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Abstract

The migratory behavior of A2058 human metastatic melanoma cells is investigated on substrates
with a gradient in their mechanical stiffness, a process known as durotaxis. New methods were
developed to fabricate hydrogel substrates with a gradient in stiffness using a bio-mimetic colla-
gen protein to ensure physiological relevance. The impact of suppressing the protein FMNL2, a
protein relevant to melanoma cell motility, was also studied. On isotropic substrates, A2058 cells
underwent pronounced changes in their morphology and motility with increasing stiffness. They
adopted more elongated shapes as substrate stiffness increased, and their motility decreased as
well. The cells displayed a biphasic relationship with stiffness, as an optimal substrate modulus
was determined for their motion. The FMNL2 knockdown cells showed similar behavior, but they
were continuously more elongated and less motile than the control cells. On the gradient stiffness
substrates, A2058 cells displayed a biphasic durotactic behavior. In soft regions (1-15kPa), the
cells underwent positive durotaxis, migrating towards a stiffer region, while in stiff regions (>
25kPa), they underwent negative durotaxis towards soft regions. Adurotactic motion was noticed
between the soft and stiff regions. The FMNL2 knockdown cells showed noticeable decreases in
their motility however, they still underwent durotaxis, suggesting that FMNL2 does not impact
the mechanosensing abilities of A2058 cells. We then systematically studied the impact of altering
the gradient strength of the substrates using new analytical techniques, and increasing gradient
strength enhanced durotactic behavior. Overall, we show that local stiffness, within a physiologi-
cally relevant range, can have a dramatic impact on the durotactic behavior of A2058 skin cancer

cells.
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Chapter 1

Overview

Ever since Robert Hooke first peered at cork through a rudimentary microscope, and Antonie
van Leeuwenhoek marveled at the ’animalcules’ in a drop of water, the microscopic world has
captivated generations of scientists [1]. In the 19th century, Robert Brown’s observations of
pollen grains suspended in water unveiled the phenomenon of Brownian motion, deepening our
intrigue in the microscopic world [2]. These pivotal moments in scientific history have not only
revolutionized our understanding of the microscopic structures that make up all life, but have
also set the groundwork for further discoveries in all fields of science. Since the aforementioned
discoveries in science, the microscopy and imaging equipment has drastically improved, widening
the field and introducing limitless opportunities for new fields of research. To the field of biology &
biophysics, live cell imaging has had an undeniably dramatic impact [3]. It allows for the detailed
study of biological processes such as cell division, cell death, wound healing, and cell migration
across large populations, and for the creation of quantitative models describing them [3, 4].

In the field of biophysics, live cell imaging has allowed for the mechanisms that drive cells to
migrate to be explored. In a way, it has made these systems increasingly more complex, as we
now know of many different factors that can impact cell motion. The concentration of specific
molecules, the mechanical properties of their environment, and even electric fields have been found
to impact the motion of cells during migration [5, 6].

The purpose of this thesis is to utilize live cell imaging to investigate the affect of discernible

changes at the cellular level in environmental stiffness. Specifically, we are looking at a form of



cell migration known as durotaxis, which is migration along a gradient of stiffness. Our chosen
system for these studies was a metastatic melanoma cell line, A2058 human metastatic melanoma
cells, known for their ability to invade healthy tissue and spread throughout the body.

The second chapter of this thesis acts as an introduction to the necessary cell biology back-
ground, focusing on cell motility and specifically durotaxis. We also introduce melanoma cells,
and previous work that has been done in regards to their motility. Specific proteins thought to
be relevant to their motility are also introduced, as we investigate the affects of suppressing these
proteins later on.

In the third chapter, we introduce the background, experimental methods, and physical theory
necessary for characterizing the mechanical properties of soft materials. Methods for fabricating
and characterizing soft materials that mimic the in vivo environments melanoma cells reside in
are also discussed. We also introduce the system that will be used to create the substrates for
studying durotaxis here. Furthermore, we also present and discuss the developed methods and
results for creating gradient stiffness substrates utilized in chapter 5.

Previous work has shown that cells can undergo drastic changes in their behavior when residing
on substrates of different stiffness. The aim of the fourth chapter is to characterize the behavior
of our melanoma cells on isotropic stiffness substrates. Specifically, we study the role of substrate
stiffness on the morphology and motility of the melanoma cells, as well as the effects of suppressing
FMNL2, a protein relevant to cell motility, in A2058 melanoma cells. The results showed that
A2058 melanoma cells undergo pronounced morphological changes, becoming increasingly more
elongated with increasing substrate stiffness. Interestingly, we find that for their motility, their
exists an optimal stiffness that maximizes their migration. Furthermore, we show that FMNL2
knockdown in A2058 cells had an impact on their morphology and motility. These results provide
a vital control and tool for comparison for the following chapter on cellular behavior on substrates
of gradient stiffness.

In the penultimate chapter, we then present and discuss the results of A2058 melanoma cell
motion on gradient stiffness substrates. We utilize our results from chapter 3 on the mechanical

properties of the substrates and the results of cell motion on homogeneous stiffness substrates from



chapter 4 to draw conclusions regarding the cellular response to gradients in substrate stiffness.
We find that these cells did exhibit changes in their motility, with cells preferentially aligning and
moving along the direction of the gradient. However, their motility was found to be dependent
on both the rate at which the stiffness changed, as well as the absolute stiffness of their starting
position.

In the sixth and final chapter, we summarize the results of the thesis, and propose new areas
of research based on our findings and unanswered questions. Following this chapter, there are

appendices with supplementary information.



Chapter 2

Introduction to Cell Motility

2.1 Background

2.1.1 Cell Biology

Cells are the fundamental units of life, with each type carrying out intricate processes to contribute
to the entire organism [7]. At the microscopic level, they represent the smallest entity that can
carry out all the functions of life. In the vast web of life that spans from simple single-celled
organisms to complex multicellular organisms like humans, cells provide both the building blocks
and the operational framework. Their complexity is reflected in their complex internal structure,
where both genetic and biochemical activities are carefully coordinated. This intricate organization

within cells sets the stage for understanding their dynamic capabilities and structural components.

The Cytoskeleton

Analogous to the organs found in the human body, individual cells are composed of many sub-
cellular structures called organelles, each fulfilling specific roles within the cell. Central to these
structures is the cytoskeleton, which is crucial not only for maintaining cell shape and the orga-
nization of organelles but also for cell motion. The cytoskeleton itself is constructed from three
types of protein fibers: microfilaments, intermediate filaments, and microtubules [8]. Among

these, microfilaments, also known as actin filaments, consist of actin protein monomers. These



filaments dynamically assemble and disassemble through processes termed polymerization and
depolymerization, respectively.

The cytoskeleton is not just a structural component of the cell, but also plays pivotal roles
in cell signaling, intracellular transport, and cellular responses to external stimuli. This dynamic
network responds to and influences the cell’s interactions with its environment, setting the stage for
understanding how microfilaments contribute to these processes. Microfilaments form structures
that enable the cell to exert protrusive forces by contracting and extending these fibers, and
by relative motion of these fibres generated by protein motors. Located primarily around the
cell’s perimeter, these structures include filopodia and lamellipodia. Filopodia are thin, hair-like
protrusions that explore the local environment; they consist of multiple actin filaments aligned
in parallel bundles that confer their slender shape. Conversely, lamellipodia are flat, sheet-like
protrusions at the cell’s leading edge, facilitating movement. They feature a network of crosslinked
actin filaments that provides the necessary mechanical support for environmental probing and
locomotion.

As microfilaments support the cellular architecture, their influence extends beyond the cell
itself. Through structures like lamellipodia and filopodia, the cell engages with the extracellular
matrix (ECM), which is the local environment surrounding the cell. Cell protrusions can interact
with the ECM through, for example, the formation of a structure known as a focal adhesion. Focal
adhesions act as an anchor to the ECM, and are formed in response to interactions of specific
ECM protein domains with transmembrane proteins known as integrins [9]. These integrins can
be classified into subfamilies, according to their binding affinity to specific ECM proteins, such as
fibronectin, collagen, and laminin [10]. Integrins generally facilitate the connection between the
cell’s internal structures and its external environment. Arg-Gly-Asp (RGD) is a peptide sequence
found in many proteins in the ECM and is recognized by several types of integrin proteins. In
particular, it is found in in some forms of collagen, as well as in fibronectin, a glycoprotein
that is locally secreted by some cells into the ECM to promote cell-lECM adhesion [11]. Due to
their ubiquitous function in cell-ECM binding, RGD peptides are widely used to functionalize

traditionally non-adhesive surfaces, such as plastic or hydrogels like polyacrylamide, to enhance



cell adhesion for in wvitro studies

Focal adhesions provide a means for cells to directly interact with and learn about their envi-
ronment. At these binding sites, cells can generate both intracellular and extracellular forces to
sense their environment, which can directly impact their resultant behavior. It is this process, the
transformation of mechanical cues into biochemical responses, that is the essence of mechanosens-
ing. Understanding these mechanisms is crucial as they form the foundation for cellular behaviors
such as motility and directed migration, subjects that will be further explored in subsequent

sections.

Cell Migration Mechanisms

Cell migration involves the movement of cells from one location to another and is essential for
numerous physiological functions, including development and wound healing. This process relies
on a cells ability to perform mechanotransduction, which is the transformation of mechanical
signals into biochemical actions inside of the cell. To understand the process of cell migration,
we can utilize the motor clutch model to explain how the interactions between a cell and its
surrounding ECM facilitate motion [12, 13, 14].

Migration begins when a cell becomes polarized in the direction of motion, characterized by
distinct leading and trailing edges. The process of actin monomers (G-actin) polymerizing into
actin filaments (F-actin) underpins this process. Rapid polymerization at the leading edge results
in the extension of lamellipodia in the direction of motion (Figure 2.1-1). The lamellipodium then
anchors to the substrate through a new focal adhesion, driving the plasma membrane forward
(Figure 2.1-2). Concurrently, at the trailing edge focal adhesions are disassembled, which generates
backward tension on the F-actin network, inducing the retraction of the trailing edge in the
direction of motion (Figure 2.1-3). New F-actin formation at the leading edge propels older
filaments toward the trailing edge, creating a retrograde flow. This flow is resisted by the cell’s
attachment to the substrate, allowing continuous actin polymerization at the leading edge, which
in turn advances the cell [15]. A new lamellipodium is then formed, and the cycle then restarts

(Figure 2.1-4). Thus, the protrusion of the leading edge combined with the retraction of the



trailing edge facilitates overall cell movement [13].

1 Trailing edge Leading edge

Focal adhesion Lamellipodium

Direction of motion —»

2 New

Extension of the Focal adhesion
Focal adhesion leading edge

disassembled

Retraction of
the trailing edge

Overall movement New
—_— . .
forwards Lamellipodium

Figure 2.1: The motion of cells described in four steps: In the first, a new lamellipodium is
formed, extending in the direction of motion. In the second, the focal adhesion at the trailing
edge is disassembled, while a new one forms at the leading edge. In the third step, the disassembly
of the trailing edge focal adhesion causes the trailing edge to retract in the direction of motion.
The cycle then begins again with the formation of a new lamellipodium at the leading edge.

From this process, we can see that mechanosensing and generating forces with the ECM is a
vital component of cell motion. As such, cells will often exhibit different behavior on substrates

of different rigidity, as the stiffness of the substrate can impact the magnitude of force that cells

7



can generate [16]. On stiff substrates, cells can generate larger contractile force, which results in
cells adopting elongated morphologies with stable actin stress fibers that are well aligned with the
long axis of the cell and also in the formation of stable focal adhesions that facilitate cell binding
and motility [16, 17, 18]. Conversely, on soft substrates, cells will adopt round morphologies, with
radially distributed actin fibers around the cell [16, 17|, resulting in reduced force generation that
can limit cell attachment to the ECM and reduce cell motility. This behavior suggests that cells
would likely migrate towards stiffer environments where they can form stable interactions with

the ECM, although there are notable exceptions.

Forms of Cell Migration

Cell movement can occur randomly as cells explore their environment, or it can be directed by
extracellular signals that guide their migration. The nature of cell motion, whether random or
directed, is influenced by both intrinsic cell directionality and external regulatory factors. Intrinsic
cell directionality relates to the cell’s autonomous response to motogenic signals, which are cues
that trigger the mechanisms of cell motion [19]. For instance, in the presence of uniformly ligand
binding sites on a cell culture dish, cells exhibit low intrinsic directionality, leading to random
motion. Conversely, if motogenic stimuli are presented as an external gradient, the cell’s internal
steering mechanisms align with the external signal to produce directed motion [15].

The nature of the motion is intricately linked to the type of external signal received. Directed
motion in response to chemical signals dissolved in the environment is termed chemotaxis, while
motion driven by gradients of substrate binding sites or cues in the ECM is known as haptotaxis
[20]. In this chapter, we focus on durotaxis, which is directed cell migration in response to spatial

gradients in substrate stiffness [15].



2.2 Migration along a stiffness gradient

2.2.1 Introduction to durotaxis

Cells have been shown to respond to a variety of external signals, that can all affect their resultant
motion. Durotaxis is the directed motion of cells in response to mechanical signals in the form of
spatial changes in substrate stiffness. This migratory method was first shown to exist in NIH-3T3
fibroblast cells, where these cells were found to directionally migrate from soft to stiff areas of their
substrate [21]. This motion, from soft to stiff environments, is known as positive durotaxis. Since
it’s discovery, the majority of durotaxis studies have found cell lines exhibiting positive durotaxis.
A vast array of cells including Schwann cells [22], smooth muscle cells [23], and a range of cancer
cells [24], have all been found to exhibit behavior consistent with positive durotaxis [25, 26]. Other
studies have also shown that durotaxis is a property of both single and collective cell migration,
and that collective cell durotaxis is more efficient than single cell durotaxis in some cell lines [27].
Collective positive durotaxis has been reported in groups of MDCK cells [27], as well as groups of
human epidermal carcinoma cells [28]. These collective behaviors indicate that durotaxis could be
a factor in the coordination of larger scale cell events, such as wound healing, where it is speculated
that mechanical coordination of cell groups would be required for such processes [25, 29].

The observed motility behavior in cell types exhibiting positive durotaxis are consistent with
basic features of the motor clutch model of cell motion. However, the motor clutch model also
predicts behavior that goes against the idea of cells continuously seeking stiffer regions [30]. In
particular, biphasic regions of stiffness are predicted to exist for some cell types, for which there
exists an intermediate stiffness region where traction force would be maximized [30]. This suggests
that cells would not necessarily migrate towards the stiffest area of the substrate, but rather would
seek an optimal area that maximizes their force generation with the substrate. This then suggests
that some cell types may exhibit negative durotaxis, which is directed motion from a stiff to
soft area (if their optimal stiffness is less than that of their current mechanical environment).
Furthermore, once in their optimal stiffness region, some cells may exhibit adurotactic motion,

which is when cells do not move in preferential directions in response to a stiffness gradient [25].



Evidence of both negative durotaxis and adurotactic motion have been found in some cell types.
One comparative study on multiple cancer cell lines [24] found that all of the cancer cell lines tested
exhibited the strongest durotactic response in the softest region of their substrates (2-7kPa), and
in the stiffer regions, the durotactic behavior of these cells was dramatically reduced. This study
also found that these cells had the lowest average speeds in the softest areas of the substrates,
where they exhibited the largest durotactic response, indicating that cell speed was not a good
indication of durotactic motion in these cell lines. Another study on U251-MG glioblastoma cell
motility[31] found that the optimal stiffness region governing motile response could be modulated
by changing the number of available motor proteins, consistent with the behavior predicted by the
motor clutch model. Furthermore, some cell types have been found to undergo negative durotaxis.
The first recorded evidence of this behavior was seen in Xenopus retinal ganglion cells, for which
cell expansion progresses from stiff to soft areas of their environment [32]. This behavior has also
been found in some cancer cell types melanoma skin cancer cells, which are known for their ability
to invade healthy tissue [26, 33]. Moreover, U251-MG cells have also been shown to undergo
negative durotaxis, as when observed on stiff areas greater than 10kPa, they would preferentially
migrate down to their optimal stiffness region between 5-10kPa [26].

Despite numerous motility studies done in wvitro, the prevalence of durotaxis for systems in
vivo remains unclear, with few studies showing evidence of its occurrence. The difficulty in doing
so lies in the complexity of real living systems, which contain a wide range of signals that cells
can respond to. For example, the morphology and biochemical composition of the ECM of living
tissues often changes between different tissues, making it difficult to determine the true underlying
causes of cell migration behavior. One area that durotaxis could be relevant to in vivo is embryonic
development, as cells have exhibited durotactic behavior in both developing mice and Xenopus
frogs [29, 34]. Another in vivo process that durotaxis is thought to be relevant to is cancer cell
invasion, as in vivo tumor microenvironments are often stiffer than the surrounding healthy tissue

35, 36, 37]
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2.2.2 Altering Durotactic Behavior

There are multiple factors that can impact the durotactic response of motile cells. One factor
that can be experimentally adjusted in wvitro is the strength of the stiffness gradient of the sup-
porting ECM-mimetic substrate, which refers to the rate at which the modulus of the material
is changing with distance along the substrate. By changing this quantity, the change in stiffness
a polarized cell can sense between its leading and trailing edges would be affected, resulting in
potentially different cell behavior. For example, in a study done on mesenchymal stem cells, three
different gradients were used: 1 Pa/um, 10 Pa/um, and 100 Pa/um [38]. In all three cases, the
cells underwent positive durotaxis and preferentially navigated to the stiffer side of the material.
However, the migration speed of the cells, defined as the component of velocity in the direction of
the gradient, was found to correlate with the strength of the gradient [38]. In another study, the
same relationship was found with smooth muscle cells, as their durotactic response increased with
the strength of the gradient [39], as shown by the average distance travelled in the direction of the
gradient increasing with the strength of the gradient. Another factor that has been found to affect
some cell lines durotactic ability, is the absolute range of stiffness exhibited across the substrate.
As previously mentioned, some cancer cells lines have been found to exhibit positive durotaxis on
soft substrates between 2-7kPa, while on stiffer substrates (7-18kPa), their durotactic potential
was dramatically reduced, in spite of having the same gradient of stiffness across the substrate

(20Pa/pm) [24].

2.2.3 Quantifying Durotactic Behavior
Mean Squared Displacement

Cell motility on a substrate is a complex process that typically involves alternating periods of
active cell propulsion and quiescent states. During the active phases, cells propel themselves
using the actin-myosin network, as discussed above. These forces drive the cell forward, but the
direction, velocity, and duration of these propulsion phases may not be consistently correlated
across successive periods. This variability can result in a range of motility behaviors, including

random walks and directed motion.
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Tracking cell movement over time is a fundamental technique in the study of cell motility, pro-
viding critical insights into the behavior of cells as they navigate their environment. This process
typically involves capturing the position of a cell at successive time points using high-resolution
microscopy techniques, coupled with image processing algorithms that accurately identify and
track the cell’s center of mass, nucleus, or another point of interest (such as a fluorescent marker).
The core idea of cell tracking is to generate a time series of the cell’s position, represented as 7(t;),
where t; corresponds to the i-th time point in the observation period. This time series enables
researchers to construct a trajectory of the cell’s movement, which is essential for quantitative
analyses. Knowing the precise position of the cell at each time point allows for the calculation
of various dynamic parameters, such as speed, persistence, and the mean squared displacement
(MSD). One of the key advantages of cell tracking is its ability to capture the heterogeneity of
cell behavior. By analyzing the trajectories of individual cells, different modes of motion can be
identified.

Once the cell’s position is known at each time point, one of the most informative metrics that
can be calculated is the MSD [40]. The MSD provides a measure of the average squared distance
that a cell travels over a specified time lag 7. This metric is particularly powerful because it
encapsulates both the extent and nature of the cell’s movement over time. Mathematically, the
MSD is defined as the ensemble average of the squared displacement of the cell’s position vector

between an initial time ¢y and a later time tq + 7:

Arysn (1) = (17t + 7) = 7(t0)[*)eg (2.1)

Knowing the cell’s position at each time point allows for the determination of the displacement
vector 7(tg+7) —7(to), which is the cornerstone of the MSD calculation. By averaging the squared
magnitudes of these displacement vectors over many time intervals and possibly many cells, the
MSD reveals how far, on average, a cell moves as a function of time lag .

The shape and scaling of the MSD as a function of 7 provide deep insights into the underlying
mechanisms driving cell motion. For example, a linear relationship between MSD and time lag

(Ar3sp(T) ~ 7) indicates purely diffusive motion, where the cell’s movement is random and
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uncorrelated. In contrast, A relationship of Argigp(7) ~ 7%, with « indicating scaling behavior,

can suggest directed motion if @ > 1 or confined motion if @ < 1, which is discussed further below.

Purely Diffusive Motion

In the simplest model of cell motility, cells move randomly on the substrate, a behavior analogous
to Brownian motion. Each step the cell takes has a length ¢ = ||dr| and occurs in a random
direction within a small time interval dt. Over a time interval ¢, the probability distribution for
the cell’s displacement vector R can be shown to follow a Gaussian distribution, a result derived
in d dimensions in Appendix A. The Gaussian form of the probability distribution for random

walk processes in two dimensions is given by:

1 R?

where D is the diffusion coefficient, a parameter that quantifies the rate of spreading of the cell’s
position over time. The MSD in 2D for purely diffusive motion can be derived from the second
moment of this probability distribution as follows (a derivation in d dimensions is available in

Appendix A). The MSD, denoted by (R?(t)), is defined as:
(R%(t)) = / R?*P(R,t)2nrRdR (2.3)
0

where 2r R dR is the differential area element in two dimensions, accounting for the circular sym-

metry. Substituting the probability distribution into this expression and simplifying, we have:

1 o R?
R(t)y=-— | R° —— | dR 2.4
() = g [ wew (~55;) (2.4
This integral can be evaluated using the substitution v = 4R—DZt, which gives du = %. Substituting
and simplifying our expression then gives:
(R2(t)) = 4Dt - / wexp(—u) du (2.5)
0
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The integral fooo uexp(—u) du can be solved using integration by parts, and is equal to a value of

1. So, our expression then becomes:

(R?(t)) = 4Dt (2.6)

Thus, the mean squared displacement (MSD) for cells moving diffusively in two dimensions is:

Ari/[SD (1) =4D71 (2.7)

where 7 is the lag time and D is the diffusion constant.

Here, D represents the diffusion constant, which depends on factors such as the cell’s envi-
ronment and intrinsic motility mechanisms. This linear relationship between MSD and time lag
is characteristic of freely diffusive processes and serves as a baseline model for more complex

behaviors.

Biased Diffusive Motion

In the study of cell motion, the movement of cells can often be influenced by external signals, lead-
ing to a biased diffusion process. Such external signals can include chemical gradients (chemotaxis)
or variations in substrate stiffness (durotaxis), which cause the cell to preferentially move in certain
directions. This bias can be mathematically modeled by considering different probabilities for the
cell to move in the x and y directions. Specifically, let p., and p_, be the probabilities of moving
forward and backward along the z-axis, and py, and p_, be the probabilities of moving forward
and backward along the y-axis. In a scenario where the probabilities in the x-direction are equal
(P42 = P—z), the motion in the z-direction would be purely diffusive. However, if the probabilities
in the y-direction are unequal (py, > p_,), the motion in the y-direction would exhibit a biased
behavior, leading to a net displacement along the y-axis. This model allows us to understand how
cells can experience both random diffusion in one dimension and directed movement in another,
reflecting the complex nature of cellular navigation in response to environmental cues.

The simplest 1D biased diffusion model assumes that the particle or cell can only move in two

directions: forward or backward. The probability of moving forward is p,, and the probability of

14



moving backward is p_. If py > p_, the cell experiences a net drift in the forward direction. This
model can be analytically derived and solved to understand the combined effects of diffusion and
drift, providing insights into how directional movement emerges from stochastic processes. The
full derivation can be found in Appendix A, with the main steps shown below.

Consider a particle moving in one dimension under the influence of a bias [41]. The particle
can jump to the right with probability p, and to the left with probability p_ in each time step
At. The particle moves a distance ¢ in each step. For a single step, the mean displacement (Ax)

18:

(Azy =0 -p At + (—4) - p_At = l(py — p_)At (2.8)

The simplified variance of the displacement var(Ax) is:

var(Az) = ?(p, +p_)At (2.9)

For a total time ¢, where the particle takes N = =7 steps, the total mean displacement (z(t)) and

variance var(x(t)) are:

(x(t)) = N{Az) = l(py —p-)t (2.10)
var(x(t)) = Nvar(Az) = %(py + p_)t (2.11)

Thus, the drift velocity v and diffusion coefficient D are given by:

v=— = tps —p-) (2.12)
_ var(z(t)) _ C(p+ +p-)
D= "= 5 (2.13)

The probability of finding the particle at position x at time t + At is:

Pz, t + At) =1 — (p+ + p_)At|P(z,t) + pL At - P(x — {,t) + p_At - P(x + (1) (2.14)

Expanding P(z,t + At), P(x — ¢,t), and P(x + ¢,t) using a Taylor series and substituting them
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back into the original probability function yields a simplified expression in form of the diffusion
equation. However, there is an additional term arising from the bias, which is the drift velocity

of the cell.
OP(z,t) OP(z,t) N D82P(a:,t)

= —v

ot ox 0x?

(2.15)

This partial differential equation can be solved using the Fourier transform method (shown in

Appendix A) to obtain the following probability function:

1 (x —vt)?
P(x,t) = LDt exp <_4—Dt) (2.16)

This is the Gaussian solution for the probability distribution, which contains an additional term
that accounts for the drift velocity v.
To find the mean squared displacement (x?(t)), we again compute the second moment of the

distribution to then obtain:

(z*(t)) = (vt)* + 2Dt (2.17)

where v = ¢(p; — p_) is the drift velocity, and D = ﬂ(p*%‘) is the diffusion coefficient. The
result of the 1D biased diffusion model shows that the motion of the cell is characterized by
a combination of random diffusion and a deterministic drift velocity. The diffusion component
arises from the random nature of the movement, where the cell has a certain probability of stepping
forward or backward at each time step. This leads to a spread in the position of the particle over
time, described by the diffusion coefficient D. This behavior is shown in Figure 2.2 showing
the time evolution of the probability functions of both unbiased and biased 1D random walks. In
both cases, the variance of the distributions becomes larger with time, proportional to the diffusion
coefficient. However, the introduction of a bias in the step probabilities p, and p_ results in an
additional drift term, which causes the mean position of the cell to shift in the direction of the bias
(Figure 2.2A). This drift velocity v represents the net effect of the bias, effectively ”guiding” the

random motion in a particular direction. The combined effect of diffusion and drift means that

the cell’s position over time is not purely random but also exhibits a predictable component in the
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direction of the bias. In Figure 2.2B, a comparison between the 1D MSD functions are shown. At
low times, both curves show similar linear behavior, but at large times, the quadratic term from
the drift velocity results in the noticeable increase in the biased MSD function. This behavior is
similar to the durotactic motion of cells on 2D substrates. Perpendicular to the gradient, there
are no extracellular signals causing directed motion, resulting in freely diffusive motion. Along
the gradient, the difference in substrate stiffness acts as a bias in their motion, causing them to

preferentially move along the gradient direction.

—— Unbiased MSD
--- Biased MSD

10° 10! 102 103

PB(X,t)

Figure 2.2: A: Two plots showing the time evolution of unbiased (P(z,t)) and biased (Pg(x,t))
probability distributions showing the evolution of their mean (u) and standard deviation (o). B:
The 1D MSD function of biased (orange), and unbiased (blue) random walks.

Generalized MSD

Measured cell MSD data can be applied to characterize the nature of cell motility on biological
substrates (e.g. to determine the extent to which cell motion is random or directed). In the
case of durotaxis, we can compare the motion of cells on homogeneous and gradient stiffness

substrates using the MSD. On homogeneous stiffness substrates, the motile cells should possess a
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low intrinsic directionality due to the lack of motogenic signals, resulting in random cell motion,
while the opposite is true on the gradient substrates. To show this, we can plot the MSD vs time
and the resulting curve can be analyzed to determine characteristic regimes of cell motion. If the
MSD plot is linear in time, i.e M.SD o t, then the cells are undergoing free diffusion (shown in
Figure 2.3) [42], and the effective diffusion coefficient of the cell can be obtained from the data.
However, nonlinear behavior of MSD curves often arises in biological systems, which is known

as anomalous diffusion [42]. This form of diffusion can be expressed as the following

MSD = (AF(T)?) = 2dT't™ (2.18)

where « is the anomalous exponent [42], I" is the anomalous diffusion coefficient, and d is the system
dimensionality. Figure 2.3 shows each of the specific types of diffusion associated with nonlinear
behavior. If the MSD plot is nonlinear and following a fractional power law, i.e MSD x t*, o < 1,
then the particles are undergoing subdiffusive motion [43]. This behavior indicates that there are
additional underlying dynamical processes or constraints hindering motion. This kind of motion
has been consistently found in 3D cell culture studies, due in part to confinement effects [43].
The second case, where MSD x t*,1 < a < 2, is indicative of superdiffusive motion, where
the particles are undergoing some form of directed motion. The third case, where o = 2, is
ballistic motion, indicative of particles moving at constant velocity [44]. Tt is normally seen for
a objects moving at a constant velocity, described by r = v7. The final case, where 7 > 2, is
hyperballistic motion, which has been in observed in optical systems [45], but is not normally
observed in biological settings.

In the context of cell motility, analyzing MSD plots provides insights into how cells respond
to their environment. Subdiffusive behavior, observed for instance in 3D cell studies within dense
or highly crosslinked environments, indicates constrained and hindered motion. Conversely, on
standard cell culture plates, cells may exhibit nearly diffusive behavior due to the absence of
motogenic signals, resulting in random motion. Superdiffusive behavior has been observed in
some cell lines that undergo directed migration [46]. Furthermore, the diffusive behavior of cells

is not always constant; the anomalous exponent and diffusion coefficient describing the MSD of
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Figure 2.3: Simulated ensemble MSD curves for N = 10* particles undergoing subdiffusive, diffu-
sive, superdiffusive, ballistic, and hyperballistic motion.

a cell’s motion can vary over time [47, 46]. The MSD can also provide insight for how cells are
moving in their environment, and can be used to compare how cells respond to different stimuli,
such as substrate stiffness [43]. On different stiffness substrates cell motility can differ, as cells
may move slower or faster depending on how close the stiffness of the substrate is to their optimal
stiffness. For instance, the study by Luzhansky et all found that MDA-MB-231 breast cancer cells
show a biphasic dependence on substrate stiffness, and had an optimal stiffness around 18kPa, as
this is where the MSD and average speed of the cells was at a maximum. Furthermore, through the
analysis of the cells MSD curves, they showed how different characteristics of their anomalous MSD
model, either o or T' (the anomalous diffusion coefficient), were sensitive to different components
of the cells environment. The anomalous exponent was more sensitive to the substrate stiffness,
while I was more sensitive to changes in the surfaces adhesive ligands; which are what the cells

use to attach themselves to the substrate.

Van Hove Correlation

Another quantity that can be used to show directed cell motion is the displacement, which is

calculated as follows

A = (7(t) — 1), (2.19)



where 7(t) denotes the displacement of the cell at a given time t, and 7y denotes the defined
initial position. Since this metric is not squared, it can be either positive or negative, and the
sign can then indicate in which direction the cells preferentially moved towards over a specified
time interval. This quantity is typically calculated for the components of A in each orthogonal
direction, and the resultant values averaged over the cell population can be plotted as a histogram.
This data can then be fit with a model for the distribution function, often known as the Van Hove
distribution in the context of particle tracking. For simple diffusive motion of identical elements, a
Gaussian distribution around 0 would be expected, whereas directed motion would show a skewed
distribution in the direction of cell migration. Moreover, heterogeneity in the motility of the cell
population also leads to broadening of the distribution function. By calculating the Van Hove
distribution for a sufficient number of lag times one can also calculate the full MSD as a function

of 7, and then calculate other related metrics [48].

Commonly Used Durotaxis Metrics

To further quantify cell durotaxis, numerous other metrics have also been defined to determine
the strength of the durotactic response of a given cell. Using time lapse videos of cell motion, each
cell can be tracked, and their coordinates recorded at each time step. With these coordinates,
different values including displacement, distance travelled, and velocity can all be calculated. The
components of vector quantities along specified directions (e.g. along the direction of the gradient
of substrate stiffness) are of particular interest. Figure 2.4, illustrates several of the variables
used as durotaxis metrics for the case of a stiffness gradient in the ¢ direction. One of the most

commonly used metrics for studying durotaxis is the Durotactic Index (DI), calculated as

DI ==2 (2.20)

where Ay is the distance travelled in the gradient direction, and L is the total distance travelled
by the cell. This value can range between 0 and 1, with lower values indicating random cell motion
and values closer to 1 indicating persistent motion along the gradient.

Cell motion along the gradient can also be quantified using the net angular displacement of
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Figure 2.4: A drawing of a path a cell can take in response to a stiffness gradient in the ¢ direction,
showing the quantities that can be extracted from its motion for further analysis.

—

the cell, 0(t), by determining the angle between the instantaneous net displacement vector A(t)

and the stiffness gradient direction, ¢y according to the following:

Az

0 = arctan (A—) . (2.21)

Y

When the time-series of angular displacements of each cell are then plotted from 0° to 360° as a
histogram, the motion of the cells can then be classified as random or persistent according to the
resultant distribution. A uniform distribution around the entire plot indicates random motion, as
the cells moved in all directions, while a tighter distribution around a specific angle would indicate
persistent cell motion in that direction.

Using the net displacement of the cell K(t), the components of the average velocity of the cell
can also be determined using

=Y 2.22
o, (222)

Va,y =
where A, , and v,, are the Cartesian components of the net displacement and average velocity,
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and t is the time parameterizing the cell coordinates. If the cell is undergoing some form of directed
motion, then what would likely be seen is the component of velocity parallel to the gradient would
be larger than the perpendicular component.

In addition to characterizing motility, we can also analyze the morphology of the cells to gain
some insight into their behavior. To do so, we can define metrics that define the shape the cells
have adopted. One way to do this, is to fit an ellipse to all cells being studied, and then calculate
the ratio between the minor and major axis of the ellipse. This is known as the roundness (R) of
a cell, and is calculated as

b
R=-—
a

(2.23)
where and a and b denote the major and minor axis respectively. R can be a value between 0 and
1, where values close to 1 indicate circular morphologies, while values approaching 0 mean the cell
is needle-like. During motion, cells tend to become more elongated, so this metric can be used to
compare cell morphology between isotropic and anisotropic stiffness substrates. Moreover, cells
have been shown to change their shape according to the stiffness of the substrate they reside on
[49]. So, this quantity can also be used to show the affect of substrate stiffness on cell morphology.

The orientation of cells on their substrate may also be coupled to the direction of their motion.
We can define a 2D orientational order parameter that will quantify the orientation of cells along
a specific axis. This order parameter is calculated by finding the angle between each cell and a

defined axis, and then using the following expression to define a local parameter for a given cell:

SLocal = 2¢08%¢ — 1, (2.24)

where ¢ is the angle between the axis and the major axis of the cell (Figure 2.5). The local
order parameter for all cells can then be plotted as a histogram to observe the distribution of cell
orientations. We can then obtain the global order parameter as an average over the local values
for each cell:

S = (SLocar)- (2.25)

S has traditionally been used to describe the orientation of anisotropic particles on a flat surface
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with respect to a specific direction [50, 51].

N

@

Figure 2.5: A cartoon drawing of cells and the angle they make along a defined axis. The angle

between the cell body and the axis can be used to calculate the order parameter.

In this thesis, all of the previously described parameters will be used to quantify the motion

of cells on different substrates.

2.3 Melanoma Cell Migration

2.3.1 Introduction to Melanoma

Skin cancer is one of the most prevalent types of cancer in the world, with thousands of new
cases being reported each year [52]. Although the survival rate of skin cancer is high, the largest
number of deaths come from the type of skin cancer known as melanoma [52]. Melanoma begins in

melanocyte cells, which are melanin-producing cells originating in the basal layer of the epidermis,
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the top layer of skin. This cancer is the most aggressive and deadly form of skin cancer, as it can
rapidly spread or metastasize to other areas of the body if left untreated. The incidence rates
of melanoma have also dramatically increased over the past couple of decades, with thousands
of reported deaths around the world each year. To create new treatment plans for melanoma,
understanding how melanoma cells metastasize and migrate throughout the body is crucial.

For cancer metastasis to occur, the cancerous cells must first probe their environment using
various cell protrusions to determine whether to migrate. Using filopodia and lamellipodia pri-
marily, these cells will sense different signals, such as substrate stiffness, that can then impact
their subsequent motion. Cancerous tissues frequently exhibit increased stiffness when compared
to the surrounding healthy tissues, so a gradient in substrate stiffness is created at their boundary.
This differential stiffness, discernible at the cellular level, can influence cell migration [53]. Due
to this, it is thought that durotaxis could be a factor in cancer metastasis [24]. Some melanoma
cell lines have been found to exhibit durotactic behavior while migrating. Particularly, both B16
and A375 melanoma cells have been shown to undergo negative durotaxis, and preferentially move
towards softer environments [33]. Beyond these two cell lines, no other melanoma cell lines have

been shown to display durotactic behavior.

2.3.2 Formin Proteins

Cell migration is heavily dependent on the protrusions cells use to probe their environment. In
cancerous cells such as carcinoma and breast cancer cells, increased filopodia formation has been
linked to increased invasion by these cells [54]. These protrusions are dependent on a group of
proteins known as formins, which aid in regulating actin polymerization and the binding and
bundling of F-actin [55, 56, 57, 58]. Some formin proteins, such as Formin like-2 (FMNL2),
and Formin like-3 (FMNL3), have been shown to contribute to increased filopodia formation in
multiple cell lines [59, 60]. In particular, FMNL2 has been shown to be involved with the formation
and turnover cell-cell attachment sites, as well as cell-substrate attachment sites (FAs) [61, 62].
As well, FMNL2 has been shown to initiate filopodia assembly in melanoma cell lines [63]. Cell

motility studies on melanoma cell lines have also been done to study the affect of FMNL2 on cell
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motion. In A375 melanoma cells, specific forms of FMNL2 have been found to be upregulated
during cell motion [60]. Moreover, in B16 melanoma cells, efficiency of migration was reduced
when FMNL2 was silenced [64].

In this thesis, A2058 melanoma cells will be studied to determine if they respond to changes in
substrate stiffness and if they are durotactic. They will first be studied on homogeneous stiffness
substrates, and then studied on gradient substrates. All of the quantitative metrics shown in this
chapter will be used to quantify and compare their morphology and motility on these substrates.
Furthermore, the affect of suppressing FMNL2 will also be studied on both homogeneous and
gradient stiffness hydrogel substrates. In the subsequent chapter, the methods for fabricating and
characterizing these homogeneous and gradient stiffness hydrogel substrates will be presented in

detail.
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Chapter 3

Fabricating and Characterizing Gradient

Stiffness Hydrogels

3.1 Introduction

To study the motion of cells on substrates with a gradient in stiffness, we must first fabricate
the substrate material, and then determine ways of characterizing its mechanical properties. For
the majority of the results in this thesis, these substrate materials will be collagen hydrogels.
The focus of this chapter will be on the different methods employed to fabricate and characterize
these substrates. Different methods of creating gradient modulus substrates will be explored to
determine which ones are best for our studies. These methods will employ different properties of

the chosen materials, and some methods are combined to create the ideal gradient.

3.2 Background

3.2.1 Hydrogels

Hydrogels are viscoelastic materials composed of a network of linked of polymer chains solvated
by an aqueous solution [65]. These materials are composed of both a viscous component, such as

water, and a solvated polymeric component, which gives the material its elastic properties. To
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form a hydrogel, the solubilized components must become crosslinked, or bonded to each other, to
form the network that gives the gel its elastic properties. These crosslinks can be either transient
or chemical in nature.

Transient crosslinking refers to crosslinks in these systems that are not permanent; they can
be reformed, broken, or altered in response to specific stimuli such as changes in temperature, pH,
light exposure, or mechanical stress [66]. This behavior enables transient crosslinked hydrogels to
undergo significant changes in properties like viscosity, elasticity, and porosity. These crosslinks
are generally formed due to physical interactions between neighbouring polymer chains in the gel,
such as electrostatic interactions or entanglement between chains. Chemical crosslinking refers
to the formation of strong covalent bonds between different sites of neighbouring polymers [67].
These bonds are often irreversible without denaturing the polymer itself. Due to this, chemically

crosslinked hydrogels are often significantly stronger than those formed by physical interactions

[66].

Collagen Hydrogels

Collagen is the most abundant protein found in humans, and accounts nearly one third of the entire
protein content in our body [68]. This is because it forms the basis of the ECM found around most
of the cells in our bodies [68]. This protein has a unique, triple-helical structure, composed of
three polypeptide chains that wind around each other to form the helix. Each of these chains are
sequences of amino acids, which are the monomers that make up proteins. Collagen proteins can
have 19 (out of the total 20), amino acids appearing in their sequence, but the most common are
glycine, proline, alanine, and hydroxyproline. The most abundant amino acid, glycine, is found
at every third residue in the chain, as it is what allows collagen to adopt its triple helical shape.

Inside the human body, there are numerous types of collagen, each with differing structures
to suit their role in the body. Type 1 collagen, found in skin, tendons, ligaments, and organs
[69] is the most common one in the body. Type I collagen fibers are packed together to form
long, unbranched cables with high tensile strength and toughness, providing resilience to tissues

[70]. It is for these reasons, that type 1 collagen is typically utilized in hydrogels for biomedical
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applications [69, 70].

In most forms of collagen, hydrogels are formed through thermal gelation of reconstituted col-
lagen. In this case, lyophilized collagen is first dissolved into solution, where individual collagen
molecules are separated and well dispersed [68, 71]. When the temperature of the solution is in-
creased to physiologically relevant temperatures, around 37°C, the collagen strands then reassem-
ble into their triple helical structure. Following this, the collagen triple helices then self-associate
to form collagen fibrils, which in turn associate into fibers. The fibrils and fibers are stabilized
in solution by physical interactions and in some cases by intermolecular crosslinking, which then
creates a robust hydrogel structure.

For the work done in this thesis, a series of bio-mimetic collagen 1 proteins based on the
collagen-like protein Sc12 from the bacteria Streptococcus pyogenes were used [72]. These proteins
are highly soluble, form robust triple helical assemblies in a variety of aqueous solution conditions,
and are capable of forming stable hydrogels in physiologically relevant environments through
the use of several chemical crosslinking methods. We employed four members of this series in
the studies for this thesis: the base bio-mimetic collagen 1 protein (VB), which is optimized
for chemical crosslinking of carboxylate and amine residues using a variety of well-established
bioconjugate chemistries, and a variant (GY Q) that has been modified to include tyrosine residues
in the sequence, to allow for crosslinking to occur through the formation of dityrosine bonds.
Furthermore, two additional variants of these (VB-RGD and GYQ-RGD) which include RGD
sequences to enhance cell adhesion to the hydrogels were also utilized. Typically, hydrogels for
these studies utilized mixtures of the four collagen-mimetic variants, as described below. The
details of the crosslinking methods utilized to make these hydrogels are presented in the following

three subsections.

Collagen Crosslinking - EDC/NHS

A primary method that can crosslink all collagen-mimetic variants introduced above employs
two crosslinkers, 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), and N-

Hydroxysuccinimide (NHS), with the reaction mechanism shown in Figure 3.1 [73, 74]. When
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introduced to an aqueous solution of collagen, the first step that occurs is the reaction of the
EDC with free carboxyl groups along a strand of collagen. These carboxyl groups would be found
primarily on the side chains of aspartic acid and glutamic acid residues. This reaction then forms
an unstable intermediate known as O-acylisourea. Following this, one of three reaction pathways
can occur. In the first pathway, O-acylisourea will react with water and undergo hydrolysis, which
removes the EDC, resulting in no crosslinking between collagen strands [74, 75]. In the second
pathway, O-acylisourea will react with an amine group on another collagen strand, to form a stable
amide bond. However, hydrolysis is more likely to occur than this pathway. The third pathway
involves the second crosslinker, NHS, which reacts with O-acylisourea. In this reaction, the EDC
molecule is removed and an amine-reactive group that has higher stability than O-acylisourea is
formed, which then reacts with a free amine group on another collagen strand to form an amide
bond crosslink. This is the primary reason for using NHS in this reaction, as it will react with
the intermediate created by EDC to form a more stable intermediate that is more likely to form
crosslinks. It is also important to note that both EDC and NHS are left in solution at the end of

the reaction, allowing them to be washed out.

Collagen Crosslinking - Genipin

Another method to chemically crosslink all collagen-mimetic variants involves genipin, a natural
crosslinker extracted from gardenia fruit. Known for its low cytotoxicity, genipin has been ef-
fectively utilized to crosslink various hydrogels, including collagen, chitosan, and gelatin [76, 77,
78, 79, 80]. The reaction mechanism targets the primary amine groups of the collagen, typically
involving lysine, arginine, or hydroxylysine residues [81]. Initially, genipin reacts with these amino
groups, which modifies its ring structure, enabling subsequent reactions (Figure 3.2). A nitrogen
atom from the collagen then replaces an oxygen atom in genipin’s six-member ring, forming a
covalent bond between genipin and collagen. Subsequently, two genipin-collagen complexes react,
resulting in a structure where two genipin molecules and two collagen fibers are covalently linked
[81]. It is also important to note that unlike the EDC-NHS mechanism, genipin integrates itself

into the final structure of the collagen matrix, resulting in permanent qualitative changes. During
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Figure 3.1: The reaction pathways for EDC & NHS crosslinking with collagen. EDC first reacts
with a carboxylic acid functional group, creating O-acylisourea. This molecule can then either
hydrolyze, with no crosslink forming, react with a primary amine group on the collagen strand to
form a crosslink, or react with NHS to form another intermediate. This intermediate then reacts
with a primary amine group, forming a crosslink.
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this reaction, the altered form of genipin incorporated into the collagen network turns permanently
blue, which allows for spectroscopic assessment of the reaction’s progress. This is advantageous
given that genipin’s reaction can take up to 72 hours to complete, which is considerably longer
than other collagen crosslinking methods [82].

Collagen
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CH G
{j:% N - Collagen

Collagen -
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Genipin

Figure 3.2: Genipin reacts with collagen through a reaction with primary amine groups on the
strand. The genipin molecule now becomes covalently bonded to the amine group. Two of the
genipin-collagen complexes can then react, resulting in a crosslink with genipin remaining in the
final structure.

Collagen Crosslinking - Riboflavin Photocatalysis

The final method is used for crosslinking of the tyrosine-containing collagen-mimetic variants
(GYQ and GYQ-RGD). Tyrosine features a phenyl ring with a bonded hydroxyl group at the
terminus of its side chain, that can be used for chemical crosslinking to create intermolecular
dityrosine bonds. Many methods have been created to form these bonds, including the use of the
enzyme horseradish peroxidase [83], as well as multiple photocatalysts including ruthenium, rose
bengal, and riboflavin (vitamin Bs) [84, 85, 86, 87]. In collagen systems, the use of both rose
bengal and riboflavin have been studied due to their low cytotoxicity, and have been successfully
used in clinical applications to enhance the strength of corneal collagen [84, 88].

In the studies done in this thesis, riboflavin crosslinking will be explored as a method of
creating collagen hydrogels. In this crosslinking method, riboflavin acts as a photoinitiator, which
are molecules that generate reactive species when exposed to specific wavelengths of light. Upon

exposure to UVA light, riboflavin transits to a singlet (short-lived, 107%s) or triplet (long-lived,
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1072s) state, where two reaction pathways can then occur, both involving the triplet state. In
type 1 reactions, the triplet state directly interacts with the tyrosine and oxidizes it. While in
type 2 reactions, the riboflavin transfers energy directly to ground state oxygen, which produces
reactive singlet state oxygen ions which then reactive with tyrosines. Finally, two tyrosyl radicals
then react together, creating a dityrosine bond [88, 89].

One drawback of using riboflavin is its slow rate of crosslinking, which can be improved by the
use of sodium persulfate (SPS) [90]. The use of SPS with riboflavin has been successfully tested in
other hydrogels including silk fibroin and keratin hydrogels, with each study reporting decreased
crosslinking time and increased crosslinking density with its use [90, 91]. However, the exact
mechanism by which SPS accelerates the reaction kinetics is currently unknown, but is thought

to be caused by SPS rapidly regenerating the excited riboflavin state [90].

3.2.2 Material Characterization
Stress & Strain

To mechanically characterize a material and its properties we have to study how it responds to
different applied forces. In general, there are three types of forces that are relevant for this thesis:
tensile, compressive, and shear (Figure 3.3). Tensile forces act to elongate or stretch a material in
the direction of the applied force and decrease its cross-sectional area. Compressive forces act in
the direction opposite to tensile ones, resulting in decreased length and increased cross sectional
area. Shear forces are applied parallel or tangential to the face of a material, causing the material
to slide over itself and deform at constant volume.

To derive relevant expressions describing the behavior of materials under these forces, we
can start by studying the materials elasticity, or its ability to return to its original size after a
deformation. For an applied uniaxial tensile/compressive force on a material, we can define a

characteristic extensional stress o as

F,
== 1
7 A, (3.1)

where F), is the applied force in the Z direction, and A, is the cross sectional area of the material
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Figure 3.3: Rectangular objects subjected to shear forces (A), and uniaxial tensile and compressive
forces (B).
normal to the Z direction to which the force is applied [92]. This quantity provides an intensive
measure of the force applied to the material in units of N/m?, known as the Pascal (Pa). We also
define a characteristic (dimensionless) extensional strain e of the material, an intensive measure

of deformation under a load, by

AZ

> (3.2)

€ =

where AX is the change in length of the material under load, and Xj is the materials natural
length. Note that stress and strain are second-rank tensor quantities, & and €; here the scalar

characteristic extensional stress and strain are diagonal components of these tensors: o = (E)m

and € = (E)m

We can now use the relationship between stress and strain to understand and classify the
mechanical behavior of materials. An ideal elastic material exhibits a linear relation between
extensional stress and strain:

o = Fe (3.3)
where F, the slope of the function, is the Young’s modulus for uniaxial extensional deformations
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[93]. The Young’s modulus of a material represents how easily the material will deform under an
applied compressive or tensile stress, and has units of Pa. It is important to note that above a
critical value of stress, an elastic material reach its yield point, beyond which it will no longer
deform in a linear way and return to its original state.

Alternatively, for an applied shear force on a material, we can define a characteristic shear

stress o as

F,

where F), is the applied force in the 2 direction acting on a surface of area A, normal to the 2

direction [92]. We also define a characteristic (dimensionless) shear strain v of the material by

V= (3.5)

where AX is the net displacement of the material parallel to the force on the top surface, and H
is the nominal thickness of the material. In this case, the scalar characteristic shear stress and

strain are off-diagonal components of the stress and strain tensors: o = (E)xy and v = (E)xy. As

before, an elastic material exhibits a linear relation between shear stress and strain:
o=Gy (3.6)

where G is the shear modulus.
Materials may also behave as liquids. For ideal (Newtonian) viscous materials under shear

deformation, a linear constitutive relationship between stress and strain rate holds:

where 7 is the shear viscosity of the liquid and # is the shear strain rate.
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Viscoelasticity

Of course, what was written above only applies for materials that are perfectly elastic or viscous.
For viscoelastic materials, their stress response will reflect a combination of elastic and viscous
properties. When a stress is applied, the elastic portion of the material responds immediately
by storing energy from the deformation, and then releasing it when the stress is removed. For
the viscous component, the added energy is dissipated through internal friction, which takes time
[93]. The combination of these components then causes a nonlinear stress-strain curve during
loading and unloading, and also causes there to be a delay between the stress and strain curves
as a function of time (Figure 3.4).

To derive relevant quantities for viscoelastic materials, we can start with the simplest model,
the Maxwell model, which describes a spring (the elastic component) in series with a dashpot (the
viscous component) [92]. Here, we illustrate this for the case of shear deformations. This model

is described with the following differential equation

o+ 16 =n% (3.8)

where 7 = 1/G is known as the Maxwell relaxation time. Equation 3.6 has a general solution of

the form

o(t) =" / t e~/ (N dt! (3.9)

However, this model only describes materials that have a single relaxation time, which does not
accurately describe the majority of viscoelastic materials [92]. To account for this, the Maxwell
model can be extended to include materials with a finite number or continuum of relaxation
times. To do this, we define a continuum function, H(7), which represents the distribution of
all relaxation times for the material. Integrating over H(7)dr would then account for all of the
Maxwell elements inside the material contributing to its behavior. We can thus rewrite expression

3.9 using this as

o(t) = /O ©H(T) [ / " e yar] dr (3.10)
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Figure 3.4: A: A loading cycle applied to a perfectly elastic material. The second plot shows the
stress and strain functions as functions of time, where they are in phase with 6 = 0. B: A loading
cycle for a viscoelastic material showing visible hysteresis in the cycle. The next plot shows the
stress and strain curves with a noticeable phase difference ¢ > 0.
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One can now introduce the stress relaxation modulus of the system G(t), defined by

G(t) = /O h @et/w (3.11)

which we can then use to rewrite the stress in a general form for linear viscoelasticity as

o(t) = /t G(t —t")y(t")dt'. (3.12)

—0o0
where the relaxation modulus G(t) may come from more general models for viscoelastic materials.
To study a viscoelastic material, cyclic testing is often done, where the material experiences

an applied strain at a fixed amplitude and frequency,
7 = 0e (3.13)

where v is the amplitude of the strain, w is the frequency, and t is time. For small amplitude

strains, resulting cyclic shear stress o(t) has the form:

o(t) = oo’ (3.14)

For small strain amplitudes, the formal relation between cyclic stress and strain can be obtained

by using the form of (¢) from Eq. 3.13 in Eq. 3.12
¢ o
o (t) = iwo / Gt — )™ dt’ = G*(w)r (1) (3.15)
where the complex shear modulus G*(w) is defined by
G*(w) = iw/ G(u)e “du = G'(w) + iG"w) (3.16)
0

Here, G' = Re(G*) is the storage modulus and G” = Im(G*) is the loss modulus. The storage
modulus is a measure of the elastic properties of the viscoelastic material, while the loss modulus

is a measure of dissipation in the deformed material.
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Alternatively, we can characterize the viscoelastic properties of a material using the the phase
angle 6 between stress and strain in a cyclic deformation protocol. By inserting Eqs. 3.13 and

3.14 into Eq. 3.15 and using elementary trigonometric identities, one obtains:

G* = ? (cos(d) +isin(d)) = G' + G” (3.17)
0

Thus, we may conclude that the storage and loss moduli, respectively, can be written

G = ‘Z—g cos(6), (3.18)
G" = 2% in(s) (3.19)
-z _

The phase angle can then be used to further classify the material. For an ideal elastic material,
0 = 0, resulting in G” = 0, and the stress and strain are in phase. For an ideal viscous material,
0 = 90° resulting in G’ = 0, and the the stress and strain are 90° out of phase. When the phase
angle is between 0° and 90°, the material is viscoelastic, and can then be classified further as a
viscoelastic solid or a viscoelastic liquid [94, 92]. For a viscoelastic solid we have the condition
that 0° < § < 45°, and for a viscoelastic liquid we have that 45° < § < 90° [94, 92].

The analysis for the viscoelastic response of a material to cyclic uniaxial compression/extension
follows closely the case of cyclic shear deformation above. The principal results are those of Egs.
3.12-3.19, with v — e and G — E.

To experimentally determine the viscoelastic properties of materials under cyclic deformation,
we employed two standard rheology techniques. For the case of cyclic shear deformation, we used
a rotational rheometer, in which a sample contained between two parallel plates is subjected to
oscillatory rotation of the top plate while the bottom plate is held fixed (Fig 3.5A). The angular
displacement and torque of the top plate as a function of time are recorded and used to infer
the cyclic shear strain v(¢) and stress o(t) in the sample. For the case of cyclic compressional
deformation, we used a dynamic mechanical analyzer (DMA), in which a sample contained between
two parallel plates is subjected to oscillatory compression by the up and down motion of the top

plate while the bottom plate is held fixed (Fig 3.5B). The vertical displacement and force applied
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by the top plate as a function of time are recorded and used to infer the cyclic compressional

strain €(t) and stress o(¢) in the sample.

A B

— Top Plate
— Top Plate Sample
— Sample
— Bottom Plate — Bottom Plate

Figure 3.5: A: A representative drawing of a typical rotational rheometer setup with the sample
sandwiched between an upper and lower plate. B: A representative drawing of a typical DMA

setup with the sample sandwiched between an upper and lower plate.

In either case, two typical rheology protocols involve frequency and strain amplitude sweeps.
Frequency sweeps measure complex moduli of the material as a function of the frequency of
oscillation. Low frequencies test the material’s ability to handle an applied force over large time
scales, while high frequencies test the materials strength over short time scales. These tests are
normally performed with a constant strain amplitude, specifically in its linear viscoelastic regime
(LVER), where the material does not undergo any permanent deformation. Strain amplitude
sweeps measure complex moduli of the material as a function of the applied cyclic strain amplitude
at a constant frequency and test the materials ability to resist deformation with changing strain

amplitude, allowing the mapping of the boundary of the LVER.

Atomic Force Microscopy

To characterize the substrates with a gradient in stiffness, we can no longer utilize the techniques
that were described in previous section, as those were used to describe the bulk properties of
homogeneous materials. For these, we may instead utilize atomic force microscopy (AFM), to
characterize the spatial gradients. This technique utilizes a cantilever with a tip that is used to

probe the surface of the material (Figure 3.6A), a process known as force spectroscopy. To make
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force measurements of the sample, the AFM probe is first moved into position above the sample,
and then lowered until it is in contact. The system utilizes a laser focused on the back of the
probe where light reflects off and into a photodetector. This quantity is known as deflection,
and it utilizes the position of the reflected light on the photodetector to measure the bending or
displacement of the AFM probe. This data is then sent into a feedback system, which utilizes a

piezoelectric stage to keep the AFM probe at a fixed height with respect to the sample.

A Feedback B

System

Laser

Q
(@]

Photo o) 1
L

detector Cantilever

&tip . €=
R | .
Sample Distance

Figure 3.6: A: A schematic showing an AFM probe performing a measurement on a sample with
the feedback system. B: A typical force distance curve for a soft sample showing the adhesive
forces pulling the probe back towards the sample during retraction. The AFM probe approaching
the sample is shown in red, while retraction is in blue.

To determine the modulus of the material, the AFM makes small indentations into the sample,
where it can then record the force the sample exerts on the probe as a function of indentation
depth [95]. This data can then be plotted and fit with a model to determine the modulus at that
point on the sample. In Figure 3.6B, a typical force distance curve for a soft material is shown. In
this figure there are five steps. In the first step, the probe approaches the sample. In the second
step, the tip snaps into the sample, generally due to attractive interactions between the tip and
sample. In the third step, the tip indents further into the sample, and the repulsive force exerted
by the sample grows. In the fourth step, the maximum indentation depth has been reached, and

the tip is now lifted away from the sample. In the final step, adhesive interactions between the
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sample and tip attempt to pull the tip back down, until it is finally able to return to its original
position above the sample.

To fit the data and determine the modulus of the sample in that local area, the Hertz model
is commonly used [96]. This model was originally derived under the assumption that the tip was
a sphere, and the sample is homogeneous and linearly elastic [97]. For an AFM probe that makes
an indentation of depth h with a spherical tip of radius R, the resulting force curve can be fit with

the following expression
4 F

T 31— 12

F RY2p3/2 (3.20)

where E is the Young’s modulus of the sample and v is Poisson’s ratio [96]. Furthermore, this
expression also assumes that the indentation depth is much smaller than the radius of the probe.
For biological samples, which are often viscoelastic, the assumptions made for this model may
not hold. However, the model has been shown to be accurate so long as the indentation depth is
not greater than 10% of the sample thickness and >200nm [98, 99, 100]. Even so, modifications
to this model have been made to describe different tip geometries. For soft samples, cone or
pyramidal tips are often used as they offer higher spatial resolution than spherical tips, but still
have some curvature at the tip that minimizes damage to the sample. For these tips, the Sneddon
model was developed as an extension to the Hertz model, and accounts for the cone or pyramidal
tip shape [96, 101]. This model can be fit to data utilizing a tip with a half angle 6 with the

following expression
F = zEta—n(Q)h{ (3.21)

T 1—0v?
with the following expression used to calculate E:

(1l —1v?)F

_T ' 22
2 h2%tanb (3-22)

Besides the geometry of the tip, other factors including the frequency and spring constant of
the AFM probe are important when performing force spectroscopy. The frequency of an AFM
probe is its resonant frequency, and is important when using the alternating contact (AC) AFM

imaging mode. This mode drives the probe at frequencies close to its resonant frequency to probe
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the sample at a high rate, minimizing the contact time with surface of the sample. However,
contact mode imaging is required for force spectroscopy, so the spring constant is of the probe is
more important. The spring constant is a measure of how stiff the AFM probe is in units of N/m,
and describes how much force is required to stretch or compress the spring. For soft samples, a
low spring constant is essential, as it will minimize the force required to deform the cantilever and
probe the sample. If the spring constant is too high, then the sample may become damaged.
The final parameter that must be accurately chosen for data fitting is the Poisson ratio (v),

described in the expression below

UV =

(3.23)

€q
where ¢, and ¢, denote the transverse and axial strain respectively. This constant is the ratio of
transverse strain to axial strain in a stretched elastic body, offering a measure of the volumetric
change as a material is compressed or stretched [102]. In many studies related to force spectroscopy
on viscoelastic materials, this value is often assumed to be equal to 0.5, meaning that the material is
incompressible. However, this may not be entirely accurate in many systems [103]. Polyacrylamide
hydrogels have been found to have a Poisson ratio around 0.4 [104], and collagen hydrogels have
been found to have a value between 0.35 and 0.45 [103, 105]. For perfectly elastic materials, where
stress and strain are linearly related v can be obtained from the shear and Young’s moduli [102]
by:

2G

= — —1 3.24
y== (3:24)

However, this expression does not necessarily hold for viscoelastic materials, which often have
nonlinear stress-strain relations. So, to calculate the Poisson ratio for a viscoelastic material, both
the elastic and shear moduli must be determine in regimes of linear viscoelasticity. In particular,
elastic moduli should be determined in a region with low hysteresis, often at low strain amplitudes.
In practice, these moduli can be determined from the LVER, where their values are independent

of strain amplitude.
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3.3 Methods

3.3.1 Materials

EDC, NHS, riboflavin 5-monophosphate sodium salt hydrate, SPS, genipin, 99% (3-
Aminopropyl)triethoxysilane (APTES), 50 wt.% glutaraldehyde solution in water, silanization
solution I (5% (dimethyldichlorosilane in heptane), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES), 2-(N-Morpholino)ethanesulfonic acid hydrate (MES), acrylamide, and N,N’-
Methylenebis(acrylamide) were supplied by Sigma-Aldrich (Oakville, Ontario, Canada). 1X Phos-
phate buffered saline (PBS) was obtained from Gibco (Grand Island, NY, USA). Custom molds
for hydrogel fabrication were created using Teflon sheets from McMaster Carr. PNP-TR-Au gold
coated silicon nitride AFM probes were obtained from Nanosensors. A LZ4-40U600 UVA LED
(365nm) was used for photocrosslinking. GYQ, GYQ-RGD, VB, and VB-RGD lyophilized colla-
gen protein for UV and chemical crosslinking was synthesized by Dr. Fan Wan at the University

of Ottawa.

Stock Solutions

Collagen solutions were prepared by dissolving lyophilized protein into 1X phosphate buffered
saline (PBS) at the desired concentration. Stock solutions were prepared with only 80% of the
desired final volume of PBS to allow for the subsequent addition of crosslinking agents and any
extra PBS required to bring the solution to the final target concentration. These solutions were
then vortexed, and left in a 4°C fridge until required. Stock solutions of riboflavin, SPS, were
prepared in PBS at concentrations of 20mM and 50mM respectively, with the riboflavin solution

requiring brief sonication to dissolve the solute.

Glass Coverslip Functionalization

18mmx18mm glass coverslips were first sonicated for 30min in acetone, and then washed several
times with distilled water. Half of the coverslips were then silanized with a 5% dimethyldichlorosi-

lane solution, to create the hydrophobic top coverslips for hydrogels. The other half were then
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immersed in a solution of 0.1M NaOH for 1min. The coverslips were then air-dried, and sub-
sequently immersed in a 5% solution of APTES in water for 15min. Each coverslip was then
washed 20 times with distilled water to remove excess APTES. If any excess APTES is present,
then an orange precipitate will form and the procedure must be restarted from the beginning.
Following this, the coverslips were then covered with a 0.5% solution of glutaraldehyde in water.
The functionalized coverslips were then used immediately or sealed under argon gas for up to one

week.

Homogeneous Hydrogel Fabrication

For photocrosslinking, a small volume of riboflavin solution was added to the protein solution to
the desired concentration. A small volume of SPS and PBS were subsequently added if required
to reach the final concentration. This solution was then vortexed, and cast into a Teflon mold for
crosslinking. The mold was then placed 10cm below the UV LED and irradiated for the desired
amount of time. For chemical crosslinking, the desired amount of EDC, NHS, and or genipin were
added to the protein solution kept at 4°C and thoroughly mixed. EDC and NHS were always
added in an equimolar ratio. It is important to keep the protein solution cold during this process,
as EDC/NHS crosslinking will begin immediately once introduced. Hydrogels to be used for
rotational rheology or DMA were then cast into molds and allowed to crosslink overnight at 4°C
shielded from light. Hydrogels for AFM were cast onto glutaraldehyde-APTES fixed coverslips
and a hydrophobic coverslip was then placed on top to create a thin, flat layer of solution between
the glass. Once crosslinked, the top coverslip was then removed, and PBS was added to the top

to keep the sample hydrated.

DMA

DMA measurements were performed using a CellScale Univert mechanical testing system. All
samples were first placed on the bottom plate, and then top plate was brought into contact with
the sample to determine its initial position. This was determined by reading the live force display

and recording when a positive normal force was measured. Tests were performed at a constant
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frequency of 0.1Hz, under a compressive strain amplitude of 5%. This region was chosen as within

this range the deformation of the samples is a linear function of applied force.

Rheology

An Anton Paar Physica MCR301 rheometer was used with a parallel plate configuration for all
rotational rheological measurements. Hydrogels were glued to the surface of the top and bottom
plates to prevent the sample from slipping. Frequency sweeps from 0.1 to 10 rad/s were performed
to determine frequency dependence, while amplitude sweeps from 0.01% to 100% strain were done

to determine the linear viscoelastic regime (LVER) at an angular frequency of 1 rad/s.

AFM

An Asylum Research MFP-3D-BIO AFM from Oxford Instruments was utilized to characterize
the modulus gradients in hydrogels. Measurements were conducted using PNP-TR-~Au pyramidal
tip AFM probes. Initially, the AFM probe was calibrated to determine its spring constant. This
calibration involved performing a single force curve on a hard calibration surface to determine
the Inverse Optical Lever Sensitivity (InvOLS). This value relates the voltage change of the piezo
driver to the displacement of the AFM probe in units of V/nm, thus allowing the displacement of
the tip to be accurately monitored. Following this, the thermal calibration method was employed.
By measuring the power spectral density of these thermal fluctuations, this method calculates the
MSD of the cantilever’s end. The spring constant k of the cantilever is then derived by relating
the MSD to the thermal energy using the equipartition theorem. Following this, the calibration
surface was then replaced with the sample, which is in an aqueous environment. The AFM probe
was then lowered into the sample environment, and allowed to thermally equilibrate for 1 hour.
The thermal method was then repeated, this time to recalibrate the InvOLS. When submerged in
water, the frequency of the probe will change due to its interactions with the surrounding liquid,
thereby changing the InvOLS.

Once calibration was complete, the AFM probe is lowered to the sample, and the sample

is moved to the desired location. Figure 3.7 below shows qualitatively the description of the
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following procedure. For the gradient hydrogels, the hydrogel was divided into a 10mm x 10mm
grid, and the force map feature found in the AFM software Igor was used to take measurements.
This feature takes individual force indentation measurements over a defined area, with an area of
100pum x100pm used for this analysis. Along the central y coordinates between 4mm-6mm, two
force maps were taken in each 1mm step (dark grey squares), and all other Imm steps had 1 force
map (light grey squares). 2 force maps were taken in the middle as this is where the majority of
the cell imaging would be done in later chapters. Perpendicular to the gradient direction, only one
force map was obtained per mm. Each force map is further subdivided into a 5x5 grid with 1 force
curve taken every 20 pum for 25 in total. Each force curve is then fit using Sneddon’s modification
of the Hertz model to determine the Young’s modulus (F), and then all values are averaged
together. The average modulus was then in one plotted in 1 of the Immxlmm squares on the
heatmap to show the variation in substrate modulus across the material. To calculate the laterally
averaged modulus (E), the effective modulus values obtained from each of the 10 force maps, taken

perpendicular to the gradient, were averaged together. The Poisson ratio was calculated using

Equation 3.22; utilizing the elastic and shear moduli derived from the homogeneous samples.
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Figure 3.7: A qualitative representation of the AFM procedure. Hydrogels are subdivided into a
10mmx10mm grid, each of which has 2 force maps (dark grey), or 1 force map (light grey). Each
force map is then subdivided into 100pmx100um section which have 25 individual force curves
performed within them. The modulus value plotted on the heatmap is then the average of all the

force curves analyzed in that region.

3.4 Results and Discussion

We start by first determining the moduli of the protein hydrogels using DMA and rotational
rheometry, to establish a baseline of the absolute range of stiffness we can obtain by altering the

crosslinking method. Both versions of the collagen protein were tested, with and without the
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addition of RGD. However, the insertion of the RGD sequence does not impact the chemical sites
used for crosslinking, so there is a negligible difference in their mechanical properties. As such,
the results for the version without RGD (VB), are shown below. Subsequently, we then explore
the creation of stiffness gradients where we utilize photocrosslinking with masks and the diffusion

of chemical crosslinkers.

3.4.1 Homogeneous Moduli Substrates
Riboflavin / SPS Substrates

The first method of crosslinking used to create homogeneous substrates was photocrosslinking
with riboflavin using the GYQ protein with tyrosine residues. To characterize these materials,
DMA tests were done at a frequency of 1Hz, with a strain amplitude of 10%. Rotational rheometry
frequency and amplitude sweeps were also done to determine the frequency dependence and the
LVER, as shown in Figure 3.8. Table 3.1 provides a summary of the storage moduli obtained
from DMA and the rheology tests. The shear storage moduli reported in the table are the average

values obtained the LVER of each tested sample.
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the LVER is consistently between 0.1% and 1% for each of the tested samples.
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Figure 3.8: Frequency (A) and strain amplitude (B) sweeps of 2.5% and 5.0% protein hydrogels

photo-crosslinked with riboflavin (Rf) and SPS. All plots are the average of N = 3 samples.

tested range between 0.1rad/s and 10rad/s. In Figure 3.8B, amplitude sweeps at lrad/s show

only riboflavin for photocrosslinking resulted in a very weak gel, with storage moduli of only
E’ = (760 £ 60)Pa and G’ = (260 4 80)Pa for a riboflavin concentration of 0.4mM. Increasing the
concentration of riboflavin to 0.8mM resulted in a minimal difference in the hydrogel moduli. The

concentration of protein was then increased to 5.0%, and the storage moduli did increase, but not

The use of



2.5% Protein

5.0% Protein

Crosslinker E’ (Pa) G’ (Pa) | E’ (Pa) G’ (Pa)
0.4mM Rf 760 £ 60 260 = 30 | 1350 £ 130 470 £ 90
0.8mM Rf 780 £ 60 270 £ 30 | 1400 £ 130 500 = 90
0.4mM Rf + 2mM SPS | 9200 4+ 300 | 3100 £ 200 | 33000 4+ 1400 | 11500 £ 700
Poisson ratio (v) 0.46 £ 0.02 0.43 £ 0.02

Table 3.1: The shear and compressive storage moduli for GY(Q protein hydrogels are shown for
different concentrations of riboflavin (Rf) and SPS. All gels were irradiated with 365nm UV light
for 10 minutes to ensure complete crosslinking. The results shown are the average of three samples.
The Poisson ratio is the average of all samples for that concentration.

2.5% Protein 5.0% Protein
EDC / NHS Concentration | E’ (kPa) | G’ (kPa) | E’ (kPa) | G’ (kPa)
0.5% 1.5+£02 |05+02|56+04 | 1.9£0.3
1.0% 3.0+02 [124+£02]151£05|52£05
2.5% 98+05 [34+£04]516+19|181£1.2
5.0% 189 £08 6.5 x£0.5]90.5£3.1 | 31.7 £ 1.7
10.0% 2524+ 1.1 | 87407102 +4 35.3 £ 2.1
20.0% 26.8 1.3 |91 £0.7 | 111 £ 5 382 £+ 2.6
Poisson ratio (v) 0.46 + 0.02 0.45 + 0.01

Table 3.2: The shear and compressive storage moduli for VB protein hydrogels are shown for
equal concentrations of EDC & NHS. All samples were allowed to crosslink for approximately 24h
at 4°C to ensure complete crosslinking. All moduli are the average of N = 3 samples, and the
Poisson ratio is the average of all samples with the same protein concentration.

by a large amount for the samples with only riboflavin. However, when SPS was introduced into
the system, the moduli of the hydrogels had a dramatic increase for the same amount of riboflavin,
with the 2.5% sample now having storage moduli of £’ = (9200+300)Pa and G’ = (3100+200)Pa
and the 5.0% sample having storage moduli of £’ = (33000 & 1400)Pa and G’ = (11500 £ 700)Pa.
These results show that this crosslinking system can theoretically create a large range of moduli

for creating gradient stiffness substrates. Furthermore, the calculated values of v of 0.46 £+ 0.02

and 0.43 + 0.02 are consistent with values calculated for similar protein hydrogels [103].

EDC/NHS Substrates

Substrates were created using equal ratios of EDC/NHS to crosslink the VB protein. Results
summarizing the storage moduli of 2.5% and 5.0% hydrogels are shown in Table 3.2, along with

frequency and amplitude sweeps in Figure 3.9.
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Figure 3.9: Frequency (A) and strain amplitude (B) sweeps of 2.5% and 5.0% protein hydrogels
chemically crosslinked with EDC and NHS. The average of N = 3 samples are plotted for each
curve.
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As shown, the use of EDC and NHS to chemically crosslink the VB protein resulted in a
large range of compressive storage modulus between E’ = 1.5kPa and E’ = 111kPa, depending
on the concentration of crosslinkers and protein. For each protein concentration, these moduli
monotonically increased with the concentration of EDC/NHS crosslinkers, with a plateau around
20%. The increase in moduli between the different protein concentrations was also nonlinear, with
values of " and G’ typically being between 4-5 times larger in the 5% protein hydrogels than the
2.5% hydrogels. The calculated Poisson ratios were found to be 0.46 + 0.02 and 0.45 + 0.01 for
the 2.5% and 5.0% protein concentrations respectively. The rheology revealed similar results to
the substrates created with riboflavin. There was a minimal dependence on frequency, with the
storage moduli of the samples increasing slowly with the angular frequency (Figure 3.8A). For the
amplitude sweeps, the LVER of the 2.5% samples remained in the 0.1-1% range, while the 5.0%

samples extended beyond that, to ~ 3.0% (Figure 3.9B).
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Figure 3.10: The time evolution of the storage modulus (E’) obtained from DMA measurements
at different times. Compression tests were done with an amplitude of 5% at a frequency of 0.1Hz.
Results for 2.5% and 5.0% samples are shown in A and B respectively. All curves are the average

of N = 3 samples.

To determine the time it takes to crosslink, DMA was used at different time intervals with
different samples to see when the maximum modulus was reached, as shown in Figure 3.10. As
expected, the higher concentrations of EDC & NHS took less time to crosslink than the lower

concentrations. As well, these results show that allowing the gels to crosslink for 24 hours was
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sufficient to ensure complete crosslinking for all samples.

Genipin Substrates

The final crosslinker tested for creating cell substrates was genipin. The results for their storage

moduli are shown in Table 3.3, with frequency and amplitude sweeps shown in Figure 3.11.
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Figure 3.11: Frequency (A) and strain amplitude (B) sweeps of 2.5% and 5.0% protein hydrogels
chemically crosslinked with genipin. The average of N = 3 samples are plotted for each curve.

The rotational rheometry was also consistent with the other samples using different crosslinkers.

The storage moduli of all samples slowly increased over the tested angular frequency range from
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2.5% Protein 5.0% Protein
Genipin E (kPa) | G’ (kPa) | E’ (kPa) | G’ (kPa)
1mM 5605 | 19+03 |141£12 |48+ 1.1
2.5mM 1724+£14] 59409 |334+£18|11.3+£14
5mM 289 £22 | 98+£16 | 589 £27|203£19
10mM 503 £ 25| 171 £2.2 | 914 +£41 | 31.7£ 24
20mM 73.6 £3.7 251 £2.7 | 1487 51.2 £ 4.5
50mM 101 £6 |349+£31|225£9 78.3 £ 5.7
Poisson ratio (v) 0.46 £ 0.02 0.45 £ 0.03

Table 3.3: The shear and compressive storage moduli for VB protein hydrogels are shown for
different concentrations of genipin. All samples were allowed to crosslink for 36 hours at 4°C. All
calculated values are the average of N = 3 samples, and the Poisson ratio is the average of all

values calculated for each protein concentration.

0.1-10 rad/s. Furthermore, the LVER of the 2.5% samples was once again between 0.1-1%, while
the 5.0% samples extended a bit beyond this, to about 3.0%. The Poisson ratio for these samples
were also identical to the samples crosslinked by EDC and NHS, at 0.46 4+ 0.02 and 0.45 4+ 0.03
for the 2.5% and 5.0% concentrations respectively. Following this, the dependence of the storage
moduli of 2.5% and 5.0% samples on genipin concentration and time were also determined, as

shown in Figures 3.12 and 3.13.
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Figure 3.12: The storage moduli of 2.5% and 5.0% samples as a function of genipin concentration.

Genipin Concentration (mM)

The average of N = 3 samples are shown for each curve.
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Figure 3.13: The storage moduli of 2.5% and 5.0% samples as a function of time. The average of

N = 3 samples are shown for each curve.

Of the tested crosslinkers, genipin created the strongest hydrogel. At low molar concentrations,
it was capable of producing hydrogels with moduli larger than the previously tested crosslinkers.
The maximum modulus seemed to be achieved around a concentration of 50mM for both protein
concentrations studied, as shown in Figure 3.12. However, genipin did take considerably longer
to react than the other methods, as shown in Figure 3.13, where it took upwards of 36 hours for
the modulus to reach a plateau for both of the tested protein concentrations. Ultimately though,
the ability to produce substrates of higher moduli than the other crosslinkers made it the key
crosslinker for producing a wide range of moduli. By varying the protein & genipin concentration
and the crosslinking time, substrates of compressive storage modulus between 5.6kPa and 225kPa

could be fabricated, larger than the range possible with the other crosslinkers.

3.4.2 UV Light Gradient Modulus Generation

Following the characterization of the homogeneous modulus substrates, the focus then turned to
fabricating gradient modulus substrates using the crosslinkers from the previous section. The first

method of creating gradient modulus substrates utilized a printed filter with a greyscale gradient
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printed onto it with a range of 0-70%. A protein solution would receive a variable dose of UV
light when the filter was placed on top. To do this, the protein solution was cast onto a glass
coverslip, where it was then sealed off with a cover to prevent evaporation. The filter was then
placed over the solution on top of the cover, and placed underneath the UV diode at a distance
of 10cm. The protein solution was then irradiated for 10 minutes, which then created a gradient
in the substrate modulus as every area of the solution received different doses of UV light. The
results for a 10x10mm sample at 2.5% and 5.0% protein solution with 0.8mM riboflavin and 2mM

SPS are shown in Figure 3.14.
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Figure 3.14: Heatmaps and the average modulus perpendicular to the gradient (F) for 2.5% and
5.0% samples crosslinked with 0.4mM riboflavin and 2mM SPS with a 0-70% filter and 10 minutes
of exposure. A: The heatmap for the 2.5% sample. B: E vs distance for the sample in A. C: A

heatmap for the 5.0% sample. D: E vs distance for the 5.0% sample in D.

As shown, a gradient in substrate modulus was successfully created utilizing photocrosslinking
with riboflavin and SPS. Substrates were created that had a gradient in their modulus of ap-
proximately 0.9Pa/um and 3Pa/um for the 2.5% and 5.0% substrates respectively. As well, this
method also resulted in linear gradients from the soft to stiff end of the hydrogel, as shown in
Figure 3.14 B and D, which shows the average modulus over the 10mm range perpendicular to
the gradient. Another concern when creating gradient substrates is simultaneously generating a

significant height differential between the opposite stiffness ends of the substrate. This is due to
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the differences in swelling that can occur in hydrogels of different moduli. For a hydrogel with a
low degree of crosslinking, there are fewer bonds between the polymer chains, allowing more space
for water molecules to penetrate and interact with the polymer network. The polymer chains can
move thus more freely, resulting in greater water absorption and swelling. While the opposite
would be true for hydrogels with more crosslinking, as the polymer chains would have more bonds
restricting their movement thus allowing less water into the gel. To confirm that there were no
significant height differences throughout the hydrogel, we used the AFM to measure the height of
the sample from the stiff to soft end of the samples. As shown in Figure 3.15, there is a minimal
height difference across the length of the hydrogel for both the 2.5% and 5.0% samples. This
height difference corresponds to approximately 3umy,/mm and 14pumy /mm for the 2.5% and 5.0%
samples respectively, where umy is the change in height of the substrate. This value is quite
minimal when compared to the size of an individual cell (40pm - 80um), and the distances that

they travel over the course of 24 hours (100-500um).
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Figure 3.15: The height differential from the stiff to soft end of 2.5% and 5.0% hydrogels created

by photocrosslinking.

The final test with these substrates was to compare their moduli at room temperature and at

37°C, as this is the temperature they would be at when cells are added to them. When this was
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done, we found a major issue with these hydrogels when they were placed into the cell incubator
and given time to equilibrate. After being in the incubator, the substrates seemed to melt, as the
storage modulus of the sample would decrease dramatically. The table below shows the moduli
of these substrates before and after leaving them in the cell incubator. As shown, all of the
gels created with both riboflavin and SPS would lose their strength after being in the incubator.
Interestingly, the value of the storage modulus after being in the incubator was roughly the same
as the hydrogels that had been made with only riboflavin. This behavior indicates that the
incubator environment was disrupting the crosslinks created by the SPS, but not those created by
only the riboflavin. This result leads us to believe that there is an additional transient crosslinking
mechanism for SPS does not involve formation of dityrosine bonds, as these are strong covalent
bonds that would be unlikely to break by the increase in temperature.

To test this, we qualitatively observed what would happen if SPS was added to a protein
solution without riboflavin and exposed to UV light. When we did this, there was no noticeable
crosslinking. However, when SPS was added to a protein solution and incubated overnight, the SPS
crosslinked the hydrogel without any UV light. When this hydrogel was added to the incubator,
it would then irreversibly melt. This indicates that the SPS was crosslinking the protein on its
own, rather than enhancing the activity of the riboflavin photocatalyst. This result was further
corroborated by adding riboflavin and SPS to 0.4% (m/V) Type 1 rat tail collagen and exposing it
to UV light. Normal collagen does not contain many tyrosine residues, and thus if riboflavin / SPS
crosslinking worked by forming dityrosine bonds, then they would be very minimal crosslinking
with this collagen, especially due to its low concentration. However, the opposite occurred, and a
crosslinked gel formed, which would then irreversibly melt when placed into the cell incubator.

Other means of stabilizing these hydrogels after UV exposure were tested, however they either
did not stop the breaking of the SPS crosslinks or they would remove the gradient generated in
the substrate. Due to this, the use of riboflavin and SPS as crosslinkers had to be abandoned and

other options were explored.
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3.4.3 Diffusion Based Gradient Generation
EDC/NHS Diffusion

With the generation of gradients by photocrosslinking no longer a reliable option, we then explored
using the chemical crosslinkers EDC and NHS to create stiffness gradients. For these substrates,
we used the protein VB as GYQ was no longer required. We began by creating a protein solution
with equal concentrations of EDC and NHS, then cast it onto glass coverslips. This was allowed
to crosslink overnight, forming a soft, uniform modulus hydrogel. Following this, we introduced
a reservoir of concentrated EDC/NHS solution, allowing it to diffuse through the hydrogel to
create a stiffness gradient. The first aspect of this method we tuned was the diffusion time. To
halt crosslinking, the reservoir was removed, and the sample was quickly rinsed multiple times to
remove excess EDC and NHS.

Figure 3.16 shows the time evolution of multiple 5% VB hydrogels crosslinked by EDC and
NHS diffusion. These hydrogels were first crosslinked with 0.5% EDC and NHS and allowed
to crosslink overnight before adding a 20% EDC/NHS reservoir. Each plot represents a separate
sample at different times. The curves shown are the laterally averaged modulus along the hydrogel

perpendicular to the gradient. Table 3.4 summarizes the results for these gradient substrates.
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2.5%
Time (h) | Soft Region (kPa) | Stiff Region (kPa) | Gradient Strength (Pa/um)
3 2 11 1
6 3 17 1.4
9 d 22 1.5
12 7 29 1.8
5.0%
Time (h) | Soft Region (kPa) | Stiff Region (kPa) | Gradient Strength (Pa/pum)
3 8 51 5
6 9 70 10
9 15 98 15
12 17 115 20

Table 3.4: 2.5% and 5.0% substrates created through EDC/NHS diffusion. Samples were homo-
geneously crosslinked with 0.5% EDC/NHS, with the gradient created with a 20% reservoir. The
gradient strengths are obtained from a linear regression in the linear regions of the samples.

As shown, this method creates gradient substrates with nonlinear gradients. At the stiffer end,
the modulus gradually increases until it reaches a plateau at longer diffusion times. At the soft
end, the modulus increases at a slower rate. This behavior likely occurs because the diffusion of
the crosslinkers from the stiffer end slows as the sample becomes more crosslinked. This gradually
slows the diffusion of the crosslinkers to the soft end over time. However, the regions from the
soft end towards the middle are approximately linear, allowing us to halt the diffusion of the
crosslinkers and study cell motion in these linear regions. By performing a linear regression in
these linear regions, we achieve different gradient strengths between 5 Pa/pum and 20 Pa/pm,
depending on the diffusion time. While the region available for studying cells becomes smaller
with higher gradient strengths, it remains sufficient for most studies. One issue with this method
is that creating the highest gradient strength increases the modulus at the soft end to above 10
kPa, making it unsuitable for studying cell motion in the softest regions.

Following this, gradient substrates with 2.5% protein concentration were created using the
same procedure. The range of stiffness and gradient strength created by these substrates was
lower, as summarized in Table 3.4.

We also confirmed with these samples that no significant height differentials were created due
to the difference in crosslinking density across the sample. The height across the samples with the

largest change in modulus was measured in the linear gradient region to see if any large height
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differentials were present (Figure 3.17). The height average change in height across the 2.5% and
5.0% samples were found to be 5umy, /mm and 12umy, /mm respectively. These values are small,

and would be unlikely to affect a cell’s motion in any way.
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Figure 3.17: The height differential from the stiff to soft end of 2.5% and 5.0% hydrogels created
with EDC and NHS diffusion.

As summarized in Table 3.4, using a protein concentration of 2.5% created lower gradient
strengths. However, the softest regions were lower than those found in the 5% samples, allowing
for the characterization of cell motion in these soft regions. Although large gradient strengths
could not be created, these substrates enable us to establish a minimum gradient strength for

these cells and determine how cells respond to weak modulus gradients.

Genipin Diffusion

Following the use of EDC and NHS, we then attempted to create gradients with genipin due to
its low cytotoxicity, slow crosslinking rate, and the large range of moduli it could create. These
samples were created using a similar method as the EDC/NHS samples. The samples were first

crosslinked with 0.5% EDC/NHS and allowed to crosslink for 24 hours at 4°C. A concentrated

genipin reservoir was then introduced at one end, and allowed to diffuse through the sample. The
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results of 5.0% samples with a 50mM genipin reservoir are shown in Figure 3.18. Due to the slower
reaction rate of genipin, measurements were done on the samples at 6 hour intervals. A summary

of the results from the 2.5% and 5.0% samples are shown in Table 3.5.
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Figure 3.18: The time evolution of genipin crosslinker diffusion through 5% samples with a 50mM
reservoir. AFM Heatmaps of samples after 6, 18, and 30 hours are shown in A, B, and C respec-

tively, with a corresponding plot of E vs time.



2.5%
Time (h) | Soft Region (kPa) | Stiff Region (kPa) | Gradient Strength (Pa/um)
6 1 14 1
12 2 21 1.5
18 3 41 3
24 4 75 8
30 6 90 10
5.0%
Time (h) | Soft Region (kPa) | Stiff Region (kPa) | Gradient Strength (Pa/pum)
6 > 25 2.5
12 7 85 10
18 8 140 20
24 9 190 35
30 11 210 40

Table 3.5: 2.5% and 5.0% substrates created through genipin diffusion with a 50mM reservoir.
Samples were first homogeneously crosslinked with 0.5% EDC/NHS, followed by the diffusion of
genipin. The gradient strengths are obtained from a linear regression in the linear regions of the
samples.

Similar to the gradients created through EDC & NHS diffusion, the resulting samples had
nonlinear behavior in their stiffness, with a plateau in their moduli occurring in the stiffer regions of
the samples. A benefit of using genipin over EDC/NHS was that larger gradient strengths could be
created. As well, the soft regions consistently had a lower modulus than the large gradient strength
samples created with EDC and NHS. This is likely due to the differences in the crosslinking
mechanisms between these samples. EDC and NHS do not integrate themselves into the final
structure of the sample, and are able to continue diffusing and crosslinking. Whereas genipin
integrates itself into the proteins structure in the final step of crosslinking, which prevents it from
diffusing afterwards. So, with genipin crosslinking the diffusion of genipin is slowly decreasing with
time due to both the affects of the crosslinks creating a restrictive network and the concentration
of genipin available to react decreasing. We also confirmed that these substrates do not have any
significant changes in height due to differences in swelling. As shown in Figure 3.19, the rate at
which the height of the sample was increasing was minimal for each concentration, at 6umy/mm

and 13umy, /mm for the 2.5% and 5.0% concentrations respectively.
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Figure 3.19: The height differential in the linear region of the samples from the stiff to soft end

of 2.5% and 5.0% hydrogels created with genipin diffusion.

Due to the wide range of gradient strengths from 1-40 Pa/um, and the large range of absolute
stiffness that can be studied, the samples created by genipin diffusion are the best candidate for
cell motility studies. Furthermore, these substrates did not have any noticeable degradation or

structural changes when acclimated to the environment that cells require.

3.5 Conclusion

To investigate the durotactic behavior of cells, substrates are required to have a gradient in their
modulus that is discernible across the length of their body. The purpose of these studies was to
fabricate substrates that are biologically relevant to then study the durotactic behavior of cells.
To create these substrates, we first attempted to use a bio-mimetic collagen protein with
additional tyrosine residues to facilitate the formation of dityrosine crosslinks. We utilized the
crosslinkers riboflavin and SPS, that when exposed to UV light, will create dityrosine links and

form a hydrogel. By using a photomask, we successfully created linear stiffness gradients with
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different strengths. However, when they were placed into a cell culture incubator, the samples
would degrade, meaning they could not be used for cell motility experiments. While the exact
reason for this is still not clear, we hypothesize that the use of SPS created transient crosslinks
that were not thermally stable.

Following the creation of substrates using photocrosslinking, we then attempted to make sub-
strates using the diffusion of EDC and NHS crosslinkers. We utilized a high concentration reservoir
of the crosslinkers at one end of the sample, and then varied the allowed diffusion time to suc-
cessfully create samples with different gradient strengths from 1-20Pa/pum. Furthermore, these
samples are stable in cell culture environments. While the gradients were not linear from end-to-
end, all of them did have linear regions that were sufficient to study cell motion. However, the
samples with the largest gradient strengths also raised the modulus of the soft end above 10kPa.
Some cancerous cell lines have been previously shown to have the strongest durotactic motion in
regions below this value [24].

The final method for creating these substrates was the diffusion of genipin. This crosslinker
was slower to react than EDC and NHS, but it created substrates with a larger range of moduli,
up to 220kPa. Using a reservoir of genipin, substrates with a range of gradient strengths were
created from 1-40Pa/pum depending on the allowed diffusion time and crosslinker concentration,
a larger range than those created by EDC and NHS diffusion. While nonlinear behavior was
seen in the gradient, linear regions were created which could be used for studying cell motion.
Furthermore, the soft end of these samples were consistently below 10kPa. So, due to the larger
range of gradient strengths and regions of absolute stiffness, this method was optimal for creating

substrates for studying durotaxis.
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Chapter 4

Cell Motion on Homogeneous Substrates

The section of this chapter related to cell behavior on silicone substrates adapted from: Clugston,
J. Fox, S., Harden, J.L., Copeland, J. A role for the formin FMNL2 in the response of melanoma

cells to substrate stiffness, submitted to BMC' Molecular and Cell Biology.

4.1 Introduction

Cell motion has been shown to be dependent on the stiffness of the substrate they reside on. Their
morphology and motility can change depending on the mechanical properties of their environment
[106]. Previous studies have indicated that cell area, or how spread out they are, will often
increase on stiffer substrates due to the formation of focal adhesions [106, 49, 107]. As described
in chapter 2, the formation of focal adhesions is dependent on the generation of tensile forces with
the substrate, with stiffer substrates facilitating larger forces [108, 109, 8, 110]. The increase in
force generation leads to an increase in focal adhesion formation, which is often cited as the reason
for morphological changes. The dependence of focal adhesion formation on substrate stiffness
thus impacts cell motility, as the primary mechanisms for cell motion involve the focal adhesion
formation and turnover [108]. As described previously, motor clutch theory predicts that cells will
move in the direction that maximizes force generation with the substrate. In the case of positive
durotaxis, this would be in the direction of increasing substrate stiffness. However, some cells

may not achieve maximum force generation on the stiffest areas of the substrate, but rather at an
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optimal stiffness region [25], as is the case for negative durotaxis observed for cells on substrates
that are stiffer than their optimal value.

To sense their environment, cells utilize actin-based protrusions that probe their environment
in a process called mechanosensing. This process is dependent on many different proteins, and one
specific group are formin proteins. These proteins are involved in actin polymerization as well as
the formation of F-actin fibers [55, 56, 57, 58, 59]. Specifically, the formin FMNL?2 is linked to the
formation of filopodia in melanoma and other cancerous cell lines [59, 58]. Furthermore, FMNL2
is also linked to the formation of lamellipodia, and the forces they can exert on their environment
in melanoma cells [64]. These observations suggest that FMNL?2 is also linked to the formation of
cell-cell adhesion sites and focal adhesion formation [61, 62].

To shed more light on the role of substrate stiffness in melanoma cell motility, we characterized
the behaviour of A2058 human melanoma cells plated on substrates with biologically relevant
moduli. The substrates utilized were (1) fibronectin-functionalized silicone materials and (2)
bio-mimetic collagen hydrogels with sequence embedded RGD integrin binding sites. We found
that A2058 cells adopted more elongated morphologies with increased area per cell with increasing
substrate stiffness. We also found that these cells exhibit a bimodal mode of cell motility, consisting
of alternating, intermittent periods of motion and cell arrest. In particular, we found that the
cells became less motile and spent less time moving on the stiffer substrates. Interestingly, the
displacement and velocities of the cells were maximized on substrates between 2-20kPa, indicating
an optimal stiffness region. We also studied the effect of silencing the protein FMNL2 in A2058
cells. FMNL2 knockdown showed similar results, but when compared to the control cells, they
were less motile and more elongated than the control cells on the same substrate. Moreover, we
found that suppressing FMNL2 resulted in the cells on the stiffer substrates spending less time
in motion, which resulted in the average net distance travelled and displacement being smaller
than the controls. Our results are consistent with other studies in the literature that show trends
for adherent cells to become more elongated and less motile with increasing substrate stiffness
beyond their optimal region. Furthermore, the results indicate that the suppression of FMNL2

plays a role in modulating cell morphology and motility on substrates of different moduli, and
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that FMNL2 may play a role in a cells ability to initiate motion and migrate.

4.2 Methodology

4.2.1 Cell Culture

A2058 (CRL-11147) metastatic melanoma cells were obtained from the Copeland lab in the Faculty
of Medicine at the University of Ottawa. The cells were cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum. Cells were kept at 37°C' in 5% CO,. Cells were used
for experiments until passage number 12.

siRNA-mediated knockdown was performed by Sarah Fox from the Copeland lab, as previ-
ously described [59] using Dharmafectl (Horizon Discovery Ltd; T-2001-03) and the following
siRNA duplexes: FMNL2 siRNA Duplexl (IDT; hs.Ri.FMNL2.13.1); FMNL2 siRNA duplex2
(IDT; hs.Ri.FMNL2.13.2).

4.2.2 Hydrogel Preparation

Silicone substrates were obtained and prepared by Sarah Fox from the Copeland lab, as follows.
Advanced Biomatrix CytoSoft 6-well plates discovery kit #5190, consisting of an Eppendorf 6-well
cell culture plate (Eppendorf 0030.720.113) filled with 0.5mm layers of activated biocompatible
silicone of defined elastic modulus, were used for all live-cell imaging. Advanced Biomatrix Cy-
toSoft Imaging 24-well Plates 0.2kPa (#5183) and 64kPa (#5189), consisting of an Eppendorf
24 well cell imaging plate (0030.741.021) with #1.5 glass bottom filled with a ~ 0.03mm layer
of activated biocompatible silicone of defined elastic modulus, were used for fixed cell imaging.
Silicone surfaces were coated with a Fibronectin solution (bovine plasma, Sigma; F1141) at a final
concentration of 10pg/ml in DPBS (Wisent; 311-425 CL) for 1 hour at room temperature. The
fibronectin solution was removed, and the plates maintained in DPBS until the cells were added.

Homogeneous moduli collagen hydrogel substrates were prepared as described in Chapter 3.3.
After crosslinking, the hydrogels were washed in PBS three times, and then placed onto a shaker

plate with fresh PBS overnight. The following day, the hydrogels were then rinsed with PBS
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again, and then cell culture media was added and the hydrogel was placed into a cell incubator

for 3 hours prior to the addition of cells.

4.2.3 Live Cell Imaging

On the silicone substrates, live cell imaging was performed on an Incucyte S3 Live-Cell Analysis
System at 37°C at 5% COs. A 10X/NA 0.3 objective lens was used to capture phase contrast
images with a spatial resolution of 1.2um/pixel at an interval of 20 minutes for 24 hours. For the
bio-mimetic collagen substrates, imaging was performed using a Nikon Eclipse Ti-S microscope
with an in-house designed image acquisition system. A 4X and 10X lens were used to acquire

images at an interval of 10 minutes for up to 48 hours.

4.2.4 Morphology Analysis

Using the Python package OpenCV [111], the tiff stacks were first thresholded, a process where
the pixels are binarized based on their intensity, and then pixels with a value less than the defined
threshold are assigned to white, while the values above the threshold were assigned to black. The
tiff stacks are subsequently filtered using a Gaussian blur to reduce noise in the image. To quantify
the morphology of cells, the cells were first located using the opencv function “findContours”,
which identifies the boundary of objects in binarized images by looking for sharp increases or
decreases in adjacent pixel values. Following this, the function “fitEllipse” was then used to fit
an ellipse to the contours identified in the previous step. Using the contours, a mask is then
created by converting all the pixels populating the inside of the contour into a binary image. The
major and minor axis of the ellipse were then extracted and exported to a csv file, as well as the
area, perimeter, and spatial coordinates of the boundary of the mask. With these values, we can
calculate the roundness of each cell (r) as the ratio of the minor to major axis of the fitted ellipse.
We can then average over all cells on the substrate to obtain the group average roundness (R).
To calculate the Feret diameter (FD), a Python script calculates the distance between all points

around the boundary of the mask, and then extracts the maximum value.
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4.2.5 Motility Analysis

To track the cells, they were located using OpenCV'’s contour finding function, and then tracked for
the entire tiff stack with the Discriminative Correlation Filter with Channel and Spatial Reliability
(CSRT) tracker in OpenCV. This object tracking algorithm works by applying discriminative
correlation filters to different feature channels of the image (color, texture, etc) to determine their
reliability. Each channel is weighted independently of the other based off how reliable they’re
deemed to be. The tracker also learns to discriminate between the object and its background to
enhance accuracy when the background may contain distracting elements. At each time point, the
x and y coordinates of each cell along were recorded and exported as a csv file, and subsequently
analyzed to determine all motility measurements once tracking was complete. The net distance
travelled by each cell was then calculated by summing the distance travelled in each dimension.
The speed of each cell between each time step was also calculated to determine if and how fast
the cell was moving. If the speed of the cell was less than 5um/h, than it was classified as not
moving, as speeds less than this were often due to morphological changes in the cell that changed
its center of mass, and not true movement. The time spent stationary (ts) and moving (t,,) were

then calculated for each cell using this restriction.

4.2.6 Statistical & error analysis

All experimental measurements were recorded, and the mean and standard deviation (SD) of
these values were calculated. The uncertainty associated with each mean value was calculated
using the standard error of the mean (SEM). For calculating the uncertainty on measurements
using the calculated mean values, propagation of error was used to determine their associated
error. To determine statistical significance between two measured values, Analysis of Variance
(ANOVA) testing was performed to discern any statistically significant differences between the
groups. Tukey’s post hoc analysis was then performed to identify significant results between the
mean values of different groups. All statistical analyses were conducted with a pre-established

alpha level of 0.05, denoting the threshold for statistical significance.
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4.3 Results

4.3.1 A2058 Behavior on Homogeneous Silicone Substrates

Previous studies have shown that substrate stiffness can have noticeable effects on melanoma cell
morphology and motility. To more accurately reflect the in vivo environment in which melanoma
cells reside, wild type A2058 cells were plated on fibronectin functionalized silicone hydrogels
characterized by varying stiffness levels, characterized by Young’s modulus E of 0.2kPa, 0.5kPa,
2.0kPa, 8.0kPa, and 64.0kPa. FMNL2 knockdown cells were also plated simultaneously, and the

analysis below presents the data for both the control and knockdown cells.

Morphology

In both the control and knockdown cell populations, the cells adopted a more circular morphol-
ogy on the soft substrates (0.2kPa and 0.5kPa), and became progressively more elongated as the
substrate stiffness increased, shown qualitatively in Figure 4.1 A. This behavior is reflected quan-
titatively in Figure 4.1 B and Table 4.1 by the average roundness value, R, which was found to
decrease as the substrate modulus increased. R for the native A2058 cells decreased from 0.763 £+
0.002 on the 0.2kPa substrate to 0.615 + 0.001 on the 64.0kPa substrate. The FMNL2 knockdown
cells showed similar behavior, with R decreasing from 0.714 + 0.002 on the 0.2kPa substrate to
0.534 £ 0.001 on the 64.0kPa substrate. The net average roundness change, AR, defined as the
difference between the R value of the current substrate modulus and the 0.2kPa substrate value
(given in Table 4.2), becomes progressively more negative with increasing substrate modulus for
both control and FMNL2 knockdown cells.

The area (A), perimeter (P), and Feret diameter (FD), were also calculated for each cell and
averaged over the cell population to further characterize the effect of substrate stiffness on cell
morphology. All values were found to monotonically increase as the substrate got stiffer, as shown
in Table 4.1. The net average area increase, AA, between the 0.2kPa substrate and the 64.0kPa
substrate was AA= 129 £ 11 pm? for the native A2058 cells and AA= 107 £ 9pm? for the FMNL2

knockdown cells as shown in Table 4.2. Likewise, the net average cell perimeter and FD increases
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between the 0.2kPa and 64.0kPa substrates, with AP= 30.1 + 1.1pym and AFD = 14 + 0.3pm for
the native cells and with AP= 32.4 + 1.1pm and AFD = 14.2 4+ 0.2pm. The area and perimeter
increasing indicates that the cells became more spread out as the substrate got stiffer, and the
increase in FD shows that the cells became more elongated as the substrate got stiffer.

Notably, when compared to the control A2058 cells, FMNL2 knockdown cells showed smaller
values of roundness R, and larger average values of cell area A, average cell perimeter P and
Feret diameter F'D on equivalent stiffness substrates. We quantify this by defining a difference X
between FMNL2 knockdown (KD) and control cells, 6X = X, -X_,, for X=R,A,P or FD, as shown
in Table 4.3. The trends of §A decreasing (becoming more negative) and 6P and 0FD increasing
with substrate modulus further corroborates the decrease in R with increasing modulus, as these
changes indicate that the knockdown cells became more elongated than the control cells on the

same substrate.
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Figure 4.1: A2058 morphology changes across substrates with increasing modulus. 10X mag-
nification images of A2058 control and knockdown cells on 0.2kPa, 0.5kPa, 2.0kPa, 8.0kPa, and
64.0kPa substrates (A). The average roundness value for control and knockdown A2058 cells across
all substrates (B). FMNL2 knockdown cells have a lower roundness value than the controls across

all substrates.

76



Control Knockdown
Modulus (kPa) | A P (um) | FD R A P (um) | FD R
(pm?) (pm) (um?) (pm)
0.2 951 +8 | 1449+ | 441 £ ] 0763+ | 897+ 7 | 1495+ | 46.7 £ | 0.714 £
0.8 0.2 0.002 0.8 0.1 0.002
0.5 947+ 9 | 143.7+ | 442 £ 0.742+ | 910+ 6 | 1504+ | 475 £ | 0.683 £
0.7 0.2 0.002 0.9 0.1 0.002
2.0 1030 £+ | 154.74+ | 475 + | 0.704+ | 923 +£7 | 1583+ | 50.6 + | 0.633 +
8 0.7 0.1 0.001 0.8 0.2 0.001
8.0 1050 £+ | 165 =+ | 529 + | 0.663+ | 961 £6 | 171.3+ | 55.8 + | 0.583 +
8 0.8 0.1 0.001 0.9 0.2 0.001
64.0 1080 + | 175 + | 56.5 + | 0.615+ | 1004 + | 181.9+ | 60.9 =+ | 0.534 +
7 0.8 0.2 0.001 6 0.8 0.2 0.001

Table 4.1: Morphological changes in A2058 cells on increasing moduli substrates. The average
area (A), perimeter (P), Feret diameter (FD), and roundness (R) are shown for the control and
knockdown cells on each substrate. The error on each value is the standard error of the mean.

Control Knockdown
M&%‘:;ls AA AP AFD AR AA AP AFD AR
(pm?) | (um) | (um) (pm?) | (um) | (pm)
02 05 |-4+10 |-1.2 +]01 +]-0021 |13+9 |09 +]|08 =+]-0.031
1.1 0.2 + 1.2 0.1% +
0.003* 0.003*
02-20 |7 +]98 +|34 +]-0059 |26 +|88 +]|39 =+]-0.081
11% 1.1% 0.2% + 10% 1.1% 0.2% +
0.002* 0.002*
02-80 |99 +]201 + |88 +]-0.100 |64+9* 218 + |91 =+ |-0.131
11% 1.1% 0.2% + 1.2% 0.2% +
0.002* 0.002%*
02-64.0| 129 =+ |30.1 =+ | 124 =+ |-0.148 |107 =+ |324 =+ | 142 =+ |-0.180
11% 1.1% 0.3% + g 1.1% 0.2% +
0.002* 0.002*

Table 4.2: Net morphological changes of control and knockdown cells between the 0.2kPa substrate
and 0.5, 2.0, 8.0, and 64 kPa substrates for average area (AA), perimeter (AP), Feret diameter
(AFD), and roundness (AR), *p<0.0001.
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1\/1((1){(11:};1)118 SA (um?) OP (um) OFD (um) R
0.2 -b4 + 11* 4.6 + 1.1% 2.6 + 0.2% -0.049 + 0.003*
0.5 -37 + 11* 6.7 + 1.1* 3.3 + 0.2% -0.059 + 0.003*
2.0 -107 + 11* 3.6 + 1.1% 3.1 + 0.2% -0.071 + 0.001*
8.0 -89 + 10* 6.3 £ 1.2* 2.9 £+ 0.2* -0.080 + 0.001*
64.0 -76 £ 9* 6.9 +£ 1.1* 4.4 £+ 0.3* -0.081 £+ 0.001*

Table 4.3: Net morphological changes between control and knockdown A2058 cells. The average
changes relative to control cells for area (§A), perimeter (JP), Feret diameter (§FD), and roundness
(6R), were calculated by taking the difference between the control and knockdown values on the
same substrate, *p<0.0001.

Motility

To assess the motility of A2058 cells on these substrates, they were tracked for 24 hours to
determine if the substrate stiffness and FMNL2 knockdown impacted their motion. From this
data, we first calculated the cells displacement, and plotted the results in figure 4.2 below as

histograms. The average overall displacements are summarized in Table 4.4.
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Figure 4.2: Histograms of cell displacement magnitude (A) for control and KD cells substrates
of different moduli. Panels A, B, C, D, and E, refer to the 0.2kPa, 0.5kPa, 2.0kPa, 8.0kPa, and
64.0kPa substrates respectively. Panel F is the ensemble-averaged cell displacement magnitude

(A) as a function of substrate modulus for the control and KD cells (H).

The Ensemble-averaged cell displacement (A) for both the control and knockdown cells in-
creased from the 0.2kPa up to the 2kPa substrates, and then had a pronounced decrease after-

wards. The ensemble-averaged x and y components of the displacement vector K,Were close to
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Control Knockdown

NModulis | (A | (A ) Ay (A ) AA

(kPa) (pm) (pm) (pm) (pm) (pm) (pm) (pm)
0.2 2+ 2 -1+£2 93 £ 2 -5 +3 -1+ 2 90 + 3 3
0.5 -1 +£2 -1 +£2 95 £ 2 3+ 2 -3+ 2 89 + 1 6*
2.0 1£2 -2 +£2 105 £ 3 6+ 2 0+2 90 + 2 15%%*
8.0 -2+ 2 2+2 104 £+ 2 2+ 2 242 84 + 2 p{0 ok
64.0 0+1 0+t1 82 +1 -1+1 1+1 68 £ 1 14%x*

Table 4.4: Ensemble-averaged cell displacement magnitude ((A)) and the corresponding ensemble-
averaged cell displacement components (as signed numbers) with their standard error on the mean
(SEM) for control and knockdown A2058 cells. The last column shows the difference between the
control and knockdown average cell displacement magnitudes. *p<0.05, **p<0.01, ***p<0.001,
R p<0.0001

zero for all substrates, indicating that there was no preferential direction of cell motion on these
substrates. Furthermore, when we compare the motion between the control and knockdown cells
on the same substrate, we can see that the knockdown cells had a lower average displacement,
with the difference being statistically significant on the 0.5kPa, 2.0kPa, 8.0kPa, and 64.0kPa sub-
strates. So, these cells seemed to have the largest motion on the substrates in the intermediate
range of tested stiffness.

We next determined the average velocity of all of the cells on each substrate (Table 4.5).
These quantities further corroborate the average displacement results above, as the velocities had
their largest value on the substrates in the intermediate modulus region. Interestingly, there were
also statistically significant decreases in the average velocity on the 2.0kPa, 8.0kPa, and 64.0kPa
substrates between the control and knockdown cell populations.

Following this, the MSD of each cell was then calculated and used to determine the diffusive
behavior of the control and knockdown cells on these substrates. Specifically, we calculated cumu-
lative diffusion coefficient and the anomalous exponent, the exponent obtained from a power law
regression of the MSD, from t = 0 to the time at the plotted data point for each sample condition.
In figure 4.3A, the ensemble-averaged MSD is plotted for each of the substrates. In Figure 4.3B,
the corresponding cumulative anomalous diffusion exponent was plotted as a function of time. A

quantitative summary of the diffusive behavior is given in Table 4.6.
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Control Knockdown
Modulus Vg Uy v Uy Uy v Av
(kPa) (pm/h) | (pm/h) | (pm/h) | (pm/h) | (pm/h) | (pm/h) (i /h)
0.2 02+0.1 |-0.1 + 26+ 1 -0.5+0.2-0.1 +]125+1 1
0.05 0.05
0.5 -0.1 + | -0.1 +[25+2 0.3+£01 |-03+0.1]25+1 0
0.05 0.05
2.0 0+ 0.05 |0.1 + | 28 £2 0.7£02 |0£005 |[25+£1 3*
0.05
8.0 -0.1 +]102+01 |29+2 02+01 [|-024+01]22+£2 THHHE
0.05
64.0 0£005 [|-02+01]23+£1 0 %+ 0.05 0+ 0.05 19+1 4**

Table 4.5: The average velocity components, v, and v,, and the magnitude of the velocity v of
the cells on all of the tested substrates for the control and knockdown cell populations. *p<0.05,
p<0.01, ***p<0.001

A Control Knockdown
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& &
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= =
8 0.2kPa 9, 0.2kPa
= 1024 —=— 0.5kPa S 102 —=— 0.5kPa
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—+— 8.0kPa —+— 8.0kPa
—»— 64.0kPa —»— 64.0kPa
1 1
10 102 103 10 102 103
B Time (min) Time (min)
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1.40 1.35
1.
35 1.30
©1.30 S
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Time (min) Time (min)

Figure 4.3: The ensemble-averaged MSD of control and knockdown cells on all tested substrates
(A). The cumulative anomalous diffusion exponent as a function of time for both groups of cells

(B).
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As shown in Figure 4.3A, the MSD of the cells on the silicone substrates were not indicative
of simple diffusion. Rather, they all suggest a regime of superdiffusive behavior with MSD curves
that gradually slow as if approaching a plateau at large lag times. This slowing is more noticeable
in the knockdown cells than it is in the control cells. In Figure 4.3B we see that the cumulative
exponent corroborates this behavior, with most of the curves increasing up to a maximum value
of a, and then decreasing at large lag times. Interestingly, the 2.0kPa and 8.0kPa substrates had
the largest exponent in both the control and knockdown cell populations.

To further assess the impact of substrate stiffness and the protein knockdown on cell motion,
we next examined several scalar quantifiers of motility described in Chapter 2: the total distance
travelled L, the average time spent in motion t,,, and the average moving speed s,, of each cell.
Histograms of the total distance L travelled by control and knockdown cells are plotted together
in Figure 4.4 below, from which we may calculate an ensemble-averaged value of the total distance

travelled, (L). A summary of the data is presented in Table 4.6.
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Figure 4.4: Histograms of cell path distance (L) for the control and KD cells. Figures A-E,
represent the 0.2kPa, 0.5kPa, 2.0kPa, 8.0kPa, and 64.0kPA substrates respectively. Figure F

shows the ensemble-averaged value (L) plotted against substrate modulus.

Overall, both A2058 cell types were found to travel less on the stiffer substrates, as shown in
the histogram data in Figure 4.4. In particular, the ensemble-averaged total distance travelled,
(L), decreased with increasing substrate modulus. For the control cells, (L) decreased from 329 +

4 pm on the 0.2kPa substrate to 242 + 4 pnm on the 64.0kPa substrate, while for the knockdown
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Modulus Control KD Difference (im)

(kPa) (L) (1) (L) (1) (AL) o
0.2 329 + 4 281 + 4 S48 £ GFFFF
0.5 340 £+ 4 293 £ 4 AT £ R
2.0 303 + 4 264 £ 4 -39 £ GFHRF
8.0 282 + 3 233 £ 4 -49 4 HFRRFE
64.0 242 £ 3 187 £ 3 =

Table 4.6: The ensemble-averaged distances travelled (L) with their standard errors of the mean
(SEM) for control and knockdown A2058 cells. The last column shows the difference between the
control and knockdown means. ****p<0.0001

cells (L) decreased from 282 + 4 pm to 187 £ 3 pm, as shown in Table 4.6. Across all five
substrates tested, the knockdown cells consistently had an average total distance between 39 +
3 pm and 55 + 4 pm less than the control cells. The distribution for the knockdown cells on all
substrates was shifted towards a smaller average value on every histogram, indicating that the
knockdown cells travelled less on average than the control cells.

These cells adopted a bimodal pattern of cell motility characterized by alternating periods of
motion and arrest, as can be seen by examining the average time spent moving by each cell, t,,. In
these experiments, the cells were imaged for 24 hours, and %,, is the proportion of that time that
tracked cells spent moving. Moreover, using the data for t,,, an average moving speed of each cell,
Sm, can be calculated for each substrate modulus and cell type, and used to compute ensemble-
averaged values, (t,,) and (s,,). This analysis allowed us to determine whether cell motility is
intrinsically slower on stiffer substrates, or rather if cells remained stationary for longer periods
of times on these substrates. For instance, if the value of s, between the control and knockdown
substrates are similar, then the knockdown cells, with a relatively smaller L, would have spent
more time in the arrested state. In Figure 4.5 A-E, both t,, and s,, are plotted as histograms
with the control and knockdown distributions on the same plot for each substrate. We found that
the distributions of these curves seemed to follow a normal distribution, so we then standardized
the control and knockdown datasets on all substrates into master curve distributions with a mean
of 0 and standard deviation of 1 (Figure 4.5 F-G). A summary of the data sets is given in Table
4.7 for (t,,). As shown, both the control and knockdown cells spent less time in motion as the

substrate modulus increased. Between the softest substrates (0.2kPa and 0.5kPa), the effect was
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not statistically significant. However, for the 2.0kPa, 8.0kPa, and 64.0kPa substrates, there are
noticeable shifts in their distributions towards a lower average value (shown in Table 4.7). Next,
comparing the time spent moving between the control and knockdown cells, we can see that the
knockdown cells did in fact spend less time moving than the control cells on the 2.0kPa, 8.0kPa,
and 64.0kPa substrates, while the moving time was found to be statistically equivalent between
native and knockdown cells on the 0.2kPa and 0.5kPa substrates. We also note a particularly
strong decrease in the moving time of both cells on the 2.0kPa substrates. When we looked
closer at the data in this section, we found that there were cells in specific ROI’s from the second
trial that were moving abnormally slow, which is what caused there to be a small peak in their
distributions at a value lower than the mean.

Comparing moving speed between the two cell types on equivalent substrates, the knock-
down cells appear to move more slowly than the native A2058 cells, but the differences are less
pronounced than those seen in the time spent moving. A summary of the values for the ensemble-
averaged cell speed (s,,) is given in Table 4.8. This indicates that the knockdown of FMNL2 could
affect the overall speed of these cells, but on the stiffer substrates, the decreases seen in the average
distance travelled are most likely due to their time spent in the arrested state of their motion.
Note also that the behavior on the 2.0kPa substrate, with (s,,) values that were lower than those
on the 8.0kPa substrate, is likely due to the groups of cells that were moving abnormally slower

in the second trial, which cause the average to shift to a lower value.
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Figure 4.5: Histograms of the time spent moving t,, for the control (blue) and knockdown (KD
- red) cells on the 5 tested substrates. Figures A-E are the distributions for both groups on the
0.2kPa, 0.5kPa, 2.0kPa, 8.0kPa, and 64.0kPa substrates respectively. Figures F shows (t,,) vs
substrate modulus, and G-H are standardized distributions of t,, for the control and KD cells

respectively.
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Modulus (kPa)

Control (t,,) (min)

KD (t,,) (min)

Difference (At,,) (min)

0.2 561 £+ 2 553 + 2 -8 £+ 3*

0.5 574 + 2 561 + 2 -13 £ 3
2.0 543 £ 2 504 £ 2 -39 kK
8.0 o01 £+ 2 453 £ 2 S48 + Fkrxk
64.0 483 + 2 415 + 2 68 4 ek

Master Curve | Mean StDev SEM
Control 530 50 2
KD 500 70 2

Table 4.7: A summary of the ensemble-averaged time spent in motion ((t,,)) for the control and

knockdown (KD) cells on the silicone substrates. The error shown is the SEM. The final column

is the difference of the control and KD mean values. *p<0.05, ****p<0.0001

Modulus (kPa)

Control (s,,) (pm/h)

KD (s,) (pm/h)

(Aspm) (pm/h)

0.2 35.0 £ 0.2 349 £0.3 -0.6 £ 0.4%*
0.5 36.1 = 0.3 354 £ 0.3 -0.7 £+ 0.4%*
2.0 32.7+ 0.3 30.9 £ 0.3 -1.8 £ 0.4%***
8.0 33.6 £ 0.3 30.8 £0.3 -2.8 £ 0.4%***
64.0 29.6 £ 0.2 284 £0.3 -1.2 £ Q.47

Table 4.8: A summary of the ensemble-averaged moving speed ((s,,)) for the control and knock-

down (KD) cells on the silicone substrates. The error shown is the SEM. The final column is the

difference of the control and KD mean values. **p<0.01, ****p<0.0001
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4.3.2 A2058 Behavior on Homogeneous Collagen Substrates
Morphology

Similar to the silicone substrates, A2058 cells on the collagen hydrogel substrates also experienced
pronounced morphological changes as the substrate stiffness was changed. In particular, the same
trend was noticed as on the silicone substrates where the cells became progressively more elongated
as the substrate stiffness increased, as shown in Figure 4.6. On the softest substrates (~2kPa),
the cells had an average roundness value of R = 0.68 4+ 0.03. While on the stiffest substrates
(~50kPa), the cells had a value of R = 0.59 4+ 0.03. The average FD and perimeter P were also
found to increase, further indicating increased elongation on these substrates. The knockdown
cells also showed similar behaviors, becoming more elongated with increasing substrate stiffness.
Furthermore, the knockdown cells were also more elongated than the control cells on the same
modulus substrate, consistent with the results from the silicone substrates. Data summarizing the
average cell area, perimeter, Feret diameter, and roundness across all tested substrates is given
in Table 4.9. Data showing the differences of these averaged parameters between the 1kPa and
all other moduli for both the control and knockdown cells are given in Table 4.10. Finally, Table
4.11, shows the differences in these averaged parameters between the control and knockdown cells

on the same substrate.
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Figure 4.6: A2058 control and knockdown cells on select collagen hydrogel substrates of ap-
proximately 2kPa, 20kPa, and 50kPa (A). A boxplot of the average roundness on each of these

substrates is shown in B. The scale bar is 100 pm.
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Control Knockdown
Modulus (kPa) | A P (um) | FD R A P (um) | FD R
(um?) (um) (um?) (um)
1 980+9 | 142+2 |42 +£1 | 0.71 960 +9 | 144+ 2 | 46.7 + | 0.65
0.01 0.1 0.03
2 1020 &£ | 147 £3 | 45 £ 2 | 0.68 970 £ | 148+2 | 475 + | 0.61
10 0.01 10 0.1 0.04
5 1040 = | 160 £3 | 47 £ 1 | 0.67 980 +£9 | 163 =+ | 50.6 =+ | 0.60
10 0.01 0.8 0.2 0.03
10 1070 + [ 163 +4 | 51 £2 | 0.65 1020 £ | 167 £ 3 | 55.8 £ | 0.57
10 0.01 8 0.2 0.03
20 1100 = | 172£3 |52 £ 1 | 0.64 1030 £ | 178 £3 | 60.9 £ | 0.54
10 0.02 10 0.2 0.03
50 1120 £ | 174+£3 | 54 =1 | 0.59 1040 £ | 181 =3 | 60.9 £ | 0.53
10 0.03 9 0.2 0.05
100 1140 £ | 1794+4 | 55 =1 | 0.56 1060 £ | 183 +2 | 60.9 +£ | 0.52
11 0.03 9 0.2 0.04

Table 4.9: Morphological changes in A2058 cells on increasing moduli substrates. The average
area (A), perimeter (P), Feret diameter (FD), and roundness (R) are shown for the control and

knockdown cells on each substrate. The error on each value is the standard error of the mean.
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Control Knockdown
M((l’{‘;‘;l)us AA AP AFD AR AA AP AFD AR
(pm?) | (pm) (pm) (pm?) | (pm) (pm)
12 [40 +|5+36 |3+22 |-003 £|10+13 [4+28 |08 =+]|-004 +
14% 0.01 0.1%* 0.04
15 |60 =+£]|18 =+£]|5+22%|-004 =20 +£]19 =+]39 =+]-005 +
14* 3.6% 0.01%* 13 9.9% 0.2%* 0.04%*
1-10 |90 =+£]21 =£]9 +[-006 =60 =+£|23 =+£]91 +|-008 +
14%* 4.5% 9.9%k 0.01%F | 12%* 3.6% 0.2%K% | () Q4K
1-20 | 120 =+ 30 =+ |10 +]-007 £|70 =+ |34 =+ 142 +|-011 +
14%%k | 3 Gk 9.9%k 0.02%% | 14%%% | 36* 0.2%K% | () QgRHkx
1-50 | 140 =+ |32 =+ |12 =+ -012 +£]8 =+ |37 + 142 =+ |-012 +
1-100 | 160 =+ |37 =+ |13 =+]-0.15 +| 100 =+ |39 =+ |142 =+ |-013 =+

Table 4.10: Net morphological changes of control and knockdown cells between the 1 kPa substrate
and other modulus values for average area (AA), perimeter (AP), Feret diameter (AFD), and
roundness (AR). *p<0.05, **p<0.01, ***p <0.001, ****p<0.0001.

Modulus )
P dA (um?) OP (um) OFD (um) OR

Pa

1 20 £ 12%* 2+1 -4.7 + 0.1%* 0.06 + 0.02*

2 50 £ 14%** -1£2 -2.5 + 0.2%* 0.07 £+ 0.03*

5 60 + 13%#* -3 £ 2% -3.6 4 0.2%** 0.07 £+ 0.03%**
10 50 + 12%* -4 + 2% -4.8 + (0.2%%* 0.08 + 0.03%***
20 70 £ 14%*%* -6 + 2%* -8.9 + (.2%F** 0.10 £ 0.04%**
20 80 + 13*HH* ==k -6.9 4 0.27%*** 0.06 + 0.02%**
100 80 + 14%HH* S/ -5.9 4 0.2%*** 0.04 + 0.02%**

Table 4.11: Net morphological changes between control and knockdown A2058 cells. The average
changes relative to control cells for area (§A), perimeter (0P), Feret diameter (§FD), and roundness
(0R), were calculated by taking the difference between the control and knockdown values on the

same substrate, *p<0.05, **p<0.01, ***p <0.001, ****p<0.0001.
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Motility

Similar to the analysis for the silicone substrates, we followed the same analysis workflow for
the collagen substrates, so the presentation here will be substantially streamlined. We began by
determining the displacements of the cells on all of the tested substrates and creating histograms
of the control and knockdown results (Figure 4.7). The results we obtained, while qualitatively
similar to the those on the silicone substrates, showed some modest quantitative differences. For
the silicone substrates, the maximum in the ensemble-averaged displacement was found on the
2kPa substrate (A) = 105 £ 3pm), where it then decreased on either side. Whereas on the
collagen substrates, we found that the average displacement reached a maximum value of (A) =
110 £ 2pm on the 10kPa substrate, and on either side of this the displacement decreased. In the
knockdown cells, the maximum displacement (A) was 95+2um on the 5kPa substrate. However,
as the stiffness increased, the displacement did drop in the same way as the silicone substrates,
with the lowest values being (A) = 85 4+ 1um and (A) = 70 £+ 1um for the control and knockdown
cells, respectively, on the 100kPa substrate. Another notable difference is that these average values
of displacement are larger than the average displacements for both groups of cells on the 64kPa
silicone substrate (82 +1 pum and 68 4+ 1um), even though this substrate was stiffer by 36kPa.
Nevertheless, when we compare the control and knockdown averages on the same substrate, we
see that the average displacement for the knockdown cells was always smaller than the control
cell displacements, similar to the results on the silicone substrates. The differences between the
averages were statistically significant for all substrates > 2kPa (Table 4.12). As expected, the
displacement components along x and y were always close to 0, as with the silicone substrates,
indicating no directed motion. Finally, the average cell velocity data (Table 4.13) also further
corroborated these results, showing a maximum of v =29 + 2 ym/h on the 10kPa substrate for

the control cells, and v = 26 £ 1 um/h on the 5kPa substrate for the knockdown cells.
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Figure 4.7: Histograms of the net displacement (A) of control (Blue) and knockdown (KD - Red)
cells on all tested substrates (A-G). Ensemble-averaged cell displacement magnitude (A) as a

function of substrate modulus for the control and KD cells (H).
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Control Knockdown
Modulus | (A,) (A,) () (M) (A,) )y | aA
(kPa) (pm) (pm) (pm) (pm) (pm) (pm) (pm)
1 142 0+2 98 + 2 0+2 -1 £2 93 + 2 )
2 1+2 2+ 2 105 £ 3 6+ 2 0+ 2 94 £+ 2 11*
) 0+1 1£2 107 £ 2 3+ 2 142 95 £+ 2 12%*
10 142 2+2 110 + 2 2+2 142 91 +£ 2 197k
20 0+1 1+£1 100 £+ 2 1+£1 0+1 83 + 2 17k
50 141 0+1 90 £1 0+1 -1+1 D +1 15%H*
100 0+1 0+1 85 =1 -1+£1 1+£1 70 £1 157

Table 4.12: Ensemble-averaged cell displacement magnitude ((A)) and the corresponding
ensemble-averaged cell displacement components ((A,) and (A,), as signed numbers) with their
standard error of the mean (SEM) for control and knockdown A2058 cells across different sub-
strate moduli. The last column shows the differences between control and knockdown values of

(A). *p<0.05, **p<0.01, ***p<0.001
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Control Knockdown
Modulus Vg Uy v Uy Uy v Av
(kPa) (pm/h) | (pm/h) | (pm/h) | (pm/h) | (pm/h) | (um/h)
(jom /1)
1 0.1 £ 10005 |27£1 -0.1+£0.1 |-0.1 +|24£1 1
0.05 0.05
2 0+0.05 |0.1 + | 28£2 0.7+02 |[0+£0.06 [25£1 3*
0.05
5 -0.06 £ (015 £ ]27+2 0.5£0.1 |-0.1 1261 3*
0.05 0.05 0.05
10 -0.1 £]102x£01 292 02=x£01 | -02+£01]22+£2 T
0.05
20 0+0.05 |01 + |28 £2 0.1 £+ | -0.1 +]21 %1 THRE
0.05 0.05 0.05
50 0+0.05 |-0.1 +]25£1 0.1 £]0x£005 |20%1 hk
0.05 0.05
100 0+005 [-02+£01]23%1 0+£005 [0£005 |19+1 4rx

Table 4.13: The average velocity components, v, and v,, and the magnitude of the velocity v
of the cells with their standard error of the mean (SEM) for control and knockdown A2058 cells
across different substrate moduli. The last column shows the differences in the average velocity

between the control and knockdown cell populations.

Following this, the diffusive behavior of the cells was analyzed by plotting their MSD (Figure
4.8A) alongside the cumulative diffusion exponent (Figure 4.8B). Similar to the silicone substrates,
the cells exhibited superdiffusive behavior on all substrates, as characterized by the cumulative
diffusion exponent consistently being greater than 1. Furthermore, the control cells had the most
superdiffusive behavior on the 10kPa substrate. The cells also showed the same behavior of slowing
down at large time scales, as characterized by the decrease in the cumulative exponent functions

towards larger lag times.
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Figure 4.8: The ensemble MSD of control and knockdown cells on all tested collagen substrates(A).

The cumulative anomalous diffusion exponent as a function of time for both groups of cells (B).

We then determined the total distance L travelled per cell in different substrate conditions,
presented as histograms in Figure 4.9, and calculated the corresponding ensemble-averaged total
distance (L) in each condition. As before, there were some quantitative differences between the
silicone and collagen substrates. While the maximum ensemble-averaged total distance was (L) =
350+4um on the 0.5kPa silicone substrate, the corresponding maximum value was (L) = 380+6um
on the 10kPa collagen substrate. On either side of 10kPa, the average value of (L) then decreased.
Thus, the melanoma cells seemed to have an optimal substrate stiffness around 10kPa on the
collagen substrates. Furthermore, on the 100kPa substrate, the control cells moved an average
of (L) = 267 &+ 4um, whereas on the 64.0kPa silicone substrate, the cells only moved an average

of (L) = 242 £+ 3um. As a consequence, (L) on the silicone decreased faster than it did on the
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collagen substrates with an increase of modulus away from the optimum value, as in case with
the average displacement, (A). As with the silicone substrates, there reduction in (L) between the
control and KD cell populations. On the collagen substrates, there were statistically significant
decreases between 31-61pm in (L) on all substrates except the 1kPa (Table 4.14). Similar to the
silicone substrates, the largest decrease was seen on the stiffest substrate, for which (AL)= -61

pm on the 100kPa substrate.
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Figure 4.9: The average distance travelled (L) by control (Blue) and knockdown (KD - Red) cells
on the collagen substrates. Figures A-G are for the 1kPa, 2kPa, 5kPa, 10kPa, 20kPa, 50kPa,
and 100kPa substrates respectively. The ensemble-averaged distance travelled (L) plotted against

substrate modulus (H). The error bars are the SEM.
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Modulus Control KD Difference
(pm) (pm)
(kPa) (L) (L) (AL) (pm)
1 363 £ 6 332+ 6 -31 + 8
2 360 £ 5 327+ 6 -33 + 8*
5 375 £ 5 339 £ 5 -36 + T**
10 380 £ 6 347 £ 6 -33 4+ 8**
20 354 £ 6 305 £ 4 S4Q 4 THEE
50 304 £5 254 +£ 4 -50 4 GFF*
100 267 + 4 206 + 3 -61 4 H¥Ek

Table 4.14: The ensemble-averaged distance travelled (L) with their standard error on the mean
(SEM) for control and knockdown (KD) cells on increasing collagen substrate moduli. The last

column shows the difference of (L) between the control and KD cells.

Following this, we then looked to see if the bimodal behavior of these cells was also present
on the collagen substrates, first by plotting histograms of t,,, the average time a cell is in motion,
and using this data to compute an ensemble-averaged time in motion, (t,,) (Figure 4.10 A-G).
We noticed qualitatively similar behaviour for the dependence of (t,,) on modulus and cell type
that was previous observed for (A) and (L): a decreasing value of (t,,) for moduli away from the
optimal value. We found that the maximum value of (t,,) was 560 £+ 6 minutes on the 10kPa
substrate, compared to the maximum value of 574 + 2 minutes on the 0.5kPa silicone substrate.
This apparent shift in the maximum value of (t,,) was in quantitative accord with the shifts seen
in the other quantities, for which the cells seemed to have an optimal modulus of 10kPa on the
collagen substrates. Moreover, (t,,) subsequently decreased with increasing substrate modulus
to a minimum value of 478 4+ 4 minutes on the 100kPa substrate, a minimum value that was
lower on this substrate than the corresponding minimum value on the 64kPa silicone substrate,
in qualitative accord with expectations for a higher modulus substrate. As before, we were able
to standardize the control and knockdown datasets across all of the substrates to have a single

master curve define them (Figure 4.11 A & B).
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We also noticed qualitatively similar behaviour with the average moving speed ((s,,)) on these
collagen substrates. In particular, the most pronounced changes in these values were seen on either
side of the optimal modulus. However, the differences in average moving speed between control
and knockdown cells, while present, are less pronounced and do not account for the substantial
reduction in overall motility seen with the average distance travelled. This further emphasizes that
the primary factor dictating the motility patterns in knockdown cells is the reduced time spent
moving rather than a marked decrease in their speed. Thus, the punctuated motility observed is
more attributable to the temporal dynamics of movement rather than the cells’ inherent speed on

the substrates, as found with the silicone substrates.
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Figure 4.10: The average time spent in motion (t,,) by control (Blue) and knockdown (KD - Red)
cells on the collagen substrates. Figures A-G are for the 1kPa, 2kPa, 5kPa, 10kPa, 20kPa, 50kPa,

and 100kPa substrates respectively. (t,,) a function of substrate modulus (H).
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Figure 4.11: The standardized datasets for t,, from all substrates for the control and KD popula-

tions.
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Modulus (kPa)

Control (t,,) (min)

KD (t;,) (min) (At,,) (min)

1 541 + 6 529 + 6 “12 + 8*
2 543 + 5 531 + 5 12 4+ 7*

5 556 + 5 534 + 6 22 £ TH
10 560 + 6 517 + 5 43 & R
20 541 £ 5 489 + 5 52 & TH*
50 504 + 4 454 + 4 50 & FHEE
100 478 + 4 421 + 3 BT 4 R

Master Curve | Mean StDev SEM
Control 540 80 4
KD 480 90 5

Table 4.15: A summary of the ensemble-averaged time spent in motion ((t,,)) for the control and
knockdown (KD) cells on the bio-mimetic collagen substrates. The error shown is the SEM. The

final column is the difference of (t,,) between the control and KD values. *p<0.05, **p<0.01,

R <0.001, ***p<0.0001
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Modulus Control
(Asp) (pm/h)
(kPa) ($m) (pm/h) ($m) (nm/h)
1 403 £ 14 37.6 + 1.2 3+1
2 39.8 £ 1.5 36.9 £ 1.1 3+1
5 40.5 + 1.4 38.1 £ 1.3 2+1
10 40.7 £ 1.4 40.3 £ 1.6 0+1
20 39.3 £ 1.3 374 £ 1.2 2+1
50 36.1 £ 1.1 33.6 £ 1.1 3+1
100 33.5 £ 1.2 294+ 1.0 4+1

Table 4.16: Summary of the ensemble-averaged moving speed ((s,,)) for the control and knockdown
(KD) cells across various substrate moduli. The error shown is the SEM. The final column is the

difference of (s,,,) between the control and KD values.

4.4 Discussion

A2058 cells displayed pronounced morphological changes on homogeneous substrates of varying
moduli, with both silicone and collagen substrates eliciting similar responses. On softer substrates,
cells adopted more circular morphologies, while on stiffer substrates, they became increasingly
elongated. This change in cell shape was quantified by a decrease in roundness and was further
supported by increases in both the Feret Diameter (FD) and cell perimeter (P), indicating greater
cell elongation and spreading as substrate stiffness increased. Similarly, FMNL2 knockdown cells
also showed enhanced elongation in response to increased substrate stiffness. These cells consis-
tently exhibited slightly longer morphologies compared to control cells on the same substrates,
as indicated by their consistently lower R values. Additionally, the average FD and perimeter
values for knockdown cells were higher than those for control cells, reinforcing the observation of
enhanced elongation. These behaviors suggest that cellular responses to substrate stiffness are in-
fluenced by the FMNL2 protein, aligning with findings in other cell types [16, 17]. The pronounced

morphological changes in FMNL2 knockdown cells, particularly the increase in elongation, imply
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a significant role of FMNL2 in cell mechanosensing. Typically, elongated cells exhibit larger focal
adhesions, crucial for anchoring cells to the substrate and facilitating mechanotransduction. Given
the link between FMNL2 and actin regularization [108, 109], it is plausible to hypothesize that
FMNL?2 is integral to the mechanosensing capabilities of these melanoma cells.

The movement of A2058 cells also showed changes on substrates of different moduli. The
ensemble-averaged components of displacement vectors on all studied hydrogels were close to 0,
indicative of random motion. On both the silicone and collagen hydrogel substrates, the ensemble-
averaged displacement magnitudes of the cells were maximized in an intermediate range of sub-
strate moduli. On the silicone hydrogels, their displacement reached a maximum value on the
2.0kPa substrates. While on the collagen hydrogels, this occurred on the 10kPa substrates, a no-
ticeably larger modulus value. On substrates stiffer than these optimal values, their displacements
decreased monotonically over the range of tested moduli. The existence of optimal substrate mod-
uli were also found for maximizing other motility parameters such as the ensemble-averaged cell
speed and distance travelled. On either side of these optimal moduli, these parameters monoton-
ically decreased.

Analysis of the ensemble-averaged mean square displacement (MSD) of cells also indicates the
anomalous diffusion exponent characterizing the MSD is maximized at the same optimal moduli
as the other motility parameters (10kPa for collagen substrates and 0.5kPa for silicone substrates).
On these substrates, the cells underwent the largest degree of super diffusive motion at the optimal
moduli, and on either side of this stiffness, the MSD increased somewhat more slowly. Moreover,
on any given substrate modulus, the anomalous exponent showed a maximal value midway during
the total time the cells were tracked. This is manifested at early times by an apparently rapid
increase of the MSD rate, followed by a regime of slowing down at late times that is consistent with
other studies on cell diffusion [47]. Such behaviour may be consistent with cell division. When
a cell divides, it will progressively slow down its motion during this process. Another related
explanation comes from crowding effects, wherein as time goes on, the number of cells in a given
region will increase, due to cell division, resulting in enhanced local inhibition of cell motion due

to local confinement effects. The biphasic behaviour we observe in A2058 cells was previously
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predicted by motor clutch models of cell motion [30, 31], wherein at this optimal value, the tensile
forces between the cell and the substrate are maximized [26]. The biphasic behavior of A2058 cells
allows us to hypothesize and predict what their durotactic behavior may show. Some cancerous
cell types have been found to only exhibit durotactic behavior around their optimal stiffness [24],
and beyond these regions, their durotactic potential dramatically drops. Furthermore, cells that
exhibit maximal speed and distance on softer substrates typically undergo negative durotaxis on
substrates with elevated stiffness beyond their optimal value [25, 26].

In the knockdown cell populations, the average displacement and distance travelled were consis-
tently lower than the control cells on the same stiffness substrate. This effect was most noticeable
on the stiffer substrates, for both the silicone and collagen substrates. This indicates that the
role of FMNL2 in motility is also dependent on substrate stiffness. In previous studies, FMNL2
has been linked to the generation of protrusive forces and lamellipodium protrusion speed in
B16 melanoma cells [64], and is also associated with the formation of filopodia and invasion in
melanoma cells [59, 60, 63]. So, our results showing a decrease in the motility of FMNL2 sup-
pressed cells is consistent with other studies on similar cell types. Furthermore, if the knockdown
cells were unable to generate sufficient forces to facilitate mechanosensing and focal adhesion for-
mation turnover, then this could impact their overall motion, as we found. These cells also seemed
to adopt a bimodal mode of cell motility, characterized by periods of motion and cell arrest. On
both sets of substrates, the ensemble-averaged time in motion (t,,) was shown to change with
substrate stiffness. On the silicone substrates, a maximum value of t,, was found on the 0.5kPa
substrate, where it then monotonically decreased afterwards. On the collagen substrates, a no-
ticeable shift in the maximum once again occurred, with a maximum on the 10kPa substrate.
However, the knockdown cells on both sets of substrates consistently had lower average values of
(tm)-

We also calculated the ensemble-averaged cell speeds (s,,) on both sets of substrates, to see
if the decreases seen in the ensemble-averages values of A and L were due to slower motion, or
merely remaining in an arrested state for longer. The (s,,) were also found to monotonically

decrease on the silicone substrates, with a maximum at 0.5kPa. A shift in this parameter was
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also again noticed, with a maximum moving speed achieved on the 10kPa collagen substrate. The
moving speeds on the softest substrates were similar between the control and knockdown groups,
but became more pronounced on the stiffest substrates. These results also highlight once again
that the role of FMNL2 in A2058 cells is dependent on the absolute stiffness of the substrate.
Furthermore, the variation of (s,,) with substrate stiffness, with the existence of an apparent
optimum stiffness, underlines the inherent biphasic behavior of these cells. One puzzling feature
of our results is the apparent shift between the optimal modulus on the silicone and collagen
substrates. On the silicone ones, the various motility parameters indicate that the optimal value
is between 0.5-2kPa, while the collagen data indicates an optimal around 10kPa. These results
could be explained by the differences in ligand binding sites on the substrates. The silicone
gels were chemically functionalized with fibronectin, while the collagen substrates had embedded
RGD sites in the protein sequence. Previous studies have indicated that the type, density and
presentation of ligand binding sites can have a larger impact on cell behavior than the mechanical

properties of the substrate material.

4.5 Conclusion

In this section, we found that A2058 cells exhibited pronounced changes in their morphology
and motility on substrates of different moduli. On the soft substrates, the cells adopted circular
morphologies that progressively became more elongated as the stiffness of the substrate increased.
On both the silicone and collagen substrates, they exhibited random motion as characterized
by their displacements, and also displayed a biphasic relationship with substrate stiffness. An
optimal modulus was found for their motility to be between 0.5-2kPa for the silicone substrates,
and around 10kPa on the collagen substrates.

In the FMNL2 knockdown cell population, similar trends in morphology and motility were
observed with these cells. They became more elongated and exhibited similar biphasic behavior
as the controls. Interestingly, when compared to the control cells, they were consistently more
elongated, and they were found to travel smaller distances, and spend less time in motion, with

these effects being more pronounced on the stiffer substrates. Overall, these results seem to
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indicate that FMNL2 plays a role in the actin characteristics of A2058 melanoma cells, as shown
by the changes in morphology and motility. The role that FMNL2 does play also seems to be
dependent on the stiffness of the substrate as well, with higher moduli substrates showing more
pronounced knockdown behaviors.

Proceeding into the next chapter, we will now transition to cell motion on collagen hydrogels
with a gradient in their modulus. We will be able to compare the data analyzed here with their
motion on the gradient substrates to see if any noticeable changes are seen, and if A2058 cells do

respond in any way to a stiffness gradient.
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Chapter 5

Cell Motion on Gradient Substrates

5.1 Introduction

Durotaxis, as described in chapter 2, refers to the directed migration of cells in response to
gradients in substrate stiffness. This phenomenon was first described in the context of fibroblast
movement on substrates with varying rigidity, where cells preferentially migrated toward stiffer
regions. Durotaxis studies have typically been performed in-vitro, utilizing synthetic substrates
such as polyacrylamide, which have well establish protocols for creating gradients [112].
Numerous studies have found a number of cell lines that exhibit stiffness guided migration,
with the vast majority showing evidence of positive durotaxis [25, 113]. However, other cell lines
have been found to display behavior different than this, with some cell lines exhibiting adurotactic
behavior [114], where they are unable to sense the change in stiffness, and some showing negative
durotactic behavior. Negative durotaxis has been found primarily in cancerous cell lines [33, 113],
and could be a key factor in understanding the 'migration paradox’ created by cancer metastasis
[25]. This paradox refers to cancer cell’s ability to metastasize and invade other healthy tissue,
when they must cross a stiff to soft boundary, as cancerous tissues are often much stiffer than
their neighbouring healthy tissue. Cells preferentially migrating along this gradient would be
undergoing negative durotaxis, which contradicts the positive durotactic behavior observed in
most cell lines. Quantitative motility studies of cancerous cell lines exhibiting this behavior could

play an important role in understanding cancer invasion.
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The motor clutch model, described in chapter 2, provides insight into durotactic behavior of
different cell lines. This model describes how cells interact with ligand binding sites in their ECM
and generate ’clutches’, that can engage and disengage with binding sites to facilitate motion [31,
115]. This process requires the generation of contractile forces with the ECM, and stiffer substrates
allow for larger forces to be generated, resulting in more engagement with the substrate and more
effective motion. On softer substrates, clutch formation with the ECM would be reduced, resulting
in smaller contractile forces that affect the stability of the clutches. So, this model would then
predict motion in the direction of increasing stiffness (positive durotaxis), as this would optimize
their ability to migrate and their stability with their substrate [30]. However, the motor clutch
model also predicts cells having a biphasic response to substrate stiffness, where they can find an
optimal stiffness region to maximize force generation with the substrate [30, 115]. This response
has been illustrated in some cell lines including U251-MG glioblastoma cells, where they exhibited
both positive and negative durotaxis on either side of their optimal stiffness [26]. For cell lines that
have a stiffness optimum at an intermediate stiffness range, this model then predicts preferential
motion from a stiffer region down to their optimal region (negative durotaxis).

A key protein implicated in the durotactic behavior of melanoma cells is Formin-like 2
(FMNL2). FMNL2 is a member of the formin family of proteins, which are involved in the
regulation of actin dynamics and the formation of cellular protrusions such as filopodia and lamel-
lipodia. FMNL2 promotes actin polymerization at the leading edge of migrating cells, facilitating
the formation of protrusions that enable cells to navigate through the ECM [116]. In melanoma
cells, FMNL2 expression is associated with increased migratory and invasive capabilities. It has
been shown that FMNL2 enhances the formation of cell protrusions, contributing to the ability of
melanoma cells to respond to mechanical cues and migrate toward stiffer substrates [63, 117, 118,
119]. Furthermore, FMNL2 has been implicated in the regulation of focal adhesion dynamics and
integrin signaling in melanoma cells [58]. By modulating the turnover and maturation of focal
adhesions, FMNL2 influences the cell’s ability to generate traction forces and migrate in response
to substrate stiffness [64]. This regulation is critical for the durotactic migration of melanoma

cells, as it enables them to sense and respond to the mechanical properties of their environment
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[57].

In the previous chapter, we characterized the morphological and motility based behaviors of
A2058 cells on homogeneous moduli substrates. We also looked at the effects of suppressing the
protein FMNL2, and found it to have an impact on cell motion. In this chapter, we will now look
at the motion of the same cells on substrates with a gradient in their modulus. We will utilize
the methods discussed in chapter 3 to fabricate collagen hydrogels with multiple known stiffness
gradients with a range of biologically relevant moduli. Using these we can analyze the motion of
A2058 cells across a large range of moduli to see how the absolute stiffness affects their behavior.
Simultaneously, we can also fabricate substrates with multiple gradient strengths to see how that
impacts their motion in all of the imaged regions. Finally, the effect of suppressing FMNL2 will
be explored to see if analogous motility behaviour identified in the previous chapter are observed,

and if FMNL2 impacts durotactic behavior in A2058 cells.

5.2 Methodology

5.2.1 Cell Culture

A2058 (CRL-11147) metastatic melanoma cells were obtained from the Copeland lab in the Faculty
of Medicine at the University of Ottawa. The cells were cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum. Cells were kept at 37°C in 5% CO,. Cells were used
for experiments until passage number 12.

siRNA-mediated knockdown was performed by Sarah Fox from the Copeland lab, as previ-
ously described [59] using Dharmafectl (Horizon Discovery Ltd; T-2001-03) and the following
siRNA duplexes: FMNL2 siRNA Duplexl (IDT; hs.Ri.FMNL2.13.1); FMNL2 siRNA duplex2
(IDT; hs.Ri.FMNL2.13.2).

5.2.2 Hydrogel Preparation

Gradient modulus collagen-mimetic hydrogel substrates were prepared from mixtures of VB and

VB-RGD proteins as described in chapter 3 using genipin diffusion, with a final protein ratio of
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19:1 (VB:VB-RGD). Four different substrates were made with gradient strengths of approximately
3kPa/mm, 10kPa/mm, 20kPa/mm, and 40kPa/mm by altering the allowed diffusion time. The
fabricated substrates were then immediately washed in PBS multiple times, and placed onto a
shaker plate overnight in fresh PBS. This PBS was then removed, the gel washed three more times,
and then placed into the cell incubator with Dulbecco’s modified Eagle’s medium for 3 hours prior

to the addition of cells.

5.2.3 Live Cell Imaging

Imaging was performed using a Nikon Eclipse Ti-S microscope with an in-house designed image
acquisition system. A 4X and 10X lens were used to acquire images at an interval of 10 minutes

for up to 48 hours. Cells were kept in a 37°C and 5% CO, for the duration of the experiment.

5.2.4 Motility Analysis

The motility analysis was performed as described in chapter 4 section 4.2.5. Additionally, the
orientation of cells along the gradient axis was quantified by the orientational order parameter
described in chapter 2, utilizing equations 2.7 and 2.8. Additional durotaxis metrics were also

calculated as discussed in chapter 2.

5.2.5 Statistical & error analysis

Statistical and error analysis was performed as previously described in chapter 4 section 4.2.6.
Three knockdown trials were performed, with the results shown being the average of all three

trials. For the control data, the results are the average of N = 3 trials for each substrate.

5.3 Results

5.3.1 Control A2058 Cell Behavior

To characterize the motion of A2058 cells on gradient stiffness substrates, we created bio-mimetic

collagen protein substrates using the methods established in chapter 3. We studied the impact

111



of the gradient strength, as well as the absolute stiffness, to determine how these cells responded
to the gradient. Starting off, we investigated the effect of a modest 2.5kPa/mm stiffness gradient
on control A2058 cells. In Figure 5.1 below, we have plotted a comparison between cell motion
on a gradient and homogeneous substrate with a modulus similar to the mean value of the ROI
analyzed for the gradient substrate. The gradient region analyzed in this figure is a soft region,
with a mean modulus of approximately 2kPa. Table 5.1 below presents the average components
of cell velocity as well as the average angular displacement corresponding to the plots in Figure
5.1. Two additional figures with the same structure as Figure 5.1 are located in Appendix B, and

show the results from two stiffer regions of the hydrogel with the same gradient strength.
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Homogeneous Gradient Differences
Modulus (kPa) | v, (pm/h) | v, (um/h) | v, (pm/h) | v, (pm/h) Awv, Av,
2 0.2 4+0.04 | 0.6 £0.08|0.1+0.04]|10.4=+0.4|-0.140.06|9.8+ 0.4*

Table 5.1: A summary of the velocity components perpendicular (v,) and parallel (v,) to the
gradient. The final two columns indicate the difference between the gradient and homogeneous
velocities, *p <0.0001.

homogeneous substrates shows no striking differences between the two substrates tested. So, we
then plotted histograms showing the cell’s final displacement coordinates in x and y directions to
compare the data (Figures 5.1 C and D). Along the x-direction (perpendicular to the gradient) the
motion was inherently random as the average displacement was close to 0, while in the y-direction
(parallel to the gradient), there was a shift in the distribution towards a positive value, showing
preferential motion here in the positive gradient direction towards a stiffer region. Furthermore,
when we compare cell velocities between the substrate, we see that in the x-direction, there was no
significant difference, while in the y-direction, there was a statistically significant shift to a larger
value (Av, = 9.8 £ 0.4). These results are then further corroborated by the noticeable change in
the final angular displacement (Figures 5.1 E and F), with it having a tighter distribution around
zero degrees, whereas the distribution on the homogeneous substrate is more uniform. These
quantities thus indicate then that in this region, there was preferential motion by the cells in the
direction of increasing stiffness.

We then investigated the impact of local stiffness on the behavior of these cells. To do this,
we analyzed local cell motion on substrates with a wide range of modulus levels between 3-40kPa
in the presence of a modest gradient strength of 3kPa/mm across the sample, and utilized the
durotactic index (DI) from chapter 2 as a motility metric. Figure 5.2 shows the DI of cells along

the x and y direction for different regions of the sample, with Table 5.2 summarizing the results.
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Modulus (kPa) DI, DI,
3-10 0.03 £ 0.01 | 0.15 £ 0.01
10 - 15 -0.02 = 0.01 | 0.09 £ 0.01
15-20 -0.03 = 0.01 | 0.03 = 0.01
20 - 25 0.03 £0.01 | -0.01 £0.01
25-30 -0.04 £ 0.01 | -0.05 £ 0.01
30 - 35 0.02 £ 0.01 | -0.08 £ 0.01
35 - 40 -0.01 £ 0.01 | -0.10 £ 0.01

Table 5.2: Average durotactic index (DI) in the x and y directions, DI, and DI, with standard
error of the mean (SEM), across different modulus ranges for a gradient strength of 3kPa/mm
along the y direction.
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o 0.0
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3-10 10-15 15-20 20-25 25-30 30-35 35-40
Modulus (kPa)

Figure 5.2: The durotactic index (DI) along the x and y direction of the substrate with a gradient

strength of 3kPa/mm along the y direction.

On all regions of this substrate, the value of DI, was close to 0, indicating no directed motion
as expected. In the softest region of the substrate, we found that DI, was 0.15 £ 0.01, indicating
that positive durotaxis was occurring in this region. With increasing modulus, however, DI,
monotonically decreased toward zero (between 20 and 25kPa), indicating a progressive decrease
in positive durotactic behaviour. Interestingly, increasing modulus beyond this region we found
that there was the emergence of negative DI, values, indicating a tendency for the cells to move in
the direction of decreasing substrate stiffness (negative durotaxis). These results are reminiscent
of the biphasic behavior noticed in the previous chapter, where cell behavior changed on either

side of the optimal stiffness value between 5-10kPa. It appears that the motion of these cells is
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biased towards regions of their optimal stiffness, leading to both positive and negative durotactic
behaviour depending on the local stiffness of their environment relative to the optimal stiffness
value.

We then investigated the impact of gradient strength on the motion these cells, utilizing sub-
strates with gradient strengths of 1kPa/mm, 3kPa/mm, 10kPa/mm, and 20kPa/mm, in soft,
optimal, and stiff regions of the substrates. The durotactic index DI, for these gradient substrates
are shown in Figure 5.3. We also utilized the orientational order parameter (S), defined in chapter
2, to quantify the alignment of cells along the gradient for these substrates (shown in Figure 5.4).
The histograms in Figure 5.4 are for the soft region of the substrate only, with additional figures

(Figure B.3 and Figure B.4), showing the histograms for the optimal and stiff regions.
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Figure 5.3: A, B, C shows the durotactic index along the gradient (DI, for the soft (5-15kPa),

optimal (15-25kPa), and stiff (>25kPa) respectively with different gradient strengths. D summa-

rizes DI, as a function of gradient strength for all samples in one plot. Data shown in each plot

is the average of N = 3 samples. The error bars on the box plot indicate the standard deviation,

while the points in D use the SEM.
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Figure 5.4: A, B, C, and D shows example distributions of the orientational order parameter for
each cell (Spoeq;) On substrates with gradient strengths of 3, 10, 20 and 40 kPa/mm respectively,
in the soft region (5-15kPa) of the samples. E summarizes the average value of the distribution for
each gradient strength, S=(Sy.ca), plotted as a function of gradient strength for soft (5-15kPa)
samples. The errors bars are the standard error on the mean. Each plot is the average of N = 3

samples.

As shown in Figure 5.3, the value of DI, increased (becoming more positive) up to a gradi-

ent strength of 20kPa/mm on the (soft) 5-15kPa samples, before eventually saturating at high
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gradient strengths. Likewise, the value of DI, decreased (becoming more negative) up to a gra-
dient strength of 20kPa/mm on the (stiff) >25kPa samples, before eventually saturating at high
gradient strengths. For the intermediate stiffness samples, DI, remains near zero with increasing
gradient strength, as would be expected for cells on an “optimal” stiffness substrate. Figure 5.4
shows a similar behaviour for cell alignment, where the value of S monotonically increased with
the gradient strength on the soft and stiff regions of the substrate, whereas the cell alignment
along the gradient remains weak on the intermediate (optimal) stiffness samples. This behavior
indicates that the cells on substrates that are sufficiently softer or stiffer than a characteristic
optimal stiffness did respond to the increase in gradient strength by becoming more aligned along
the gradient, and that the strength of the gradient in modulus amplifies this effect for modest
gradient strengths (<20kPa/mm).

We now focus on the response of cells to a relatively strong modulus gradient over a wider
range of local substrate modulus (up to 90kPa). Figure 5.5 shows the value of DI, as a function

of stiffness on a 40kPa/mm substrate.
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Figure 5.5: The value of DI, as a function of the substrate modulus for a 40kPa/mm modulus
gradient. Error bars are the standard error on the mean, and the average of N = 3 samples is

shown.

The figure shows that the durotactic index along the gradient direction monotonically decrease

up until saturating at a value of -0.11 4+ 0.04 at around 60kPa. We next characterized how

119



ensemble-averaged cell velocity was impacted by the gradient. Figure 5.6 shows a plot of the

magnitude of the ensemble-averaged cell velocity as a function of the substrate modulus.

10 20 30 40 50 60 70 80 90 100
Modulus (kPa)
Figure 5.6: The average magnitude of cell velocity (v) on different regions of substrate stiffness

for a 40kPa/mm modulus gradient. The errors bars indicate the SEM, and the data is the average

of N = 3 samples.

As shown, cell velocity peaked in the region of optimal stiffness, where there was the least
durotactic behavior. On either side of this region, the velocity monotonically decreased. This
indicates that the cell populations with the most pronounced durotactic behavior actually moved
slower than the cells exhibiting adurotactic behavior. Evidently, the magnitude of velocity of these
cells is not a suitable metric of their durotactic potential. To further characterize the impact the
gradient had on cell motility, we calculated the MSD of the cells on the substrates as a function
of the gradient strength, for soft (5-15kPa), optimal (15-25kPa), and stiff (25-40kPa) substrates.
Figure 5.7 shows the cumulative anomalous MSD exponent a as a function of lag time for the

three stiffness regimes and four stiffness gradient values.
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Figure 5.7: A, B, C, and D are plots of the ensemble MSD (left) and cumulative diffusion exponent
(c) (right) as a function of time, for gradient strengths of 3kPa/mm, 10kPa/mm, 20kPa/mm, and

40kPa/mm. Each plot is the average of N = 3 trials.
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The MSD behavior of the cells was qualitatively similar to that on homogeneous substrates (as
shown in Figure 4.8), but did seem to be impacted by the gradient strength in each of the three
regions. Specifically, the anomalous exponent increased from 1.2 to 1.4 in the soft region, 1.3-1.4
in the optimal region, and 1.1-1.3 in the stiff region, indicating increased superdiffusive behavior.
This indicates that when the cells were undergoing durotaxis, they were more superdiffusive than

when they were undergoing negative durotaxis.

5.3.2 FMNL2 Knockdown Effects

Following the studies of control cells on the gradient substrates, we now investigate the potential
effects of knockdown of FMNL2 on the durotactic behavior of A2058 cells. As with the control
(WT) A2058 cells, we study the knockdown (KD) cell motility in soft, optimal, and stiff regions of
the substrate for prescribed substrate modulus gradient strength. Due to the nature of knockdown
experiments, where the efficacy of the knockdown decays with time, we could only investigate one
gradient strength in order to film the cells for an adequate amount of time. So, a gradient strength
of 10kPa/mm was chosen, as this was adequate to induce durotactic behavior in the control cells,
while simultaneously providing a soft, optimal, and stiff region to be studied between 5 and
70kPa. The first quantities we examined were the cell displacements and durotactic indices along
the gradient. Figure 5.8 presents histograms of displacement data and a comparative plot of the
DI along the gradient direction for the three stiffness regions, with Table 5.3 giving a summary of

these results.
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WT KD Differences
Region Ay A DI, A, A DI, AN, AA A DI,
(pm) | (pm) (pm) | (pm) (pm) | (pm)

Soft 46+ 2 | 1154+ | 011 £ | 40+3 | 92+4 | 0.08 | -6 +4 23 + -0.03

4 0.01 0.01 GF** + 0.01

Optimal | 8 + 4 118 £ | 000+ | 24£5 9+ 5 | 002+ | -6 £6 19 £+ 0.02 £+
5 0.01 0.01 Voo 0.01

Stiff 38 +£3 | 104 + -0.08 | 28+5 |8 5| -0.06 -10 £+ 21 £ | 0.02 &+
4 + 0.01 + 0.01 6* GF** 0.01

Table 5.3: A summary of the displacements (A,) along the gradient direction, the net displacement
(A), and the durotactic index along the gradient (DI,) for wild type (WT) and knockdown (KD)
cells on a 10kPa/mm substrate in soft (5-15kPa), optimal (15-25kPa), and stiff (>30kPa) regions.
The shown error is the SEM, *p <0.05, ***p <0.001.
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Figure 5.8: Histograms of wild type (WT) and knockdown (KD) cell net displacements (A), in
different regions of a 10kPa/mm substrate (A,B,C). D shows the value of the DI along the gradient

direction (DI,). These results are the average of N = 3 KD trials.

In these results, we found that the KD cells had minor changes in the average displacement
along the gradient direction ((A,)) with only the stiff region having a significant difference. How-

ever, only one of these changes (in the stiff region), was statistically significant. If we instead look
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Region WT S KD S AS
Soft 0.45 + 0.03 | 0.39 + 0.04 | -0.06 £+ 0.05
Optimal | 0.08 &£ 0.05 | 0.11 £+ 0.05 | 0.03 £ 0.07
Stiff 0.51 + 0.04 | 0.43 £+ 0.05 | -0.08 + 0.06*

Table 5.4: A summary of S for WT and FMNL2 KD Cells in the soft, optimal, and stiff regions
of the substrate. *p<0.05

at the average total displacement magnitude ((A)), we see statistically significant changes in all
studied regions, similar to what was found in chapter 4. The value of DI, was also above positive
in the soft region, and negative in the stiff region, suggesting that they still underwent (positive
and negative) durotaxis. However, when we compare the value of DI, between the WT and KD
cells, we see that in the KD populations, its value is consistently smaller. To further characterize
durotactic behavior, we then analyzed the order parameter S, to see how well the cells aligned

with the gradient.
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Figure 5.9: Histograms of Sy for knockdown (KD) cell populations, in different regions of a

10kPa/mm substrate (A,B,C).

These results show that the KD cells are significantly aligned along the axis of the gradient
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direction in both the soft and stiff regions, as in the case of the control WT cells. Moreover, the
value of S is close to zero in the optimal region, indicating a lack of alignment, in accordance with
the results for the WT cells. Comparing the WT and KD values of S in Table 5.4, we see that KD
cells exhibited somewhat lower alignment in the soft and stiff regions. However, statistical testing
revealed that this difference in alignment was only significant in the stiff region. We next analyzed
the angular displacement of the KD cells on the same soft, optimal, and stiff substrates, as shown
in Figure 5.10. The angular displacement distributions of the KD cells on these substrates (Figure
5.10A) were found to qualitatively similar to those found for WT cells (Figure 5.10B). In the KD
cells, their durotactic behavior seemed to be slightly reduced, as shown by the broadening of the
angular displacement distributions. However, the KD cells still show durotactic behavior, with
the majority of the cells in the soft and stiff regions having a net displacement in the positive or
negative direction along the gradient respectively.

These results for cell displacement, angular displacement, durotactic index, and orientational
order parameter all support the conclusion that the knockdown cells undergo durotaxis on the
soft and stiff substrate regions, while exhibiting adurotactic behaviour on the optimal stiffness
regions, as was found for the WT cells. Quantitatively, it was found that KD cells exhibited a

more muted durotactic response compared to the control A2058 cells.
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Figure 5.10: Figure A shows the angular displacement distributions for KD A2058 cells in three

different regions of a 10kPa/mm substrate, and B shows the same parameter for the WT cells in

the same regions.
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Figure 5.11: The distributions of cell velocity along the gradient, v, for WT and KD cells in each
region. Each box is the average of N = 3 KD trials.
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The final comparison made between WT and KD cells was the average cell velocity component
along the gradient direction v, on the three stiffness regions. Figure 5.11 shows the data as a
composite box plot of v,, and Table 5. indicating similar behavior for the two cell types. The
KD cells consistently had a lower velocity component along the gradient than the WT cells in all
three regions tested, similar to the results from the homogeneous substrates. These results also
show both cell populations having somewhat higher (**p <0.01) average velocity in the optimal

stiffness region.

5.4 Discussion

In this chapter, the durotactic behavior of wild type and FMNL2 suppressed A2058 cells was
studied for the first time on biomimetic gradient stiffness hydrogel substrates with a physiologically
relevant range of elastic modulus. Durotactic behavior was inferred by the character of ensemble-
averaged cell displacements along the gradient direction, and corroborated by several other motility
metrics including the DI value, the net average angular displacement, and the orientational order
parameter S.

In the first part, we found that the control cells exhibited all three forms of durotactic behav-
ior. The cell exhibited positive durotaxis between 1-15kPa and negative durotaxis above 25kPa.
Between 15-25kPa, the cells seemed to no longer respond to the gradient, and moved in a random
fashion. This behavior was supported by measurements of the DI parameter along the gradient
direction, DI, which decreased with increasing substrate modulus, as shown by Figure 5.2. These
results are consistent with the results from the previous chapter showing the biphasic behavior
of these cells. In particular, cells undergoing both positive and negative durotaxis are an indica-
tion that there exists a stiffness optimum for this cell type, which when reached maximizes the
cells motility. This optimal value is also where the cells exert the maximum traction force with
their substrate, thus inducing positive durotaxis towards the optimal value when below it, and
negative durotaxis at regions of stiffness larger than the optimum. This was corroborated by the
dependence on average cell velocity along the gradient direction as a function of stiffness, shown in

Figure 5.6, which indicated that the maximum cell velocity occurred when the cells were in their
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ideal region. After this, the velocity then decreased monotonically to a plateau value at high stiff-
ness. These behaviors are consistent with the results from other cell lines. Duchez et all showed
for multiple cancer cell lines that cell migration speed was not indicative of durotactic behavior,
as the cells with the largest durotactic index had the lowest migration speeds [24]. In other study
on U251 glioblastoma cells, the cells exhibited a similar biphasic response to substrate stiffness
as the A2058 cells did. On either side of their optimal stiffness, they exhibited both positive and
negative durotaxis [26]. Furthermore, multiple melanoma cell lines including B16F1 and B16F10
(metastatic melanoma from mice), as well as A375 (human metastatic melanoma), have all been
shown to undergo negative durotaxis [33]. While these studies did not test the durotactic behavior
in different regions of stiffness, they did find that the optimal substrate stiffness (e.g. 2.18kPa
for the B16 cells, which is less than that found here for A2058 cells). We also investigated the
impact of the local stiffness value on the negative durotaxis of these cells, as reported in Figure
5.5. We found that the value of DI, decreased up until around 60kPa, where it reached an appar-
ent a plateau value. This behavior indicates that the cells durotactic response is strengthened by
its proximity to an optimal stiffness region, consistent with other studies of cancerous cell lines
undergoing durotaxis [24].

We then investigated the impact of gradient strength on these cells in the three regions with
different durotactic behavior. We utilized motility based quantities such as the durotactic index,
and we also show that cell alignment can predict durotactic behavior. We found that the mag-
nitude of the durotactic response increased with the gradient strength, before plateauing around
40kPa/mm. Figure 5.3 shows this behavior with the value of DI, which became increasingly pos-
itive with increasing gradient strength up until 40kPa/mm in the soft region, and which became
increasingly negative with increasing gradient strength up until 40kPa/mm in the stiff region. In
the optimal region, the durotactic index changed minimally between the tested gradient strengths.
We then utilized an orientational order parameter approach from soft condensed matter physics
as a novel metric for characterizing cell alignment along the axis of the gradient and correlating
with durotactic motility of the cells. This response was accompanied by an increase in the order

parameter S with gradient strength, going from S = 0.35+0.03 on the 3kPa/mm substrates to
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S = 0.57+0.03 on the 40kPa/mm substrate. These values indicate that a larger number of cells
became polarized along the direction of the gradient when the gradient strength was increased.
The superdiffusive motility of the cells exhibited by their MSD traces in time also reflected this be-
havior, with the largest average value of the anomalous MSD exponent « being on the 40kPa/mm
substrates in all of the tested regions. However, what was also interesting was that the cells still
exhibited the most superdiffusive behavior in the region of optimal local stiffness, consistent with
the results of chapter 4, as shown by « consistently having the largest value for the optimal stiff-
ness region in Figure 5.8. The behavior in the soft and stuff regions was also consistent, as the
soft regions exhibited a larger value of o than the stiff regions. All of these results were somewhat
intuitive, as an increase in gradient strength means that the cell will be able to sense larger change
in stiffness over a small length. Meaning that the cells will be able to exert tensile forces more
similar to those at the optimal stiffness over a shorter distance, which resulted in the increases in
DI, that were observed.

We finally investigated the impact of suppressing FMNL2, a protein that was shown to impact
A2058 motility and morphology in chapter 4. Interestingly, we found that the KD cells still
exhibited durotactic behavior, but which was somewhat muted compared to the control WT
cells, in a manner reminiscent to the results reported in chapter 4 for homogeneous substrates.
Importantly, although values of the DI and S parameters were consistently lower than those of the
WT cells, they were not low enough to indicate adurotactic motion. This suggests that FMNL2
does not significantly impact the durotactic behavior of these cells, and the noticeable changes in
motility would be noticed on all substrates, regardless of a stiffness gradient. This result is similar
to behaviour reported in fibroblast cells, where the affects of suppressing FMNL3 were studied
[120], showing that the suppression of this formin resulted in no noticeable difference between the

WT and KD cells on their gradient substrates.

5.5 Conclusion

In this chapter we investigated the impact of a gradient in substrate stiffness on the motility of

A2058 melanoma cells. We studied their motion within a range of physiologically relevant moduli

129



utilizing a bio-mimetic protein substrate where we could create linear stiffness gradients using
the diffusion of chemical crosslinkers. We found that the cells exhibited a biphasic dependence
on cell motility consistent with the finding in chapter 4 of an optimal modulus for maximizing
cell motility. When occupying the soft regions of a gradient substrate between 5-15kPa, the cells
underwent positive durotaxis, while in areas above 25kPa, the cells underwent negative durotaxis.
In the stiffness region between, cell motion was seemingly adurotactic. When introduced to
substrates with different gradient strengths, we found that their durotactic motion was enhanced,
as quantified by the noticeable increase in the value of DI along the gradient direction as well as the
global order parameter S. The absolute stiffness of the local region also impacted cell durotaxis, as
the value of DI decreased on either side of the 15-25kPa region, before reaching a plateau around
70kPa. The suppression of FMNL2 was also studied, with the results suggesting that FMNL2
does not impact A2058 cell durotaxis in a qualitatively significant way. Rather, motility for KD
cells was reduced relative to WT cells, in a manner similar to the results of chapter 4, but the cells
still showed more directed motion along the gradient when compared to the cells on homogeneous

moduli substrates.
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Chapter 6

Conclusion

The results presented in this work showcase the impact that the mechanical properties of a cell’s
environment can have on its behavior. We studied the impact of mechanical stiffness on melanoma
cancer cells, which are known for their ability to invade and spread throughout the human body.
We specifically studied A2058 melanoma cells, which are a known highly metastatic cell line. We
found that A2058 melanoma cells exhibit pronounced morphological and motility based changes
between substrates with different moduli. The role of the protein FMNL2, which is known to be
relevant to the motility of melanoma cells, was also investigated through A2058 melanoma cells
which were modified to reduce the expression of this protein, so-called protein knockdown cells
(KD). The behavior of these KD cells on gradient stiffness substrates was also characterized and
compared to the control A2058 cells, to characterize their durotactic behavior.

In chapter 3, we developed different methods of fabricating gradient stiffness substrates to study
the durotactic response of A2058 cells. We were able to successfully create substrates with three
different techniques that had linear stiffness gradients. The first method utilized photocrosslinking
methods with riboflavin. The samples created had linear gradients from end to end, however, they
were not thermally stable. The exact mechanisms for the noticed instability are unknown, and
it would be beneficial to determine the underlying stability mechanisms, so they could be used
for future cell culture studies. The other two methods, utilizing the diffusion of the crosslinkers
EDC & NHS or genipin, also successfully created linear stiffness gradients over a large range of

moduli. However, due to the nonlinear behavior of crosslinker diffusion, the resulting modulus

131



gradients of these gels were not linear throughout the entire substrate but rather only in defined
regions. In future work with these substrates, it would be interesting to utilize the color changes
that result from using genipin (which displays a concentration-dependent level of violet hue) as
a colorimetric measure of local crosslink density to estimate the local gel modulus. Furthermore,
genipin is also fluorescent, so the reaction dynamics of protein crosslinking could be studied, as
well as the structure of the resultant gels using fluorescent microscopy techniques.

In chapter 4, we investigated the morphology and motility of A2058 cells on silicone and bio-
mimetic collagen substrates. We found that these cells became progressively more elongated on
stiffer substrates, and that their motility was optimized on relatively softer substrates. Specifically,
on the silicone substrates, we found that this optimal modulus was between 0.2-2.0kPa, while on
the collagen substrates it was close to 10kPa. On either side of these regions, net cell displacements,
distance traveled, and speeds were found to decrease, showcasing the biphasic behavior of these
cells around the optimal region. We also found that the suppression of FMNL2 decreased the total
distance the cells would travel, as well as their time spent moving. This indicates that FMNL2
may play a role in the mechanosensing abilities of these cell lines. For future work, it would be
beneficial to utilize traction force microscopy (TFM) [121]. This technique allows for the forces
exerted by the cell on their substrate to be calculated by analyzing the displacement of fluorescent
beads embedded in the substrate that result from the tensile forces cell protrusions apply to their
local environment. This technique would allow us to directly determine which substrate conditions
are trigger the cell to exert the highest traction force, a potential measure of the optimal substrate
stiffness cell motility. The experiments conducted in this thesis were for dilute populations of cells
on the substrates. It would be very interesting to redo these experiments for more concentrated
cell populations, to look for potential collective effects on motility. Furthermore, it would be
interesting to redo these experiments with other melanoma cancer cell lines, to see if they exhibit
similar behavior as the A2058 cells.

In chapter 5, we investigated the behavior of these cells on gradient stiffness substrates. We
found that they undergo positive durotaxis in soft regions between 1-15kPa, and negative duro-

taxis in regions >25kPa. In the regions between 15-25kPa, there was minimal durotactic behavior
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noticed. This behavior once again highlights the biphasic behavior of these cells, with them pref-
erentially migrating towards a stiffness optimum. We also found that their durotactic response
increases with gradient strength, but declined for regions of absolute stiffness that were signifi-
cantly outside of their stiffness optimum. We then investigated the impact of suppressing FMNL2,
and we found that the cells still exhibited durotactic behavior, but with a reduced capacity. We
also found similar behavior to that found in chapter 4, where their motility was reduced, but their
durotactic abilities were not significantly impacted. These results suggest that the suppression of
FMNL2 did not impact the cells ability to sense substrate stiffness, as they still underwent duro-
taxis. However, it still quantitatively impacted their motion, as was seen in chapter 4. In future
work, utilizing TFM to see where the cells exerted the largest tensile forces would be beneficial
to more accurately determine the stiffness optimum. Furthermore, it would be also interesting
to explore other migratory methods of these cells. For example haptotaxis, cell migration along
a gradient in substrate binding sites, would be interesting to study. Moreover, we could then
combine multiple antagonistic gradients, e.g. one being a stiffness gradient and the other being
a haptotactic gradient, to see which extracellular signal dominates cell behavior under different
conditions.

Finally, we note that all of the work done in this thesis was based on two-dimensional in-vitro
cell studies which do not reflect the true environment where melanoma cells would be found in
vivo. In the future, three dimensional cell culture studies could also be performed to see how
the additional dimensional degree of freedom affects their behavior. Stiffness gradients can be
fabricated in 3D, and it would be interesting to study which direction the cells prefer to move if
different gradient strengths were present in each direction. Furthermore, melanoma cells in real
environments are most often found not as single cells, but large groups of cells generally in the
form of tumours. So, studying the collective motion of isolated groups of these cells, as well as
those around the periphery of a tumor, could provide crucial information about factors that lead

to cancer cell metastasis.
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Appendix A

A.1 Probability Distribution of a Random Walker in d
Dimensions

In a random walk process, such as those found in Brownian systems, the displacement vector R
after a single step can be decomposed into its components along each of the d dimensions. Let’s
denote these components as Ry, Rs, ..., Ry, where R; is the displacement along the i-th dimension.

Assume that the length of each step ¢ is constant, but the direction of the step is uniformly
distributed across all possible directions in the d-dimensional space. In this case, the probability
distribution for the direction of the step is symmetric, meaning that each component R; has
an equal chance of being positive or negative. Given this symmetry, the expected value of the
displacement in each direction is zero:

(R)) =0 (A1)

However, the mean squared displacement (MSD) for each component R; is non-zero. Since the
random walk is isotropic (the same in all directions), the step length ¢ is related to the sum of the

squares of the components as follows:

d
F=>"R (A-2)
i=1

Taking the expectation of both sides, and recognizing that each R? is identically distributed, we

have:
d

2= (R (A.3)

i=1
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Since the MSD is the same for each dimension, (R?) = (R3) = --- = (R?), we can simplify this to:

62
(B2 = = (A4)
d
This result shows that the step length ¢ is evenly distributed among the d dimensions in terms of
the mean squared displacement. The more dimensions there are, the smaller the contribution of
each dimension to the overall step length.
After N steps, the total displacement vector R in d dimensions is given by the sum of the individual
displacements:
N
R=>E; (A.5)
j=1

Since each step is independent, the mean squared displacement in d dimensions can be written as:

(IRIP) =) (B} = N(|R|*) = N¢* (A.6)

i=1
Substituting the expression for (|| E|2), we obtain:

q Z2
(IR|I*) = N—xd= N2 (A7)

To relate this to time, we note that if the random walk occurs over a time interval ¢, with N

t

+7» Where At is the time interval

steps taken during this time, then N can be expressed as N =

per step. Therefore, the total mean squared displacement over time ¢ becomes:

NI = (A35)

We define the diffusion coefficient D as:

D = 5dAL (A.9)
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Substituting this into the expression for the mean squared displacement gives:
(|R|?) = 2dDt (A.10)

The variance o2 for each component R; of the displacement vector R can now be derived. Since

R; is normally distributed, we know that:

o = (B2) - (R,)? (A11)
Given that (R;) = 0, the variance simplifies to:

ol = (R?) = 2Dt (A.12)

Now, instead of using the central limit theorem, we can derive the probability distribution P(E, t)
for the displacement vector R over a time interval ¢ by solving the diffusion equation in d dimen-
sions.

The diffusion equation in d dimensions is given by:

OP(R,t)

— DV%P(R Al
Py V°P(R,t) (A.13)

We apply the Fourier transform to both sides of the diffusion equation. The Fourier transform of
P(R,t) is defined as:
P(k,t) = / e / P(R,t)e *E iR (A.14)

—

where: - k = (k1,ka, ..., kq) is the Fourier space vector. - R = (Ry, Ra, ..., Ry) is the position
vector in d dimensions.
Taking the d-dimensional Fourier transform of the diffusion equation:

aP(,t)

5 =D (K + k34 -+ k2) P(k, 1) (A.15)
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This simplifies to:

= —DI|k|*P(k, ) (A.16)

where |k|2 = k2 + k2 + - - - + k2 is the squared magnitude of the wave vector k.

This equation is a first-order linear ordinary differential equation in time. The general solution is:

A =

P(k,t) = P(k,0) exp (—DVE\%) (A.17)

where P(k,0) is the Fourier transform of the initial condition P(R, 0).

Assume the initial condition is a delta function, meaning the particle starts at the origin:

—

P(R,0) = 6(R) = 6(R1)3(Ry) - - - 6(Ra) (A.18)

The Fourier transform of a delta function is 1, so:
P(k,0)=1 (A.19)
Thus, the solution in Fourier space becomes:
Pk ) = exp (—D[E|2t> (A.20)

To find the solution in real space, we take the inverse Fourier transform:

. 1 ) oo .o
P(R,t) = W/ / Pk, t)e™*f d'k (A.21)
™ —0o0 —0o0
Substituting P(k,t):
5 1 = > D120 0 . B gl
PR =g | o] e (—D|k| t+zk-R) d?k (A.22)

147



The integrals over each k; can be solved independently. For each component k;, the integral is

[e9) 2

Therefore, the solution in real space is:

P(R,t) = (271T>d f[ \/g exp <—4}§t> (A.24)

Multiplying the factors together:

of the form:

5 1\ |RP
P(R,t) = (M) exp( 4Dt> (A.25)

where \EP = R?+ R%+ -+ R? is the squared magnitude of the displacement vector R. The final

probability distribution P(R,t) in d dimensions is:

PR = — L (LR (A.26)
T nDt)y2 P\ T aDt '

A.2 MSD Derivation in d Dimensions

The Gaussian form of the probability distribution for random walk processes in d dimensions is

given by:

PR = L o RE (A.27)
T UrDty2 P\ Tuape ) '

The MSD for purely diffusive motion can be derived from the second moment of this probability

distribution as follows. The MSD, denoted by (R%(t)), is defined as:
(R*(t)) = / R*P(R,t)d'R (A.28)
Rd

where d?R is the differential volume element in d dimensions. To simplify the integration, we

convert to spherical coordinates in d dimensions, where R is the radial coordinate. The volume
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element in spherical coordinates is:

d’R = R™YdRdQy,

(A.29)

where df2; represents the differential solid angle in d dimensions. The MSD can now be expressed

as:

(R%(t)) = /0 h R?- P(R,t)- R™dR / Ay

(A.30)

The integral over the angular part [ df, is the total solid angle in d dimensions, denoted as €.

For a d-dimensional space:
2m/?
I'(d/2)

d =

Thus, the MSD becomes:

0o 2
<R2(t)):L / R exp [~ ar
(4w Dt)i2 |, ADt

Introducing the substitution v = £ with du = S dR, the integral becomes:

4Dt 2Dt

Qq

(R*()) = ———— - (4Dt)\/>+! u'? exp(—u) du
(47 Dt)4/ 0

Simplifying and evaluating the integral, we find:

(R*(t)) = % T (g + 1)

where I' (g + 1) is the Gamma function. Using the relationship I'(z + 1) =

simplifies to:
) ADt-T (4+41)
(R°(1)) = (47 Dt)d/2-1 . 7rd/2

(R*(t)) = 2dDt
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(A.32)

(A.33)

(A.34)

2I'(z), the MSD

(A.35)

(A.36)



where (); and other terms cancel out, leaving the result dependent on the number of dimensions.

Thus, the mean squared displacement (MSD) for cells moving diffusively in d dimensions is:

Arisp(T) = 2dD7 (A.37)

where 7 is the lag time, D is the diffusion constant, and d is the number of spatial dimensions.

For two dimensions (d = 2), this simplifies to:

Arﬁ/[SD (1) =4D1 (A.38)

which is the result obtained in the main text.

A.3 Biased Diffusion Derivation in 1D

Consider a particle moving in one dimension under the influence of a bias [41]. The particle can
jump to the right with probability p, and to the left with probability p_ in each time step At.

The particle moves a distance ¢ in each step. For a single step, the mean displacement (Ax) is:

(Azy =L -py At + (L) - p_ At = l(py — p_)At (A.39)
The simplified variance of the displacement var(Ax) is:
var(Az) = 0% - p, At + 07 - p_ At — (Az)? (A.40)
Since (Ax)? is of order (At)?, this means that it can be neglected, so:
var(Az) = 2(p, +p_)At (A.41)

For a total time ¢, where the particle takes N = ﬁ steps, the total mean displacement (z(t)) and
variance var(x(t)) are:

(x(t)) = N{Az) = l(py —p-)t (A.42)
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var(z(t)) = Nvar(Az) = 2(p, +p_)t (A.43)

Thus, the drift velocity v and diffusion coefficient D are given by:

v= =l(p+ —p-) (A.44)

var(z(t)) _ (p+ +p-)
2t 2

(A.45)

The probability of finding the particle at position z at time t + At is:

P(z,t+ At) = [1 — (py + p_)At|P(x,t) + py At - P(x — £,t) + p_ At - P(x + {,t) (A.46)

Expanding P(z,t 4+ At), P(x — ¢,t), and P(z + ¢,t) using a Taylor series gives:

OP(z,t)

P(z,t+ At) = P(z,t) + T

At+ ... (A.47)

2 52
EaP(a:,t) n 0Pz, 1) N

P(x+/4,t) = P(x,t) £ e 5 o2

(A.48)

Substituting these expansions into the probability equation and equating the terms linear in At,

we obtain the diffusion equation:

OP(x,t) OP(x,t) 0*P(z,1)
ot o D Ox?

(A.49)

Now, let’s solve this partial differential equation using the Fourier transform method. The Fourier

transform of the probability density P(z,t) is defined as:

P(k,t) = /00 P(x,t)e " dx (A.50)

—00

where k is the wave number. Taking the Fourier transform of both sides of the diffusion equation:

) _ —ikvP(k,t) — DE*P(k,t) (A.51)
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This is a first-order linear ordinary differential equation in ¢, which can be solved using the method

of integrating factors. The solution is:
P(k,t) = P(k,0) exp (—ikvt — DK?t)

To find P(k,0), we use the initial condition P(z,0) = d(z), which gives:

P(k,0) = / 5(x)e ™ dr =1

o0

Thus, the solution in Fourier space is:
P(k,t) = exp (—ikvt — DK?t)
Taking the inverse Fourier transform to find P(z,t):

1 [~ . ,
P(x,t) = —/ P(k,t)e™™ dk

7T—OO

Substituting P(k,t) into the integral:

P(z,t) = —/ exp (—ikvt — Dk*t + ikx) dk

[e.9]

This integral can be simplified as follows. Combine the terms in the exponent:

1 o0
P(z,t) = %/ exp (—Dk*t + ik(z — vt)) dk

[e.9]

The integral can be recognized as a standard Gaussian integral in k:

/_Z exp (—ak® + Bk) dk = \/gexp <g)
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(A.53)

(A.54)

(A.55)

(A.56)

(A.57)

(A.58)



where v = Dt and 8 = i(z — vt). Applying this to our equation:
1 /7 (v — vt)?
Plot) = L _{z vty A.
(#.8) = 52\ D & ( 4Dt ) (A.59)

1 (x — vt)?
P(x,t) = TioDi exp <_4—Dt) (A.60)

This is the Gaussian solution for the probability distribution. To find the mean squared

Simplifying further:

displacement (x?(t)), we compute the second moment of the distribution:

(2%(t)) = /OO 2*P(z,t) dv (A.61)

o0

Substituting the Gaussian solution:

(22(t)) = ¢471m / Z 2% exp (-%) dx (A.62)

r—vl

This can be computed by changing the variable u = T leading to:

(z*(t)) = (vt)* + 2Dt (A.63)

where v = ¢(p; — p_) is the drift velocity, and D = ﬁ(m%,) is the diffusion coefficient.
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Appendix B

The following two plots (Figure B.1 and Figure B.2), are two plots following the same analysis
shown in Figure 5.1, except they are in 20kPa and 40kPa regions respectively.

In Figure B.1, the analysis was performed in a 20kPa region, which falls within the defined
optimal region found in Chapter 5. As such, the behavior of the cells in this region was seemingly
adurotactic, with both displacement components (A, and A,) being close to 0. Furthermore, the
angular displacement plots were also well distributed from 0 to 360 degrees. Whereas in Figure
B.2 (corresponding to the 40kPa region), there was directed behavior that was noticed. The
displacement along the gradient (A,) shifted to a negative value, and the angular displacement
on the gradient substrate showed a peak around 180 degrees. This is the opposite of what was
noticed in Figure 5.1, as this indicates that the cells moved from the stiff to soft regions of the

hydrogel, or underwent negative durotaxis.
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A Homogeneous B Gradient
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Figure B.1: A comparison between cell motion on a homogeneous 20kPa substrate and a gradient
substrate in a 20kPa region with a gradient strength of 2.5kPa/mm. Figures A and B compare
the cell tracks of cells on homogeneous (A) and gradient (B) substrates. Figure C and D compares
the displacement along x (A;) and y (A,). Figures E and F compare the angular displacement of

cells on both substrates.
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A Homogeneous B Gradient
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Figure B.2: A comparison between cell motion on a homogeneous 40kPa substrate and a gradient
substrate in a 40kPa region with a gradient strength of 2.5kPa/mm. Figures A and B compare
the cell tracks of cells on homogeneous (A) and gradient (B) substrates. Figure C and D compares
the displacement along x (A;) and y (A,). Figures E and F compare the angular displacement of

cells on both substrates.

In Figures B.3 and B.4 below, histograms of the local orientational order parameter (Spocar)
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are plotted in the optimal (20kPa) and stiff (40kPa) regions of substrates with different gradient
strengths. In Figure B.3, the value of S is close to 0 on all histograms indicating nearly random
alignment in this region. This further illustrates how A2058 cells seem to exhibit adurotactic
behavior in their optimal region of stiffness. In Figure B.4, histograms of Sp... are also plotted,
but in a 40kPa region. S in these regions was found to increase with the gradient strength, and
was also much larger than the values found in the optimal region, indicating that the cells were

aligning along the direction of the gradient.
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Figure B.3: Histograms of the orientational order parameter (Sp..q) in the optimal region of the

substrate.
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Figure B.4: Histograms of the orientational order parameter (Spoeq) in the stiff region of the

substrate.
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