-9 ; %upper bound for elasticity (in m from contact point)

%adjust deflection
ak = a;
%filter deflection values
d = AFM_butter(ak);
%Separation of extension and retraction
1 = floor(length(c)/2);
xe = ¢(200:1);% add 200 in order to omit first several data points (irratic behavior due to
filtering
ye =d(200:1);
if rem(length(c),2)==0;
xr = ¢(end-200:-1:1+1); % subtract 200 in order to omit first several data points
yr = d(end-200:-1:1+1);
else
xr = ¢(end-200:-1:1+2);
yr = d(end-200:-1:1+2);

end

%correct X,y offsets
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[xe,ye] = xycorrect(xe,ye);

[xr,yr] = Xycorrect(Xr,yr);

ye=k*ye;

yr=k*yr;

format long;
erange = [];
for i =[1:1:length(xe)];
if xe(i)>=L && xe(1)<=U;
erange(end+1) =1;
end;
end;
rrange = [];
for i =[1:1:length(xr)];
if xr(1)>=L && xr(i)<=U;
rrange(end+1) = 1;
end;

end;

emodulus = mean((3.*ye(erange).*(1-v"2))./(4.*xe(erange).”(3/2).*R."(1/2)));
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rmodulus = mean((3.*yr(rrange).*(1-v*2))./(4.*xr(rrange).”(3/2).*R."(1/2)));
figure('Name',sprintf('Sample %d', ((counter-1)/3)+1), NumberTitle','off")
plot(xe,ye)

hold on

plot(xe(erange),ye(erange),'r'

¢ = [emodulus];

B.2 Stress relaxation Scripts

B.2.1 Script to load and normalize raw data: stressrelax.m
% function [data_final, depth, delta strain] = stressrelax(data, defsens, ramp)

function [data final change strain] = stressrelax(data, defsens, k)
%Ilintime = linspace(0.01,120,12000)';

HoldTime = 60;

HoldSamples = HoldTime/0.2;

lintime = data(:,1); %Time (s)

deflection = data(:,2); %Deflection (V)

deflection = deflection*defsens; %Deflection (nm)
Zsens = data(:,3); %Zsens (V)

% Zsens = Zsens*defsens; %Zsens (nm)
subplot(3,4,1)

plot(lintime,deflection)

title('deflection’)
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baseline _shift = mean(deflection(1:100)); %(nm)
data_shift = (deflection-baseline_shift); %(nm)
subplot(3,4,2)
plot(lintime,data_shift)
title('data shift')
data_small = data_shift(1:25100); %(nm)
[y n] = max(data_small); %(nm)
data_norm = (data_shift(n+1)).\(data_shift(n+1:n+HoldSamples));
data_cut = data_shift(n+1:n+HoldSamples); %(nm)
%sum(data_norm);
for i = l:length(data_cut),

if data_cut(i) <0

data_cut(i) =0.01;

end
end
subplot(3,4,3)
cutlinetime = lintime(n+1:n+HoldSamples)-lintime(n+1)
plot(cutlinetime,data_cut)
title('data cut')
%Zbase_shift = mean(Zsens(1:100));
Zcut = Zsens(n+1:n+HoldSamples); %(nm)

subplot(3,4,4)
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plot(lintime(1:HoldSamples),Zcut)
title('Zcut')

Zshift = 1000-abs(Zcut(1));

Zshift = Zcut-Zshift;

subplot(3,4,5)
plot(lintime(1:HoldSamples),Zshift)

title('Z shift')

data_depth = abs(Zshift - data_cut); %(nm)
subplot(3,4,6)
plot(lintime(1:HoldSamples),data _depth)
title('data depth")

data_force = data_depth.*k/1€9; %(N/m)(nm)(m/nm) = (N)
subplot(3,4,7)
plot(lintime(1:HoldSamples),data_force)
title('data force")

nu_tip = 0.22;

nu_cell =0.49;

E tip = 6.2e10; %(Pa)

E cell =5628.1; %(Pa)

K= 1/((1-nu_tip"2)/E_tip+(1-nu_cell*2)/E_cell); %(Pa)
R tip = 2.5e-6; %(m)

R_cell = 5e-6; %(m)
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R =1/(1/R_tip+1/R_cell); %(m)

cube radius = ((3*R)/(4*K).*data_force); %(N)(m)/(N/m”2) = (m"3)"1/3 = (m)
contact radius = cube radius.”(1/3);
subplot(3,4,8)
plot(lintime(1:HoldSamples),contact radius)
title('contact radius')

contact area = pi.*contact radius.”2; %(m”"2)
subplot(3,4,9)
plot(lintime(1:HoldSamples),contact _area)
title('contact area')

data_stress = data_force./contact _area./1000; %(N)/(m”"2) = (Pa)*(kPa/Pa) = (kPa)
subplot(3,4,10)
plot(lintime(1:HoldSamples),data_stress)
title('data stress')

data strain = data_depth./2000; %(nm)/(nm)
data_strain = data_strain(1);

subplot(3,4,11)
plot(lintime(1:HoldSamples),data_strain)
title('data strain')

data_modulus = data_stress./data_strain; %(kPa)
subplot(3,4,12)

plot(lintime(1:HoldSamples),data_modulus)
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title('data modulus')

data_final = [data_norm cutlinetime]; %[ (kPa) (s)]

% lintime2 = linspace(0,120,12000)';

% depth = [data_norm lintime2];

% delta_strain = (((defsens*y)-(defsens*data norm(12000)))/depth)*100;
change strain = (((data_shift(n)-data_shift(HoldSamples))*defsens)/1000)*100
% G120=data_final(100)

maxforce = data_shift(n)*k

minforce = data_shift(HoldSamples)*k

% delta_strain = (((maxforce-minforce)/k)/1000)*100

% data_shift(n)

end

B.2.2 Script to calculate reduced relaxation G: The G function.m

function G = TheGFunction(a, t)
G =0*t;

C=a(l);

taul = a(2);

tau2 = a(3);

dtau = (tau2-taul)/800;
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taus = linspace(taul, tau2,800)';
for i = 1:length(t),
% funl = @(tau) (exp(t(i)/tau)/tau);
% fun2 = @(tau) (1/tau);
% intl = quad(funl, taul, tau2);
% int2 = quad(fun2, taul, tau2);
intl = sum(exp(-t(i)./taus)./taus)*dtau;
int2 = sum(1./taus)*dtau;
G(i) = (1 + C.*intl)./(1+ C.*int2);

end

B.2.3 Script to fit data to QLV model: QLVfit.m

function [R2, fit, coefEsts] = QLVFit(data);

% QLVfun2 = @ (a,t) [1+a(1). *quad((exp(-t./a(2))./a(2)),a(3),a(4))] ./

[1+a(1).*quad((1./a(2)),a(3),a(4))];

%

lintime = linspace(0.2,60,300)';

logtime = log10(lintime);
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% t=logspace(-2,2.079,100)';

StartingVals = [1 0.05 100];

coefEsts = nlinfit(data(:,2), data(:,1), @TheGFunction, StartingVals)
% xgrid = logspace(-2,2.079,100);

xgrid = data(:,2);

plot(xgrid, data(:,1),".")

plot(xgrid, TheGFunction(coefEsts, xgrid), 't');

hold on

fit = TheGFunction(coefEsts, xgrid);

R = corr2(fit, data(:,1));

R2 =R"2

182



Appendix C

Comsol Protocol
C.1 Building geometry

C.1.1 Plastic plate

& Work Plane 1 (wp7)

4 A Geometry
I Square 1 (5g7)
(O Circle 1 (1)
Difference 1 (dift)

C.1.2 Rigid post
4 B Work Planc-e 2 (1:1,102)

4 A Geometry
Circle 1 (c7)
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C.1.3 Silicon Membrane

4 & Work Plane 3 (iwp3)
4 A Geometry
Circle 1 (c7)

C.1.4 PDMS

4 £ feature plane (wp4)
4 A Geometry
= Rectangle 1 (r7)
I3 Copy 1 (copy1)
[ Copy 2 (copy2)
L] Copy 3 (copy3)
I3 Copy 4 (copy4)
[l Copy 5 (copy5)
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C.1.5 Cell geometry

Cell geometry conversion from Confocal image

After vector information is coverted to CAD, we can export the cell geometry to

COMSOL
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C.2 Material property definition

C.2.1 Rigid post

Property Name Value Unit Property group
~  Young's modulus E 2e9 Pa Basic
~  Poisson's ratio nu 0.37 1 Basic
~  Density rho 120 kg/m#3 Basic

C.2.2 Silicon membrane

Property Name Walue Unit Property group
~  Density rho 110 kg/m#3 Basic
~  Bulk modulus K 1.5e9 Pa Bulk modulus and shear modulus
~" Shear modulus G 3e5 Pa Bulk modulus and shear modulus

C.2.3 Plate

Property Name Value Unit Property group
v Density rho 1160[kg/m~A3] kg/mA3 Basic
~  Young's modulus E 3.2e9 Pa Basic
+ Poisson’s ratio nu 0.49 1 Basic

C.2.4 PDMS

Property Name Value Unit Property group
~ Young's modulus E 3.6e6 Pa Basic
¥ Density rho 965 kg/ma3 Basic
~"  Poisson's ratio nu 0.49 1 Basic
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C.2.5 Cell

Property Name Value Unit Property group
~ Young's modulus E 2000 Pa Basic
+ Poisson’s ratio nu 0.49 1 Basic
v Density rho 106 kg/m*3 Basic

C.3 Solid mechanics

C.3.1 Global defination

4 [z} Solid Mechanics (salid)
Linear Elastic Material Model 1
o Free 1
Initial Values 1
& Fixed Constraint 1
' Rigid Connector 1
o Contact 1
> w8 Contact 2
Viscoelastic Material Model 1
s Boundary Load 1
4o Contact 3
Fixed Constraint 2

The edge of silicone membrane is fixed and contact pair is defined between rigid post and
silicon membrane with free displacement. Contact pairs between silicone membrane,
PDMS and cell are fixed. The plate and post are considered rigid body with zero

displacement.

C.3.2 Viscoelastic model

~ Generalized Maxwell Model

Branch Shear modulus (Pa) Relaxation time (s)
1 200000 0.01

2 100000 0.1

3 10000 1

4 100 10

5 10 100

Generalized Maxwell model is used to fit stress-strain relation of silicon membrane
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C.4 Mesh

C.4.1 PDMS

ATATATATAT AT A VAVAVATATAVATLTAYAT

R O OGO I

PDMS is meshed with 41475 free tetrahedral elements

C.4.2 Cell

Cell is meshed with 3018 free tetrahedral elements
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C.4.3 Post

Rigid post is meshed with free triangle and rectangle

C.4.4 Mesh of silicon membrane

Silicon membrane is meshed with 11175 free tetrahedral elements
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C.4.5 Mesh of collagen layer

w

Collagen layer is meshed with 11546 free tetrahedral elements

C.4.6 Mesh of the whole geometry
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