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ABSTRACT

FORCE SPECTROSCOPY AND DYNAMICS IN BIOLOGICAL SYSTEMS

Communication is key to any process involving the transmission of information
or some sort of signal. For communication to occur, a signal must be created that can
be detected. Cells communicate through cues transmitted in the forms of chemical
and mechanical signals. The most fundamental means for transmitting chemical cues
1s through the process of diffusion. A single particle undergoing diffusion is
considered to undergo Brownian motion, which can be modelled as a random walk.
The random walk behavior is characteristic of both the particles properties and the
fields in which it is occurring. An unbiased walk will be completely random without
outside influence. A biased walk will be random within the confines of a potential
influencing its direction. Both are Stochastic processes characterized through
probabilistic models with known solutions. The work herein presents the
development of single molecule experiments and the associated particle tracking tools
targeting particles undergoing biased random walks within a trapping potential on
or near a cellular membrane. In the first set of experiments, the trapping potential,
an optical tweezers setup, has been developed and employed in measuring cellular
membrane biophysical properties as well as blebbing forces. The optical trap was
also used to directly measure flow driven forces in live embryonic zebrafish, the first
known measurements of this kind. In the second set of experiments, synthetic lipid

bilayers provided a trapping potential in a single dimension for protein binding



experiments leading to exchanges between free, 3-dimensional diffusion and bound,
or biased, 2-dimensional diffusion. In all cases, stochastic models have been used in
conjunction with image-based particle tracking tools to better characterize the
biophysical properties and forces associated with the cellular membrane and its
means of signal transduction. These measurements are key to understanding both
the chemical and mechanical signaling means by which the cellular membrane

transduces an external signal into an internal response.
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1. CHAPTER 1: INTRODUCTION & BACKGROUND

Communication could be described as an exchange of signals with a means of
understanding, filtering, and providing feedback that can be continuous, discrete,
and/or intermittent within our everyday world. Without defined communication as
just described, there would be no means of understanding this document and the
underlying principles I intend to prescribe. Furthermore, a lack of understanding
communication techniques or defined signals, does not mean that communication is
not occurring. It means that the devices or mechanisms have not been defined to
comprehend the signals that are being transferred. Thus, we have not developed the
means for understanding and filtering out the message that is being communicated.

In our modern world, there are very few means of communication that we feel
we do not understand, which is why roughly 7,100 languages exist as well as means
to encrypt these languages.! There are, however, nonverbal signals and means of
communication happening around us and within us that allow us to function and
maintain life that occurs on a scale the naked eye cannot see and therefore we may
be unaware. To those of us who understand the general sciences, such as biology,
chemistry, and physics, this comes as no surprise. We have been trained to
understand chemical and environmental exchanges that generate signals interpreted
via tool development. To this end, we now know that certain species create
pheromones related to attraction?, microorganisms swim in directions driven by

chemical gradients (chemotaxis)34, and our voluntary movements are driven by nerve



impulses sent from our brains to our muscles.5 In all these cases, chemical signals
are transferred to some sort of mechanical response that drives the way living
organisms communicate and function within their world. We also know that these
chemical signals drive our development as we grow from single cellular to
multicellular organisms with a very complex and well defined hierarchal
arrangement.®? Thus, the understanding of chemical signaling and communication
has become key to understanding a variety of mechanisms tied to normal
development and maintenance of homeostasis thereby preventing disease.

As scientists have worked towards this end, a variety of tools have been
developed that have increased our understanding of signaling down to sub-
microscopic levels. Key to this cognizance is the development of microscopic tools and
techniques that have allowed us to visually and mechanically characterize the
cellular and sub-cellular environments. Furthermore, the development of microscopic
tools has driven the expansion of biological and chemical techniques that have further
elucidated sub-cellular architecture, interactions, and mechanisms for response to
environmental cues. We have learned that such cues need not be purely chemical, but
that also physical stimulation, i.e. mechanical and/or light induced changes, can
induce specific responses leading to changes in cellular architecture.8-12 Specifically,
the study of Green Fluorescent Protein (GFP) and understanding its genetic coding
have enabled us to identify/engineer a variety of other fluorescent molecules that
have been key to fluorescence microscopy techniques that have further elucidated

cellular structures and protein based interactions.!3.14 Moreover, it has been realized
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that these protein interactions can lead to a cascade of other signaling events leading
ultimately to changes that effect genetic regulation and protein expression in
response. Thus, the signal is communicated through a variety of complex interactions
leading to changes that can directly affect the cell turning genes on and off that code
for a multitude of responses good or bad.

Central to the cellular signaling response are two key principles that we
continue to study: 1) the cellular membrane as a barrier and its signal transport
mechanisms, and 2) how particles interact within the extracellular and intracellular
environments to transfer the signal. These particles can be a variety of things, such
as proteins, chemical molecules, or engineered beads we have introduced.
Furthermore, we can modify these particles to enhance or suppress a certain
interaction. For example, we can introduce a fluorescent tag, such as GFP, onto a
protein via a variety of mechanisms and visually follow the fluorescent tag using
single molecule techniques, hence providing visual information on how the protein
moves.!> We can also introduce a specific chemical that inhibits the particle’s
Interactions with its environment. Thus, we can manipulate exchanges to understand
the ultimate effect on the cell as channeled through the cellular membrane. This
enables us to further expand on disease processes and methods to prevent or repair
these events at the cellular level.

The work I present here centers on development of tools and techniques to
measure the mechanical properties and events that occur on a cell within its

environment, thereby effecting its overall signaling. Central to this theme is the
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movement, or diffusion, of particles, either beads, whole cells, or individual proteins,
within a defined trapping potential through optical microscopy techniques. In this
first chapter, I will initially develop the principles related to particle movement and
confinement within a trapping potential, which are dictated by thermal molecular
interactions. I will then discuss the basics of molecular cell biology with the cell
architecture highlighted around the cellular membrane. In conjunction, a discussion
of cell types and organismal hierarchal arrangement will follow with the mechanisms
being tied to blood vessel development, a key principle for the work discussed in
Chapter 3. After providing this background, the basics of the microscopy tools we used
in this work will be discussed. Finally, a discussion of image-based particle tracking
techniques will follow, which will lay the framework for understanding the
modifications made to these techniques to improve tracking and overall results
obtained within our work.

1.1. PARTICLES WITHIN THEIR ENVIRONMENTS

To understand particle interactions within their environments, we must
return to the Laws of Physics and Thermodynamics to understand that these
principles transfer from the macroscopic to the microscopic environment. Although I
will not directly define these laws, everything that occurs within these environments
follows them. For example, much like we expect a collision between two billiard balls
to cause a transfer of energy from one ball to the other and a change in direction and
therefore a change in momentum, we expect the same thing to occur on the molecular

level. We expect each force to be met with an equal and opposite force, and a body in
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motion will remain in motion until an outside force acts upon it like the friction of
tires on the pavement of braking vehicle. More importantly, we expect conservation
of energy and conservation of matter to apply within the system. Obviously, there is
more to this interaction than is being defined here, but the central theme that needs
to be understood while reading this is that there is a consistent balance that exists
within the nature of the system. Nothing is created, nor destroyed, but it can be
transferred or exchanged in some manner maintaining the overall universal balance
within that system.

In this work, this balance is better defined as an energy balance that manifests
itself through forces. Everything that is happening to a microscopic particle is
happening due to energy transfer and a balance of forces within that environment.
These forces, however, are not forces that can be directly seen or felt. In other words,
the signal cannot be processed with simple sensory perception tools. Furthermore,
the magnitude is so low for each molecular collision that we must recognize that there
1s a multitude of thermally dependent, random collisions occurring simultaneously
resulting in visualized motion. We can indirectly see this through larger particle
movements under a microscope. This motion that we see is random and defined by
the temperature and the molecular composition of the system. In other words,
particles will move a lot differently in hot water as opposed to cold maple syrup as
opposed to a crystal lattice, an obvious assertion. Nonetheless, this observable
movement within a substrate is known as diffusion, from the Latin diffundere,

meaning to spread out.16
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1.1.1. DIFFUSION: A BRIEF HISTORICAL ACCOUNT

As already discussed, diffusion briefly can be described as a random particle
motion driven by temperature dependent molecular collisions and the composition of
the system. This can be seen in a variety of systems from gas to liquid to even solid
state with drastic slowing in the particle movement rates from gas to solid. Diffusion
1s the fundamental method of particle movements for transmission of signals that can
occur within a cellular environment.!” Moreover, it can occur on, in, or around a cell
with drastic differences between those environments.18-24 Thus, the ability to track
particle movements can give us information on the signaling process as well as the
environment in which it 1s occurring. Hence, the fundamentals of diffusion are
discussed here within a brief historical framework.

As the primary focus of this work occurs within the liquid state, it is rather
fitting that this random motion was first described by a Scottish botanist, Robert
Brown, through his study of pollen grains in water in 1827.25 He found that the
microscopic granules contained within the pollen would follow an incessant, random
motion, now termed Brownian motion for his discovery. This random walk as we now
describe it, however, was not recognized as a diffusion process, nor did it provide a
physical understanding of the molecular processes that lead to the motion.

It was not until the work of Adolf Fick that diffusion began to have a
mathematical framework and stronger understanding. Working off the studies
initiated by Thomas Graham on the inter-dispersion of salt solutions26, an extension

of his previous work with gaseous species, Fick applied similar principles to Graham’s

14



data that Fourier and Ohm had used to describe thermal and electrical conductance,

respectively. Using these methods, he obtained models for molecular diffusion.27
Fick postulated that the number of molecules diffusing across a certain point

during a finite amount of time, or the flux, was directly proportionate to the

concentration gradient. This has come to be known as Fick’s first law:

dc
j= _Da (1.1)

where, j 1s particle flux, D is the diffusion coefficient, ¢ is concentration, and x is
relative distance. He also correctly asserted that the diffusion coefficient (D) was “a
constant dependent upon the nature of the substance”.27-29 Taking this a step further,
Fick used conservation of matter to assert that the change in flux (j) relative to
distance (x) was proportional to the change in concentration (c¢) with respect to time

(t), otherwise known as the continuity equation.

dj  Oc

- 1.2
0x ot (1.2)

This 1s a key assertion that when combined with 1.1 gives us Fick’s second law, or the

diffusion equation:

dc d%c
%= Dﬁ (1.3)

This gives us a relation that tells us the change in particle number over time across
a certain point is related to the gradient concentration driving force and the
resistance to this force by the solution reflected in the diffusion coefficient. It
mathematically defined the phenomenon of diffusion, or the transport of particles like

the transport of heat but failed to give us an understanding of why diffusion occurs.
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Furthermore, there was no reconciliation of Brownian motion as a diffusion-based
process.

Many period physicists and scientists alike continued the study of Brownian
motion. The work of Georges Guoy provided interesting insight when he found the
motion to be independent of any external forces. Temperature and viscosity of the
fluid, however, had drastic effects on the particles’ movement. This lead him to
correctly hypothesize that Brownian motion was “a weakened and remote testimony
of thermal molecular motions.”16:29.30As molecular/atomic theory was a rather new
subject, this was a key observation supporting it. Yet, the understanding of Brownian
motion from an atomic theory standpoint had lacked in reconciliation with Fick’s
laws. Thus, it was not known that Brownian motion was a diffusion-based process.
This was primarily due to those working on this area were looking at Brownian
motion using kinetic theory and a focus on particle velocities, which gave erratic
results over the path lengths observable within a microscope at the time.16 This
makes sense, as the motion 1s erratic, non-continuous, and immeasurable over
extremely short time periods that might reflect the appropriate particle velocities
based on kinetic theory.

Spurred by the work of their predecessors, Albert Einstein and Marion
Smoluchowski reconciled Brownian motion with diffusion and atomic theory using
thermodynamics and molecular kinetics, respectively.16 Independently, Einstein and
Smoluchowski each treated Brownian motion as a random walk laying the framework

for how we mathematically define free, unbiased particle movements today. Within
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Figure 1.1 A) One dimensional random walk represented by a man on a sidewalk with an unbiased choice to move either direction.
B) lllustration of possible paths with ending points on a three-step random walk. C) Distribution of displacements after three steps
illustrating the lack of movement of the overall ensemble of steps. D) Distribution of squared displacements illustrating the positive
displacement of the ensemble’s mean squared displacements.

an unbiased random walk, a particle’s movement is only dependent on its initial
position and the probability that it will move to another position from that point.

When truly unbiased, i.e. no drift or external forces, the probability of a step in any
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direction is equal. One dimensionally, this can be represented as a man standing on
sidewalk with the ability to move either left or right into the next square (Fig. 1.1A).
Each step the man takes is of equal length (/) within a defined constant time period

(r). His initial position (x,) determines where he can take his next step. The

probability of taking his next step is unbiased towards either direction. Therefore,
the probability of moving left or right is equal. Thus, after a single step (s), the walker
will be located at +/. From that position, the walker can make another unbiased step
in either direction, hence continuing his movement either back to the initial position
or further to a position at +2/. The number of steps (n) therefore determines how many
potential locations the walker could end up. In the case of 2 steps, there are 2»
possibilities, or 4 potential outcomes: two steps left, a step left and a step right, a step
right and a step left, or two steps right. In terms of deviation from the initial position,
this would be represented as -2/, 0, 0, and 2/, respectively. Thus, there is a higher
probability that he will end up back at the center than at either extreme, regardless
of the path, or trajectory, the walker takes.

Mathematically, we can define the walker’s ending position after n steps as a

sum of each discrete step within the walk:

n
Xp = z S; (1.4)
i=1

Let’s assume, however that there are multiple walkers, or an ensemble, each
representing a possible path taken. Like described above, there are 2" possibilities of
where each walker can end up. Assuming there were three steps taken on differing

paths, there are eight possible paths (Fig. 1.1B). We can look at each path individually
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and create a distribution of their potential end positions as seen in Fig. 1.1C. Thus, a
statistical representation of position based on the number of steps and possible paths

was created. We can therefore look at their average displacement (x,) and find:

3 3
=30+ 3(=0) +3() + 3l
e = (Y sp = Y sy = X IDFID I, (1.5)
i=1 i=1

8

As an ensemble, there was no net movement from the initial position, although each
individual walker provided a different trajectory with a resulting position. Regardless
of the number of steps, this result will always be mathematically the same for an
unbiased random walk ({x,) = 0).

Although the distribution results statistically in no net movement, we know in
the case described that each walker ended up in a different location than where they
initially started. There was a net displacement of each walker, however the negative
steps are equally as probably as the positive steps and therefore cancel each other out
when looking at the distribution. If, however, we square the net displacement of each
walker, we no longer have negative displacements to cancel out the positive
displacements. Thus, the distribution is no longer centered about the initial position
(Fig. 1.1D). The mean of the distribution is no longer zero. This is known as the mean
squared displacement (MSD), and mathematically, the three-step distribution is

represented by:

2

3 3
912 + 3(12) + 3(1%) + 91?
(x3) = (( 51’) Y= ) (sf) = = 3[? (1.6)
b= (Ys))-3 :

=1

Assuming there were n steps, the MSD becomes:
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(x3) = nl? (1.7)
Therefore, the net displacement of the squared distribution is proportional to the
number of steps taken and length of each step squared.

Earlier, each step (n) was defined as the length of each step (/) that occurred
within a time (7). Assuming multiple steps occurred within a time ¢, then the total
number of steps taken can be represented as the total time over the time for each step
length, or n = t/t. Thus, equation 1.7 becomes:

2
=" (1.8)

The length (/) and time (7) parameters, however, are both constants depending on the
system we have defined. Thus, we can replace this parameter with an arbitrary
constant as well, which we select this to be 2D = [?/7, where D is our diffusion
coefficient. The factor of 2 has been added to reconcile the equation with the processes
described later in this text. Hence, equation 1.8 becomes:
(x{) = 2Dt (1.9)

This is the generalized equation for MSD in a single dimension that illustrates the
time-based evolution of the MSD of an ensemble of particles within a defined system.

Taking this a step further and using Einstein’s method treating the ensemble
of particles within a volume dependent on position and time establishes a probability
distribution law based on a concentration of particles between two theoretical planes

x and x + dx:

l=00
c(x,t + 1)dx = dx - f clx+ DP(dl (1.10)
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where x 1s position, ¢t is time, 7 1s a very small interval relative to ¢, [ is a small
displacement value, and P(]) is the probability of the small displacement. As 7 1s very

small, the following equation can be substituted for the left-hand side of 1.10:

0
c(x,t+1) =c(x,t)+‘ra—z (1.11)

In other words, the concentration at position x at time ¢ + 7 is simply the concentration
at x at the initial time ¢ plus 7 times the rate of change of the concentration, or the
flux. Furthermore, a second order Taylor series expansion can be applied to
approximate the right-hand side of 1.10 about / to find:

dc(x,t) 120%c(x,t)

ox 2! 0x? (1.12)

cx+1t)=clxt)+1

Bringing this under the integral in 1.10 and applying 1.11 for c¢(x,t + ), he achieved

0o 72

ac @ d%c
C+§'T= C'.f_ P(l)dl+—f lP(l)dl+ foozp(l)dl (1.13)

Recognizing that the even terms cancel as P(1)=P(-1), and the integral f_oooo P(Ddl =1,

1.e. a delta function, 1.13 became:

ac d%c [ I?
C+a— T—C+ﬁfoozp(l)dl (1.14)
ac d%c (@12

—P(l)dl (1.16)

ac aclj [2
ot ox? T

Using unit analysis and assuming [ is a constant, it can be seen from 1.16 that,

12
;f S Pl = —f P(Ddl = l l (1.17)
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Thus, we achieve the mathematical value for the diffusion coefficient that was used
above to achieve 1.9. A final substitution of 1.17 into 1.16 achieves:

ac d%c
- (1.3)

or Fick’s second law, the diffusion equation. Hence, mathematically it has been
proven that an ensemble of particles undergoing a random walk, i.e. Brownian
motion, satisfies the diffusion equation. This is a very powerful result, as it illustrates
that Brownian motion is the fundamental representation of particle diffusion.

More importantly, treating the probability distribution for concentration,
c(x,t), as a point source, and applying boundary conditions found a fundamental
solution to 1.3 providing a normalized Gaussian distribution for the diffusion
equation in 1D31;

x2

e 4Dt (1.1)

c(x,t) =
) 4Dt

This has been translated to 2D and 3D by the multiplication rule for probabilities32:

N _(x*+y?H (1.18)
= = 4Dt .
cx,y,t) =c(x,t) xc(y,t) i
N _(x2+y%+2%)
cx,y,zt) =clx,t)*c(y,t) xc(z,t) =———5,-e 4Dt (1.19)
(4nDt)”/2

where, N 1s the total number of particles normalized over all dimensions.
Furthermore, the solutions have also yielded the variance of the distribution, which
in conjunction with statistical theory can be reconciled with the mean squared
displacement achieving the same result we described earlier:

202 = 4Dt (1.20)
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Figure 1.2 A) Time dependent evolution of normal and anomalous diffusing particle ensembles. Normal diffusion is represented by
an alpha exponent of one (green). Sub- and super-anomalous diffusive motions are represented by exponents of below(blue) and
above (red) one, respectively. B) A log log plot of the same diffusive particle ensembles illustrating the linearity based upon the
exponents.

0?2 = 2Dt = ((x — (x))?) (1.21)

Assuming the mean of the distribution, (x), is zero, then 1.26 becomes:

(x2) or (y?) or (z?) = 2Dt (1.22)
(r?)ap = (x*) +(y?) = 4Dt (1.23)
(r®)sp = (x?) +(y?) +(z?) = 6Dt (1.24)

Thus, even though we may see no net displacement of the distribution, the mean
squared displacement grows linearly with respect to time (Fig. 1.2). This provides a
means to measure the displacement of a particle being tracked over time and
reconcile it with its diffusion coefficient. This concept is key to the work described in
Chapter 4 and provides us the means to calculate the diffusion coefficients of a

particle through single particle tracking that is described later in this chapter.
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The result just described was also independently found by Smoluchowski using
probability theory on particle displacements. In fact, there are a multitude of ways to
come to the same solution with different approaches since Einstein and
Smoluchowski laid the framework. Nonetheless, Smoluchowski’s approach was also
from the standpoint of a random walk described by a series of arbitrary steps with
dependence only on the location in the previous stepl629.33.34) which has become
known as a Markovian process.33.35 Thus, a step in any direction is equally as probable
at any position or point in time and independent of momentum in any direction, i.e.
there is no memory of where the particle has been to determine where it is going.
Furthermore, by looking at the particle by step size as opposed to velocity eliminated
the time and distance scale problem found in previous work. This was a key
recognition that reconciled previous work based on displacements measured with a
microscope with atomic theory. Moreover, it laid the framework for modern stochastic
theory, or the use of probability theory to characterize random physical processes.

Although the equations described above fully defined Brownian motion as a
diffusion-based process with a known constant, the dependency of that constant on
temperature and viscosity was not well explained. Einstein established this relation
using thermodynamics. He postulated that diffusion was related to a force driven
process that was based on an osmotic, or entropic, pressure that had been well
characterized in gases.36 His hypothesis was based on the fact that a solid block
immersed in water would create a force on the water in the form of pressure that

caused the water level to rise. He correctly assumed that a group of particles of the
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same material, 1.e. same density, would create the same amount of force on the water
assuming the same amount of mass was placed in the liquid. Thus, the sum of the
particles forces would be equal to the total force applied by a single block on the
solution.

He derived mathematically an equation to describe this pressure using
thermodynamics and probability theory. The osmotic pressure was related to the
number of particles present in the same manner that pressure was exerted by gases

in the natural gas law:

p=——m-¢" (1.25)

Here, p 1s the osmotic pressure exerted by particles in a unit volume, R 1s the
universal gas constant, 7' is absolute temperature, Na is Avogadro’s number, and c is
particle concentration. Realizing that each particle exerted a certain pressure, or
force per unit area, he recognized that the molecules of the solution would also apply
a pressure and therefore a force to a suspended particle, i.e. Newton’s third law.
Asserting that this force would cause overall diffusion across a distance x, he used
thermodynamic equilibrium to establish a balance between the forces on the particles

and the osmotic pressure he had derived3¢:

AFE = AE —TAS =0 , where (1.26)
1
AE = —f FcAxdx = —Fc (1.27)
0
R; (toc R; Oc
—_6 | == =" 1.28
AS N, ), ox Axdx N, ox (1.28)
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Therefore

FeRel2 (1.29)
‘TN ax '
9
Fe—2P —p (1.30)
dx

In the equations just defined, AFE is the Helmholtz free energy, AE is energy, AS is
entropy, and F' is force. It is important to note that the free energy, energy, and
entropy were all found within the same volume and over the same distance, and hence
the equations shown have been normalized over these values providing force density
(N/m3) as opposed to energy (N-m or Joules). Overall, the equation illustrates that
the force applied to the concentration of particles is equivalent to the change in
osmotic pressure with respect to the distance.

Using laws of mechanics, Einstein further established a force based velocity

and flux based on Stokes’ theory36:

-t (1.31)
u_6m}R '
| = . 1.32
]_Cu_6m]R (1.32)

where u 1s particle velocity, j is flux, n is viscosity, and R is the particle radius.
Equating Fick’s first law (1.1) to the flux just described and substituting a formula

for dc/dx from 1.30, he calculated a numerical solution for the diffusion coefficient:

CRGT 1 kT

D . =
N, 6nnR ¢

(1.33)

This equation 1s known as the Stokes-Einstein Relation and established

mathematically the temperature and viscosity dependence of the diffusion coefficient
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related to Brownian motion that Guoy had described, further evidence that the
process was indeed diffusion based.

Overall, the methods and equations described are still in use today for study
of diffusive behaviors. Moreover, they are the foundation the work herein is based
upon. Brownian motion is the most fundamental means of particle movement, which
can be studied in any medium, assuming the particle, or ensemble of particles can be
visually tracked in some manner. The motion itself is characteristic of the particle
and the medium in which it is moving. Furthermore, it can be multidimensional, such
as a particle diffusing freely in 3D or a protein moving essentially in 2D on a cellular
membrane. The characteristics of the motion will define the properties. Thus,
studying the motion gives information on the particle movement that can be related
to a signaling/communication process.

1.1.2. DIFFUSION IN THE PRESENCE OF AN EXTERNAL BIAS

The discussion of diffusion described above is under the assumption that no
external forces are acting on the particle. In other words, there is no drift or bias of
the particle’s movement, which does not occur in all systems. There are a variety of
situations within a cell that lead to biased particle movements. These can be related
to flows, transport by motor proteins, confinement, binding events, complex pathways
acting as a fractal, etc. In these cases, Brownian motion is still occurring, however
the forces/barriers bias the motion. These deviations from free Brownian motion are
known as anomalous diffusion.33 If the motion is slowed down or sped up, this is

known as anomalous sub or super-diffusion, respectively.
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In terms of the mean squared displacement, anomalous diffusion manifests
itself in a non-linear fashion when plotted vs time (Fig. 1.2). This can be modeled with
the following equation:

(r(1)?) = D, 7% (1.34)
where, D is the modified diffusion coefficient, 7 is time window of averaging, and a is
the anomalous exponent.3” An a of 1 indicates normal diffusion, whereas less or more
than 1 indicates sub or super-diffusion, respectively. Dependent upon the exponent
achieved, stochastic models can be applied to determine the best fit to the overall
distribution. The model provides information on the environment causing the
diffusive behavior seen.

The diffusive behavior illustrated may also be the result of multiple effectors.
One such scenario is known as particle search and capture. In this event, a free
moving particle experiences biasing events that cause a change in its diffusive
behavior. This capture event results in confinement of the particle by some means.
The particle becomes captive to the environment, which spatially can be from one to
three-dimensional confinement. An example of one-dimensional confinement would
be that of a protein diffusing freely in three dimensions and experiencing a binding
to a lipid bilayer that limits its motion to two dimensions. An event such as this will
change the particles behavior drastically as the particle is now limited to the friction
caused by the lipid bilayer as well as being trapped in a single dimension. An example
of three-dimensional confinement would be the use of an optical trap to capture a

particle and limit its motion in all directions. In this case, however, the particle search
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and capture are biased by the operator of the optical trap. Nonetheless, both cases
described are illustrated in this work with different information being extracted from
the particle displacements.

In the case of protein binding to a lipid bilayer, the information attained from
the displacements illustrates the behavior of the particle on and off the lipid bilayer.
Assuming we define the diffusion on the lipid bilayer as normal diffusive behavior,
an unbound particle will then experience super diffusive behavior relative to the
bound particle. Studying an ensemble of particles undergoing diffusion with binding
and unbinding events will therefore give information on the particle’s behavior in
both environments. Understanding this behavior is key to understanding signal
transduction mechanisms of a cell, as many signals across the membrane use this
exact type of particle search and capture event to initiate a signaling cascade. Thus,
we can achieve an understanding of the mechanical properties potentially effecting
the signal transduction by particle search and capture. This type of behavior is
further described in Chapter 4.

The other work described herein possesses the second type of particle search
and capture described. In this case, however, we are only interested in the diffusive
behavior seen while confined. This type of diffusive behavior occurs within an elastic
potential that can best be equated to a spring on the macroscopic level. In terms of a
random walk, it is like being placed in a belt tied to bungee cords in all directions
(Fig. 1.3A) and being hit with tennis balls randomly driving you to displace from the

center. Your displacement will always be biased back to the center based on the
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Figure 1.3 A) One dimensional biased random walk illustrated by a man on a sidewalk with bungees being biased back to the
center by an elastic potential. B) A biased random walk of a bead attached to an elastomer, DNA. C) A biased random walk within
a harmonic potential applied by an optical trap.

strength of the bungee cords. Your displacement from center will be dependent on the
collisions occurring to push you in either direction. Furthermore, the further you

displace, the stronger you will be pulled back. A balance exists between the bungee
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forces and the forces of the tennis balls hitting you. The forces create an equilibrium
state when put in terms of thermodynamics.

On the microscopic level, this is not much different. The tennis balls are the
molecules of the medium, and the elastic force is applied externally. Some examples
would be: 1) an elastic potential applied by a coiled piece of DNA attached to a bead
on one end and a surface on the other3® (Fig. 1.3B), and 2) an optical trapping
potential utilizing light gradients focused through the particle to create a harmonic
potential39.40 (Fig. 1.3C ). Nonetheless, the particle experiences forces balanced
between the thermal molecular collisions, the friction of the medium, and the elastic
potential confining the particle.

The stochastic model describing a particle within a harmonic environment was
first developed by Smoluchowski. The equation describing this is simply the diffusion
equation (Fick’s second law or Eq. 1.3) that balances the concentration changes
(0c/0t) with entropic forces reflected in the diffusion coefficient and the concentration
gradient (3%c/dx?) and the harmonic forces of a trap (=ktrap * x) dampened by the
friction (), as shown here:

dc d°c 10

gc _poic_ 19 1.35
ot = Dox? T 7 ox KerarC (1.35)

This i1s known as the Smoluchowski equation for a 1D harmonic potential.4l.42

Furthermore, this equation has an analytical solution in 1D43;

(1.36)

ktrap (x — xo‘?—z(t_tO)/T)2
cttlxo to) = |5 = eae 7 P\ T 2k, T = e 2t/ Kerap
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where %k, 1s the harmonic spring constant (aka trap stiffness), k&, is Boltzmann’s

constant, T 1s absolute temperature, and 7 is a characteristic time or relaxation

constant equivalent to 2k, T/(k,,,,D). Thus, this equation provides the probability of a

trap
diffusing particle’s position given an initial position and time within a trap dependent

solely on the diffusion coefficient (D), the trap stiffness (k, ), and the temperature of

trap
the system (7). In other words, we need no a priori knowledge of the system other
than that a particle is contained within a harmonic potential with no other external
forces. Therefore, we can simply follow the particle’s motion throughout time within
a static trap and environment and use a distribution of displacements to derive the

characteristic factors of the system, such as D, k viscosity (1), and particle radius

trap?
(R), which is very powerful for the work described in Chapter 3 utilizing an optical
trap within a living zebrafish embryo. Without this equation/methodology, we would
not have been able to calibrate out trap within the zebrafish without a priori
knowledge of the blood cell radius and blood viscosity. Hence, it gave the critical
information on our trap to accurately measure forces in vivo that are associated with
flow and development. The measurement of such forces is critical to understanding
the biomechanical signals necessary for natural development.

In both cases, a distribution of displacements is used to collect the information
on a captured particle. The motion of the particle gives information on both the
environment and the processes involved. The molecular dynamics are key to the

different types of signaling that occur to affect the cells/tissues involved. Thus, the
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study of diffusive behavior in terms of a random walk, or stochastic process, is
powerful in multiple types of measurements.

1.1.3. MOLECULAR INTERACTIONS

Obviously, molecular interactions have been a key theme of this section.
Moreover, they will continue to be a theme throughout later sections; however, the
molecular interactions have solely focused on molecular collisions. Although this is a
key concept to understanding force balanced relationships, other interactions do
occur. For instance, two molecules can come together and bind, such as an enzyme
binding to a substrate or inhibitor. The combination of two molecules can further lead
to a chemical reaction, and a change in molecular composition while mass and energy
are conserved. In general, this will affect the overall diffusion of the particles. The
former will change the size of the particles and therefore the diffusion coefficient. The
latter will change the concentration of the particles and therefore the entropic driving
force that Einstein described as an osmotic pressure.

Although enzyme interactions and catalysis are of interest to us in future work,
the primary interactions discussed in later sections are related to diffusion with
molecular binding (particle search and capture). In our work, this is modeled by the
dimerism of two of the same protein molecules each bound to a synthetic lipid bilayer
thereby causing a change in their rate of diffusion on the membrane reflected in the
diffusion coefficient. In such a case, the change being seen is a change in the total
frictional component limiting the rate of diffusion on the membrane. Mathematically,

the friction is additive44;
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Ctotat =61+ G+ -+ (1.37)

Assuming two particles dimerized and each bound to a lipid with equal friction, or

viscous drag, then the total friction 1s ¢, =2 ,,;;.r Thus, using the Stokes-Einstein

Relation (1.12), the viscous drag, or friction, doubles, hence the diffusion coefficient

1s cut in half. Hence, a mathematical relationship takes shape:

D kp,T 1.38
where N is the total number of particles bound and diffusing together. Assuming this

1s occurring in 2D, we expect a change in the mean squared displacement44:

(x?) = % (1.39)

Thus, the linear relation will have a scaling factor of the slope related to the number
of overall polymerized particles. Assuming a distribution of particles exists, 1.e. a
proportion of monomeric and dimeric molecules, then the net diffusion coefficient will
reflect the overall distribution?5:

Defrective = DmonomerFmonomer + DaimerFaimer (1.40)
where, D is the diffusion coefficient, and F'is the fraction of molecules. This will be
reflected in the mean squared displacement as described above, simply providing a
linear diffusion with a lower slope than expect in the monomeric state (Fig. 1.4).
These types of interactions will be further described in Chapter 4.

The net effect of particle binding or chemical reactions changing particle
concentration is to slow the signal transduction processes, assuming it is not part of

that process. Thus, our study of diffusive motions helps us to further understand from
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Figure 1.4: Time based evolution of mean squared displacement
of an ensemble of both monomeric and dimeric particles. Each
particle type has its own distribution that plays into the overall
diffusion represented by the effective MSD.

a biomechanical standpoint how signaling can be affected by diffusion changes of the
particles within, on, through, or outside the cell.

1.2. MOLECULAR CELL BIOLOGY BACKGROUND

Cells are the most basic unit of life. All living organisms are made up of cells
falling into two classifications: prokaryotes and eukaryotes. Prokaryotes are the most
basic of single cellular organisms. They include both bacteria and archaea, with
archaea typically being single celled organisms found in extreme environments.46
Prokarya lack membrane bound organelles, specifically a nucleus. Eukaryotes, the
focus of this work, however, contain membrane bound organelles and are more
complex (Fig 1.5). Eukaryotes also vary drastically in cell number dependent upon
the organism. This is exemplified by the drastic differences between a single celled

yeast comparative to multicellular organisms, such as humans or zebrafish.
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Figure 1.5: Comparative representation of a eukaryotic (left) and prokaryotic (right) cell illustrating the differences in complexity
and cellular components.

Nonetheless, these two basic cell types each have a basic architecture classifiable on
the microscopic level.

On the molecular level, conversely, there are drastic differences that exist
amongst different eukaryotic cellular types that afford them the diversity of functions
they perform. These molecular differences also manifest themselves in the
biomechanical properties of the cell. In other words, two seemingly identical cells
based on microscopic structures and organelles can have completely different shape
and rigidity based on their molecular compositions. Thus, measuring the
biomechanical/biophysical properties of the cell enables us to better understand cell
type and function as well as properties effecting signals, such as the presence or
absence of membrane receptors.

Cells vary their molecular composition based upon their genetic code, or the

code contained within their deoxyribonucleic acid (DNA) sequence. DNA contains
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Central Dogma of Biology
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Figure 1.6: The central dogma of biology illustrating that the
DNA sequence is replicated and transcribed into RNA that is

translated into an amino acid sequence that makes up all
proteins.

bases that can be recognized by specific enzymes, or catalytic proteins, known as
polymerases to transcribe this sequence into a similar coding sequence, ribonucleic
acid (RNA). The RNA is then recognized by another subset of enzymes known as
ribosomes that translate it into a final coding sequence, an amino acid sequence. The
amino acid sequence i1s what makes up all proteins, which are key to cellular
processes and signaling. The overall process of DNA to RNA to protein is known as
the Central Dogma of cellular biology (Fig. 1.6).46 It is key to all cellular functions.
Thus, understanding how communication occurs to affect this process is key to
understanding how cells maintain normal cellular function, differentiate to produce
a specific cell type, or modifications that produce a disease type such as cancer.
There are multiple ways to impact the function of the Central Dogma thereby

effecting the overall composition of the cell. It can be effected on the DNA level by
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molecular binding events enhancing or preventing transcription4’, modification of the
DNA itself causing modifications to the resulting pathway or protein4s, or by the
introduction of foreign DNA, typically a circular double stranded plasmid, to produce
a non-native or modified protein.4® On the RNA level, regulation can occur through
enzymatic degradation®0, introducing short RNA sequences to form a short double
stranded area preventing translation (RNA silencing)5!, introduction of rare codon
sequences limiting translation52, or chemical modifications to the RNA directly
effecting translation such as methylation.53:54 Lastly, on the protein level, alterations
can include the introduction of small molecules to bind and enhance/inhibit enzyme
activity reversibly or irreversibly®>-57, proteins can be unfolded by denaturation®7?, or
by tagging proteins for cellular destruction.5® Overall, the examples given are broad
examples of molecular biological techniques. These techniques exist for modification
of cellular function and how signals are processed potentially inducing disease type
processes that can be studied to find basic functional problems and targeted solutions.

Modifications also exist that we can utilize purely for observation of cellular
activities with minimal impact to cellular function. One of the most widely used
modifications is the introduction of fluorescent tags for tracking protein activity and
complexing as well as identifying subcellular structure. Since the discovery of green
fluorescent protein (GFP) in 196259 and subsequently the identification of its coding
sequence by Prasher et al in 199260, a growing number of fluorescent protein
molecules have been identified/engineered for molecular biological work.

Furthermore, many chemical fluorophores have also been engineered for biological
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work.61.62 The means to fuse these fluorescent macromolecules to other molecules of
interest such as other proteins, actin monomers, and DNA binding motifs have also
been developed. Their overall movements and localization are microscopically imaged
deducing cellular structures and functions.

1.2.1. GENERAL CELL ARCHITECTURE & LIFE CYCLE

As discussed in the previous section, all cells have a general architecture that
can be seen in Fig. 1.5. Each component within this architecture has a specific
function. Components of interest to this work primarily include the plasma and
nuclear membranes, the cytoskeletal structure, and the cytosol, or general cellular
interior composed primarily of water. The nucleus houses the genetic material,
primarily DNA, as well as the enzymes to transcribe and replicate its structure. The
nuclear envelope/membrane surrounds this and separates it from the other
cytoplasmic structures protecting the genetic material.63 Cytoskeletal components
such as microtubules, actin, and intermediate filaments extend from the nucleus and
different parts of the cell. They act as means for transport, structural support, and
mechanotransduction, a process of conducting a mechanical signal from the
membrane to the nucleus to produce a change in genetic expression.t4 The plasma
membrane 1s a complex structure that houses many proteins and coordinates the
connections between the intracellular and extracellular environments while acting as
a barrier.6> A dynamic interplay of communication exists between these structures

that maintains the function and life cycle of the cell. These communications are
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orchestrated by a variety of enzymes and other functional/structural proteins and
signaling molecules.

The cellular life cycle is one of the most controlled and choregraphed processes
a cell undergoes. In general, this cycle is maintained by a variety of signaling
mechanisms, both mechanical and chemical. Typically, the cellular life cycle is
described by the means of cellular replication that occurs via mitosis or meiosis,
depending upon cellular type.6¢ Although cellular division and the passing of genetic
material are important to the biological field in general, this work focuses on other
more specific portions of the cellular life cycle: processes that cause membrane
blebbing and cellular differentiation via mechanotransduction. In each, a response is
occurring relative to a chemical or mechanical signal that herein we are developing
the means to interpret.

Membrane blebbing is a protrusion from the membrane like a bubble. It occurs
as a response to a local disruption of the cellular membrane with the underlying actin
cytoskeletal cortex that results in a rapid, pressure driven expansion of the plasma
membrane.6”7 The expansion of the bleb occurs until the elasticity of the membrane
applies a force in response equal and opposite to the pressure.®® The bleb then
remains static while actin polymerizes outwards to the membrane followed by a
retraction of the bleb with activity of myosin II, a molecular motor protein, on the
polymerized actin.®® The membrane connection with the underlying cortical actin is

then re-established. Blebbing is therefore a mechanical response to a stimulus. The
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stimulus can be a variety of things such as chemicals inducing cellular death,
uncontrolled actinomyosin activity, mechanical disruption of the membrane, etc.

The processes of the life cycle that induce membrane blebbing include
apoptosis, cytokinesis, and cellular motility.6” Apoptosis and cytokinesis, or
programmed cellular death and division, respectively, are not two mutually exclusive
cellular processes that occur within tissues. They are both involved in normal cell
turnover, embryonic development, and the prevention of disease. Cellular motility
also plays its role in these processes; however, motility can also be an indication of
disease.’.7! In the case of cancer, motility leads to metastasis and ultimately the
death of the organism.’ Thus, understanding membrane blebbing and the underlying
biomechanical communication that happens in each of these processes 1is
fundamental to understanding both normal and diseased cellular functions.

Cellular differentiation is also key to embryonic development, tissue
maintenance, and the prevention of disease. It is one of the most studied processes,
as cellular differentiation is what enables the production of specific cell types and
tissues from pre-cursor cells more commonly known as stem cells, which is
fundamental to the field of tissue engineering. Differentiation itself towards a specific
cellular type happens in a variety of ways that include both chemical and mechanical
cues.”? Chemical cues are typically growth factors that stimulate specific genetic
pathways to be turned on thereby producing specific proteins key to each cell type
and function. Mechanical cues, however, have also been found that are key to the

development of specific tissue architectures. In many cases during earlier embryonic
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development, these mechanical cues are pressure driven flow forces that develop to
enhance the distribution of growth factors and nutrients throughout the appropriate
tissues when simple diffusion becomes a time limiting process.%73-76 This process is
further discussed later in terms of organismal hierarchy and normal tissue
development specifically related to blood flow forces that were directly measured in
the work described in Chapter 3.

1.2.2. THE PLASMA MEMBRANE

The most important cellular entity to the work presented herein is the plasma
membrane. All measurements that have been made involve forces on or within the
membrane itself as studied directly through living cells and organisms or modelled
with a synthetic lipid bilayer. Thus, it is important to understand the properties that
make the plasma membrane so dynamic. Moreover, our interpretations of these
properties further identify fragments of complex mechanisms enabling
communication across this barrier effecting survival and environmental adaptation.

1.221. PHYSICAL PROPERTIES

The fluid mosaic model best describes the overall structural properties of the
plasma membrane (Fig. 1.7)).6577 Within this model, the structure is dynamic and
moving as opposed to static and unchanging. The membrane itself can adapt to its
environment by changing its shape, dampening pressure, and applying forces related
to underlying cytoskeletal structure. Particles, both lipids and proteins, can move
amongst each other allowing free diffusion within the membrane. Furthermore, these

same particles can be inserted and removed from the membrane changing its overall
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Figure 1.7 Fluid dynamic model of a lipid bilayer meant to show that the membrane is fluid and moving as opposed
to static and unchanging. Particles can move amongst each other diffusing throughout the membrane layer. The
membrane is made of phospholipids whose chemical structures are shown inset.

composition. The composition is not separated amongst particle types either, they
intermingle and create what is the mosaic of the membrane.

The cellular membrane itself is a double layered entity made up primarily of
molecules known as phospholipids (Fig. 1.7 Inset). These phospholipids have a
phosphate group head with tails consisting of varying lipid composition. The
phosphate head provides a hydrophilic nature, whereas the lipid tail is highly
hydrophobic. This is known as an amphipathic molecule.” The greatest benefit of
these amphipathic molecules is that they self-assemble in aqueous solutions to create
micelles and other structures such as unilamellar vesicles. In other words, the
structure of the cellular membrane spontaneously forms through molecular entropic
forces via minimization of the energy landscape, i.e. like dissolves like and the polar

heads organize towards the water based solution while the tails organize towards
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each other.”™ This creates a barrier limiting molecular transport from the interior to
exterior and vice versa simply by hydrostatic interactions.

The act of forming a barrier is the most important function of the plasma
membrane. The effect of this barrier, however, is dependent on a variety of properties
related to the molecular species. The smaller the species, the more likely it is to
diffuse across the membrane driven by the entropic forces described earlier that lead
to an osmotic pressure. Uncharged species also diffuse freely across the membrane,
such as carbon dioxide (CO2) and oxygen (Oz2). This is a property that is key to cellular
respiration involved in the production of energy molecules of the cell. Lipid soluble,
or more hydrophobic molecules have the ability pass dependent on the size; however,
water soluble or charged species, 1.e. salt ions, are prevented from crossing. This
overall function of the lipid bilayer is known as selective permeability, which is key
to the function of many different cellular types.

The selective permeability, however, can limit the function of the cell if it
cannot get key nutrients or molecules into the intracellular environment.
Furthermore, signaling molecules that could not cross would not be detected, which
would prevent communication and a cellular response. In some cases, this is
beneficial to the cell because it does not respond to a negative stimulus and is not
harmed by the particle’s inability to enter the cell. However, when it is necessary to
detect, the cell has come up with a variety of means to conduct the signal. Membrane
protein channels exist to channel the molecules through the cell.8 Other membrane

proteins can bind the molecule on the external surface causing a conformational
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change to the protein on the internal surface, which can then activate/inactivate
another protein through its acquired ability to bind. The conformational change could
also induce enzymatic function enabling catalysis of molecular changes in the cell
leading to conduction of the signal. A membrane channel can also be effected by the
conformational change just described causing it to open for a different molecule to
enter the cell.89-84 These represent the protein related means of conducting a chemical
signal across the membrane leading to gene related regulation within the cell.

The cellular membrane also functions as a means of mechanical stability by
forming complexes with the underlying cytoskeleton. Typically, proteins within the
membrane anchor to the underlying actin structure known as the cortex.8> The dense
cortical actin structure provides rigidity to the typically elastic membrane.86.87
Furthermore, these interactions enable the formation of more complex membrane
protrusions, such as cilia, filopodia, and lamellipodia that enable movement.71.85.88,89
These interactions can also form cellular anchoring points known as focal adhesions
that provide further mechanical stability as well as a means of sensing mechanical
changes in the external environment.90-94 In general, it 1s these mechanical properties
of the cell that we are most interested for the work described.

1222 SYNTHETIC LIPID BILAYERS

The amphipathic nature of the phospholipid molecules enables the production
of an in vitro model of a plasma membrane. This model is known as a synthetic lipid
bilayer, which was used in the work described in Chapter 4. The benefit of such a

model comes in the ability to tune and select the molecules present within the
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membrane.% As discussed above, the cellular membrane is an extremely complex and
dynamic entity that performs multiple functions. Furthermore, the complexity of the
membrane in conjunction with the difficulty of maintaining and measuring on live
cells lends itself to such a model.

Synthetic lipid bilayers can be formed on a rigid glass surface spontaneously
by small unilamellar vesicles. Upon formation, they act similarly to the cellular
membrane, and will allow other molecules, such as proteins, to bind or insert
themselves. This creates a freely mobile, uncompartmentalized membrane for free
diffusion of molecules. The tunability of the membrane, such as lipid components,
cholesterol content, etc. causes changes in the binding dynamics and the coefficient
of friction resulting in dynamic changes in the diffusive patterns in molecules. This
makes it an ideal platform to measure varying effects on molecular dynamics outside
the natural membrane.

1.2.3. CELLULAR TYPES & THEIR ORIGINS

Earlier, cell types were defined as falling into one of two categories, prokaryotic
and eukaryotic, with the focus being on the latter. Clearly, across different organisms,
there also exist drastic cellular differences, hence the existence of different organisms
and species. Cellular differences, however, also extends across an individual
organism. Multicellular organisms possess a variety of different cellular types all
with specific structures and functions. Furthermore, a hierarchy exists within the
organism that starts on the cellular level. This hierarchy for sexually reproducing

organisms, such as the vertebrate lineages in this work, starts from the fusion of two
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single cells. Reproductive parent cells merge to produce a viable single cell that will
grow, divide, and differentiate into the tissues, organs and systems that make up an
individual organism. As differentiation occurs, different systems are produced that
work in concert to keep the organism alive and functioning. Here, the focus is on the
development of the blood vessels comprising the cardiovascular system in which
direct measurements were taken in Chapter 3.

1.2.3.1. OVERVIEW OF VERTEBRATE ORGANISM HIERARCHY

The general hierarchy of a vertebrate organism illustrated in Fig. (1.8) starts
on the cellular level, which is why we define cells as the most basic unit of life.
Throughout development from the fused, or fertilized, single cell, the cells begin to
differentiate into different cellular lineages based on genetic and environmental cues.
As differentiation continues the individual lineages begin to produce multiple cell
types. These individual cell types continue to replicate and combine to form tissues.
These tissues coalesce to produce complex organs with individual functions. These
organs that perform concerted functions together then make up systems. These
systems combine to make up an organism. The systems function together to maintain

homeostasis within the organism that is required to preserve life.
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Figure 1.8 Organismal hierarchy illustrated through the cardiovascular system. Stem cells differentiate into
different cellular types based on environmental cues. The different cellular types combine into tissues that in
turn make up organs and vessels that combine into the systems that work in concert to maintain an organism.



1.23.2 BLoOD VESSEL FORMATION

Normal blood vessel formation is key to the function of the cardiovascular
system, the first functional organ system to develop in the vertebrate embryo.96 This
system circulates blood throughout the organism to individual organs and tissues to
provide nutrient, gas, and waste exchange key to cellular respiration.9” The
cardiovascular system maintains similar architecture across vertebrate organisms
with differences in heart structures. The overall formation mechanisms of
cardiovascular structures are similar as well.98 Blood vessel development, the focus
herein, occurs by one of two processes: vasculogenesis and angiogenesis.%
Vasculogenesis is an assembly process that forms blood vessels from precursor cells
known as angioblasts. Angiogenesis, conversely, is the sprouting of new blood vessels
from existing blood vessels. Each has its place in formation of vascular networks.
Furthermore, each involves environmental cues, chemical or mechanical, to stimulate
the formation.”3.100 Qverall, a consistent vessel architecture is produced across
organisms with the architecture dependent on vessel location and flow
characteristics.

Chemical cues are seen in the form of growth factors, such as vascular
endothlial growth factor (VEGF). Initially, these cues will depend on diffusion as
flows do not exist to distribute the factors.!0 Furthermore, diffusion will occur
extracellularly until the factors find a receptor on the cellular surface that is also
dynamically diffusing within the cellular membrane. Upon receptor binding, this will

cause a signal cascade that leads to blood vessel formation. In the case of VEGF,
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receptor binding will also cause dimerization of the tyrosine kinase receptor protein
to initiate that signaling cascade.101.102 Thigs is very similar to the work described in
Chapter 4 with a different protein model and dimerization. Nonetheless, the
mechanism in Chapter 4 may be applicable to this model and signaling mechanism.

Mechanical cues also exist in the form of pressure and the resulting stresses
and flows due to pressure dynamics and gradients, respectively. Primarily, the
evidence for mechanotransduction of signals related to pressure driven stresses and
flows effecting cellular differentiation comes from in vitro models on endothelial
cells.93.103-110  More recently, researchers have found evidence for
mechanotransduction in in vivo models through the presence of ciliary projections
from endothelial cells that line the lumen of the vessel. These cilia can mechanically
transduce a signal based on the level of frictional flow, or shear stress, across
them.93.103-112 The overall mechanisms tied to mechanotransduction and chemical
signaling however have not been fully elucidated as to how much one impacts the
other, and vice versa. Thus, the development of in vivo means to measure and
evaluate the processes is key to understanding the factors that lead to normal vessel
development. The work presented in Chapter 3 focused on development of an in vivo
biomechanical measurement methodology for better elucidating these pathways in
the future.

1.3. MICROSCOPY BACKGROUND

To understand microscopy, we must first understand the fundamentals of

light, as these fundamentals make microscopy possible. Light is a form of
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electromagnetic radiation, or waves of electric and magnetic fields that propagate
through space at a constant speed, the speed of light.113 These waves possess energy
(E) correlating to the frequency of oscillation (v):

E=hv (1.41)
where, h is Planck’s constant. The frequency varies inversely proportionate to the
wavelength (1) of electromagnetic radiation:

c=A (1.42)
where, c is the speed of light. Combining these two equations gives us energy in terms

of wavelength:

E=— (1.43)

Electromagnetic radiation is typically identified by its wavelength, which falls on a
spectrum. This spectrum, in increasing wavelength, includes gamma rays, x-rays,
ultraviolet (UV) light, visible light, infrared radiation, microwaves, and radio
waves.!13 In this work, we are most interested in electromagnetic radiation that falls
within the visible and near infrared spectrum (400-1100nm).

As can be seen in equation 1.42 above, energy increases with increasing
frequency or decreasing wavelength. This is an important property, as this means
that differing wavelengths hold variant energy that can be used in diverse capacities.
That energy is thermodynamically conserved, which means that this energy can be
converted, or used in another form. The energy can be transferred to the electrons
contained within an atom or molecule to cause the electrons to jump from lower

energy levels, or valence shells, to higher levels to create an excited state (Fig. 1.9).114
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Figure 1.9 Jablonski diagram illustrating photonic excitation of an electron and pathways of relaxation back to the ground state,
which includes fluorescence.

This excited state can vary in stability, which translates to the amount of time that
the electron wants to spend there, otherwise known as the lifetime of the state.
Nevertheless, the electron will want to return in some way to its initial, most stable
level, or ground state. This happens by the electron “decaying” back level by level
until it reaches this state. In each decay step, energy must be released for
conservation laws to hold. This can happen visibly by the emission of a wavelength of
light (fluorescence), or it can happen through the production of wavelengths invisible
to the human eye typically in the spectrum of heat. The overall result, is energy
emission equivalent to the initial energy that was absorbed.

The energy can also impart a force on to the atoms seemingly infinitesimally
small that minorly redirects their motion, i1.e. a change in momentum.!!®> This is an
important principle because it means light can impart forces, on other bodies, as will

be discussed later. Light therefore can act as a particle and holds quanta of energy,
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which are known as photons and were originally described by Einstein as well.116 The
behavior as both a wave and particle is known as the wave particle duality theorem
of light.117 Photons, furthermore are very small with relatively no mass and can pass
between the gaps and spaces of atoms, assuming no collisions occur. This is an
extremely important concept to microscopy, as it means electromagnetic radiation
passing through a sample can be manipulated and detected.

Light passing through different substrates, or media, will also display differing
properties within these forms. When considered from a molecular perspective and
recognizing that all forms will have differing compositions, this makes sense as the
physical properties of the substrates will change relative to the molecular composition
as the light passes from one to the other. In passing between the differing substrates,
the photons will encounter in some way an interface of differing molecular or atomic
types that can cause them to be reflected, refracted, diffracted, scattered, absorbed,
or some combination of these events. Reflection is simply the photons encountering a
dense molecular surface that causes them to bounce and continue on a path equal
and opposite to the angle of incidence, or collision. Refraction and diffraction are both
bending of light either through an interface or at an edge, slit, or pinhole, respectively.
In both cases, the bending is characteristic of the molecular properties of the material
and the angle of incidence; however, in the case of refraction, the molecular properties
causing the bending creates an index of refraction characteristic of the material the
photons are passing through. Scattering happens in all materials and is random

deflections of the photons from their original path. Absorption is a transfer of the
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Figure 1.10 Simple illustration of an optical microscope. This
image was modified from an image available on Olympus’s
website for an IX71/81 microscope.

photons energy into an electron of the molecules within the material creating a total
exchange of energy into the excited state described above. All these photonic
interactions can occur at an interface of material differences.

Ultimately, the photons will either be transmitted through the substrate or
lost to reflection, scattering, or absorption. It is the manipulation of these interactions
that enable us to focus, manipulate, and magnify electromagnetic radiation to
visualize and interpret microscopic structures, properties, and events. In the studies
to be presented, microscopy is fundamental to the collection of data (images) for
analysis of signals. The microscope makes use of simple and complex optical
arrangements to magnify an image plane that is in some way a transmission of
light/energy visualized by a detector, which could be a camera, a human eye, a

photodiode, etc (Fig. 1.10). This ties back to the concept described earlier with
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diffusion in understanding that particle collisions act in the form of energy
transmission within a system. In this case, the particles are the photons of light just
described. These photons pass through samples, or the gaps between atoms, to collide
with the detector that is converted to a signal. The more photons collected, the larger
the signal.

The signal seen will be related to the photonic energy absorptions, emissions,
and transmissions, which will manifest themselves in the image contrast pattern
seen at the detector. More optically dense areas correlate to larger levels of absorption
or scattering and are manifested as darker areas in the image. Less dense areas
exhibit greater transmission shown as brighter areas in the image. Furthermore,
optical filters designed for absorbing, reflecting, or transmitting can be placed in the
image path targeting certain colors thereby isolating specific wavelength photons.
This is a key concept used for fluorescence microscopy that allows the imaging of
fluorophores, such as GFP described above.

Multiple forms of microscopy exist making use of the physical properties of
light to perform specific functions applicable to the information to be extracted. The
work presented herein makes use of specific forms of complex microscopy that are
based on simpler bright-field and fluorescence microscopy. These microscopy types

will be briefly described in the context of the work to be presented.
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1.3.1. MIcroscory TYPES

1.3.1.1. BRIGHT-FIELD MICROSCOPY

The simplest form of all microscopy is bright-field. In this setup, a sample is
1lluminated from top or bottom with the light being transmitted through to optics on
the other side (Fig. 1.10). The light is collected and imaged on a detector providing
information on the underlying sample through variations in optical density and
refraction. More optically dense areas causing more scattering will appear darker.
Conversely, less dense areas appear brighter, as described above. The areas where
light is transmitted will refract variably also contributing to this pattern. Thus,
contrast between areas and structures shows up in the gradient of brightness, or
photon concentration, hitting the detector. Structural differences therefore are seen
as contrast differences in the images. This type of microscopy is employed in
conjunction with optical tweezers microscopy described below to provide structural
information on the subjects being measured upon.

1.3.1.2. FLUORESCENCE MICROSCOPY

Fluorescence microscopy is like bright-field microscopy in that a sample is
illuminated with a source of light. The difference is that the source of light used to
illuminate the sample is wavelength targeted to a specific molecule, or fluorophore,
that will absorb within that range. This energy coming in will be absorbed through a

collision with an electron creating the excited state described above. When the
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electron decays back, there is an emission of energy in the form of a longer wavelength
of light. This creates the fluorescence signal that is detected.

The fluorescence signal is filtered out from the excitation signal by optical
filters. These filters block the excitation wavelength from being transmitted to the
detector allowing only for detection of an emission wavelength characteristic of the
fluorophore. Thus, a fluorescence signal is seen on the detector relative to the
fluorophore particle position. This creates a structural image based solely on the
fluorescent probes being used. The fluorophore thereby eliminates the visualization
of all other non-fluorescent structures. In conjunction with molecular designs
described earlier, such as fluorophore fused proteins, their structural locations can
be imaged providing enhanced structural resolution over bright-field microscopy.

1.3.1.3. TOTAL INTERNAL REFLECTANCE FLUORESCENCE MICROSCOPY (TIRF-M)

Obvious from the title, total internal reflectance fluorescence microscopy
(TIRF-M) is a specific type of fluorescence microscopy. This type of microscopy makes
use of the index of refraction properties of different materials. As stated above, the
index of refraction tells us how much the light is bent when moving from one material
of the other. The amount of refraction, or bending, is dependent both on the incident
angle and the material differences. If the incident angle becomes too large to allow
light transmission through the sample, the incident light is completely reflected at
the second interface, otherwise known as total internal reflection. Thus, there exists

a critical angle where no light will be transmitted into the sample (Fig. 1.11).
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Epifluorescence

Figure 1.11 lllustration of TIRF microscopy and the effect of the angle of
incidence.

Although no light is transmitted through the sample, there is a change of
momentum via the change in light direction that occurs at this surface. As with any
change in momentum, energy is transmitted at the collision interface. The energy
however, cannot cause a strong force change causing a displacement, yet it can be
transmitted into the medium at the equivalent level of the wavelength being reflected
creating an evanescent wave.!18 Thus, the fluorophores can still be excited to a higher
energy level with the transferred energy. The intensity, or magnitude, of the energy
being transmitted at this surface however is not transmitted throughout the entire

depth of the sample. The magnitude decays exponentially over a maximal distance,
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typically around 100 nm into the sample.!9 Only a small portion of the axial sample
is illuminated limiting the fluorescence seen to within that layer.

The benefit to this type of microscopy is that you are no longer illuminating all
planes of a vertical sample as in classical fluorescence, or epifluorescence microscopy.
By eliminating vertical planes above 100 nm, excess signals are eliminated that can
distort or wash out the intensity being seen in the initial layer. This lends itself
greatly towards use in studying cellular environments specifically found within the
plasma membrane adhered to the surface. Thus, we can specifically study fluorescent
molecules within the membrane and understand the dynamics therein. In this work,
this principle has been extended into synthetic lipid bilayers for the study of
monomeric and multimeric particle diffusion.

1.3.14. OPTICAL TWEEZERS MICROSCOPY

The most theoretically complex from of microscopy used in this work is the
optical tweezers microscope. Although the theory to be developed below is rather
complicated, the design of such a microscope is extremely simple. All one needs to
achieve an optical trap is a high-power laser source (any wavelength), high numerical
aperture objective, an optical microscope, and the necessary optics to collimate and
direct the laser source to the back of the objective thereby focusing into the sample.
It 1s this tight focusing of a gaussian beam that is key to achieving a 3D optical trap.

Key to understanding an optical trap is the theory that light can apply a force,
or a radiation pressure. Working from Maxwell’s theoretical evolution of radiation

pressure, Lebedev showed in 1901 that this pressure did exist and that the pressure
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Figure 1.12 Force based illustration of an optical trap. A) lllustration of the lateral trapping effects of a collimated beam with the
axial force balanced by the force of gravity. B) Focusing of the collimated beam through the sample creates an axial trapping force
pulling the bead downward to the center of the focus. C) Displacement of the bead from center both laterally and axially leads to
forces pulling back to center.

was higher on a reflective surface as opposed to an absorbing surface.ll®> Extending
this work to dielectric particles, Arthur Ashkin showed in 1969 that a radiative
pressure could be applied by a laser source causing particle levitation.120 Unforeseen
and inexplicable at the time was the fact that the beam applied to cause axial
levitation also created a radial trapping force allowing further manipulation of the
particles. The radial trapping was found to be a result of the gradient light forces
applied by the intensity distribution of the beam. This laid the groundwork that
eventually showed in 1986 that a single focused beam could produce a 3D optical trap
upon such particles.12! The difference with this trap was that the axial force of
scattering, i.e. the radiative pressure, was now balanced by the gradient force being

focused through the particle as opposed to gravity (Fig. 1.12). Thus, this was the first
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1llustration that a negative radiation pressure could be applied to a particle driving
it in the opposite direction of the propagating beam.

Ashkin reconciled this force using ray optics theory recognizing that two things
were occurring outside of the force due to gravity: 1) a radiation pressure based on
Rayleigh scattering was happening at the surface of the particle based on reflected
photons, and 2) a positive and negative radiation pressure was being applied based
on the refraction of the rays passing from the initial surface of the particle and out
the other side. In either case, there is a change of momentum of the photon particle
as it is either reflected or refracted, which translates to a force being imparted on the
particle being trapped that is the sum of the force vectors due to momentum change
(Fig. 1.12). Of course, the individual photon has an almost negligible mass traveling
at the speed of light creating a relatively low momentum and thereby imparts a very
small force. In a concentrated laser beam, however, there are numerous photons
being focused into the trap that additively each impart a force on the particle as their
paths are changed. Furthermore, a gradient of photons is found both radially and
axially based on the Gaussian beam profile and the act of focusing it through a point,
respectively. Thus, this gradient drives the force relative to the particle position
within the trap (Fig. 1.12).

Forces due to the change in momentum of photon rays as just described are
applied to particles in diameter that are relative large comparative to the wavelength
of light of the laser source, otherwise known as the ray optics regime. On the other

end of this spectrum are particles whose diameters are relatively small comparative
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to the wavelength of the source, which is known as the Rayleigh regime. Given the
name, it 1s simple to deduce that Rayleigh scattering dominates the light photons
hitting the particle in this regime. Therefore, the scattering force is more influential
in this regime making particle trapping more difficult. Nonetheless, Ashkin and his
colleagues showed trapping of particles much smaller in radius than the wavelength
used. This is due to the nature of the light energy being electromagnetic radiation
that it imparts an alternating dipole moment on the particles it is focused through.122
This induced dipole then experiences a potential based on the electric field being
applied by the light source. The electric field is dependent on the intensity of the light
being passed through, which for a Gaussian beam is spatially dependent with the
highest intensity in the center. Thus, the electric field is a gradient based on the
intensity of light with the force being directed opposite to the electrostatic potential
generated by the propagating beam. The particle with an induced dipole will then
experience a force relative to the potential that points towards the center of the trap.

The two circumstances just described do not describe what is happening when
the particle radius is of similar size to the wavelength being used for the trap. In this
case, more complex theory is necessary to describe the forces applied!23, which is
beyond the scope of this research. In general, the potential of the trap is based on the
intensity of light, which is a Gaussian gradient that can be modeled as a parabolic
potential over short distances from the trap center.2¢ A parabolic potential is an

elastic potential, which ties back into the discussion above of Brownian motion within
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a harmonic. Thus, an optical trap can be modeled as a Hookean spring with the
gradient force being described as:
Fyraa = —kirapAx (1.44)

where &, is the trap stiffness and Ax is the displacement of the particle from the

trap center. Thus, there is an overall force balance that exists that is dependent on
the force due to gravity, the force due to scattering, the force due to the light gradient,
and the force due to thermal molecular collisions of the medium. Introduce another
force that offsets the particle from the center and the displacement value can be used
to measure the force applied assuming the trap stiffness is known. Optical traps
therefore give us the ability to directly measure forces purely through the application
of an intense focused beam of light.

Given that the force applied is dependent on the intensity gradient of light
being focused through the particle, one can quickly deduce that the application of
laser power will directly influence the force application. As intensity is a measure of
power transferred per unit area, i.e. I x P/A, an increase in power will lead to an
increase in the gradient of intensity. As the force is directly proportional to the
gradient of the potential, which is driven by the intensity, the force applied will
increase directly proportional to the increase in power. The positions within the trap
are fixed, therefore the change in force must be reflected in the trap stiffness. Thus,
the trap stiffness is a linear function with respect to the laser power applied after the

objective:
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2
p - Kerap(80)7 (1.45)
t

where P is the laser power applied and ¢ is time.

Key to optical trapping measurements is calibration of the trap. Multiple
methods exist for calibration including: viscous drag calibration!?5, use of the
equipartition theorem!24, power spectral density fitting!26-128 or more recently use of
the Smoluchowski formalism and solution described above to analyze the distribution
of displacements.4! The first three methods will be developed here, whereas the
Smoluchowski method 1s developed in Chapter 3.

The viscous drag method employs either precision flow or micromanipulation,
such as a piezoelectric stage, to cause displacements from the trap center with a
known velocity. Assuming the viscosity, particle size, and flow rate are known, the
trap stiffness can be calculated by equating 1.42 to the force due to viscous drag:

Firap = KtrapAx = Farag = Ul = U6TNRyaricte (1.46)
Thus, the particle displacements can be measured and the trap stiffness calculated.
In the case of the other three, a static trap is employed and the particle undergoes
Brownian motion within the trap. The movements are tracked and a distribution is
created.

In the equipartition theorem, a distribution of displacements from trap center
is created in the form of a histogram, which is then fit with a Gaussian. As above, the
variance of the Gaussian fit is equivalent to the mean squared displacement. In this

case, the deviations from center are due to the thermal molecular forces, equivalent
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to Boltzmann’s constant times the absolute temperature. Thus, the relation between
the variance and trap stiffness becomes:

Kerapo? = kT (1.47)
This method tends to over-estimate the trap stiffness due to narrowing of the
distribution based on the camera frame rate. The more rare and larger deviations
from center due to thermal molecular collisions are therefore not recorded with the
camera as if they did not exist resulting in the narrower distribution.

To eliminate the over-estimation by the equipartition method, we employ the
other techniques. In the power spectral density method, the time-based deviation
signal that we achieve through particle tracking is Fourier transformed into a
frequency-based signal. The amplitude of the power at each frequency is based on the
number of deviations from the center of the trap based on the thermal molecular
collisions. At the point where the deviations stop, there is a cutoff or corner frequency
where the deviations are no longer measured. To find this frequency, the power

spectrum is fit with a Lorentzian type curve:

p— # (1.48)

where P is power, D is the diffusion coefficient, f is the frequency, and f is the

cutoff/corner frequency. The cutoff frequency is correlated to the trap stiffness by:
kerap = 21f; (1.49)

This i1s similar to the viscous drag calculation described above; however, the

displacements (Ax) and velocity (1) are now reflected in the cutoff frequency.
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The discussion to this point illustrates no wavelength dependence of the laser
source. In other words, any coherent laser source with high enough intensity and a
Gaussian profile can therefore be used to create an optical trap. This is in fact true;
however, the sample to be measured upon may indicate a wavelength dependence as
well as dictating the optics to be used such as the objective. As our work focuses on
use with biological specimens, the potential for optical damage is of concern. Damage
occurs when the sample begins to absorb too much of the energy causing it to heat
up. There is a finite window where minimal damage occurs when working with
biological cells. This window occurs between the region where proteins absorb in the
visible range and water absorbs in the near infrared and infrared ranges. This is
sometimes termed the water window and occurs between ~750-1200nm.!25.129
Biological samples are relatively transparent within this region meaning most of the
source 1s transmitted through the sample minimizing absorption and the potential
for damage. Nonetheless, this photodamage can happen at any wavelength with a
large enough intensity to cause physical heating of the sample. Thus, the power of
the laser should be minimized in any biological sampling to minimize influence of
cellular damage on the overall measurements being made. This is important to the
work done in both Chapters 2 and 3; however, the work in a living organism in
Chapter 3 was more largely concerned with this potential for damage.

1.4. IMAGE BASED SINGLE PARTICLE TRACKING

In all forms of microscopy reported, a camera is being used to record images.

An image must be collected as the form of data for analysis. Although forms of particle
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tracking exist that eliminate the need for image-based tracking, the collection of
images 1is still necessary for structural information on the sample and provides a
compounding dataset for later comparison. In this work, all tracking is achieved
through an image-based analysis of single particles. In the optical tweezer
microscopy, the particles are either single beads or single cells being tracked by an
1Image registration process on white light images. Contrary to white light is the
fluorescence signal used in TIRF-M that produces multiple single particle signals per
image that can be tracked via a 2D Gaussian fit in conjunction with probability
models to connect trajectories. These two methodologies are further described below.

1.4.1. IMAGE REGISTRATION METHODOLOGY

The full process specifically used in our work is described in the later chapters.
The common underlying factor between the 2D vs 1D methodology used in Chapters
2 & 3, respectively, 1s the use of cross correlation of the phase to determine the shift
between images. The process of cross correlation is simply a convolution of the two
signals. By definition, a convolution is simply the multiplication of the two fourier
transformed signals:

F(f+9) =F() F9) (1.50)

Upon multiplication of the two signals, the inverse fourier transform of the result will
provide a signal containing information on the shift between the two signals. This
information is found in the position of the maximum of the two convoluted signals.
The signal being discrete as opposed to continuous, however, will bias the real

maximum towards a discrete value, which manifests itself in the form of pixel bias.
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Thus, the shift will be found in terms of full discrete values simply by using a max
value algorithm.

Higher subpixel accuracy can be achieved by applying various fitting
algorithms around the max value.130 As the max value typically has a binomial type
appearance, a simple Gaussian or sinc fit can be used to achieve higher accuracy in
locating the maximum. There is a limit, however, to the accuracy that can be achieved
with either of these methods that is dependent on the amount of data found within
the discrete points. In other words, the number of points being fit will limit the
accuracy of the fit.

A method to find higher subpixel accuracy is achieved through a simple
upsampling algorithm.131 Upsampling algorithms use the discrete values available to
create a pseudosignal of calculated values between the known discrete points. In
other words, a higher number of discrete points to fit in finding the maximum 1is
created based on prediction algorithms. This is typically achieved with algorithms
such as nearest neighbor, linear, or cubic spline interpolations. In nearest neighbor
interpolation, the calculated values between discrete values will attain a value of the
discrete value nearest to it. Linear interpolation, however, uses simple line fitting
between discrete points to regress the points being calculated. Cubic spline
interpolation takes this a step further and uses a cubic polynomial fit to the discrete
values to calculate the theoretical values between.

Based on these brief descriptions, it becomes evident that the highest level of

accuracy, 1.e. least algorithm error, can be achieved through cubic spline
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interpolation, however, this comes at the expense of computation time. There is an
inverse relationship that exists between accuracy and speed. In our case, none of the
analysis is done in real time. Thus, speed is not a necessity, whereas higher accuracy
in particle tracking is critical to single particle measurements. Therefore, we have
targeted efficient algorithms that enhance subpixel accuracy. Those algorithms are
described in depth in their respective chapters.

1.4.2. HIGH RESOLUTION FLUORESCENT PARTICLE TRACKING

The benefit to fluorescence imaging is the elimination of background noise. The
individual particles themselves are imaged providing higher resolution of the overall
structures. Individual fluorophores can be localized with higher precision assuming
they are not in close proximity to each other. The proximity that two molecules can

be is dependent upon the wavelength emitted by the Rayleigh criterion!s:

A

d=5Na

(1.51)

where d is the distance between particles, A is wavelength, and NA is the numerical
aperture. Assuming GFP is the particle, the emission wavelength is centered at
509nm, which gives ~175nm with a 1.45 NA objective like used in our experiments.
Clearly, this resolution is limiting when many particles are being imaged; however,
if the number is reduced, then the probability of finding two particles within close
proximity is also reduced (refer to the earlier described diffusion equations).
Furthermore, limiting the imaging to planes closer to the detector, i.e. near field, also

enhances the resolution by eliminating more particles from detection throughout the
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sample. It reduces the background noise allowing for larger signal detection and
better localization. This is the most basic principle of super-resolution imaging.

By limiting the particle number, we enhance the particle tracking. A particle
can be localized with high accuracy based on its point spread function, which is
characteristic of the microscope being used. The point spread function can be tracked
with image registration as previously described; however, the point spread function
of a single source, or single fluorophore, will highly resemble a Gaussian. Thus, the
center of the fluorophore can also be found highly accurately and extremely quickly
with a simple 2D Gaussian fit.133 This is a much simpler model to implement with
little drawback comparative to image registrations techniques.

Particle tracking over time is achieved by applying probability models with a
minimum step length between successive frames based on the random walk model.
Thus, trajectories are connected over time for several particles enabling the imaging
of an ensemble as opposed to a true single particle experiment like described with the
optical tweezers above. More information can be obtained from the field of view that
1s being imaged. This is the basic principle behind the particle tracking used in

Chapter 4 to track synthetic proteins fluorescently tagged on a synthetic lipid bilayer.
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2. CHAPTER 2: MEMBRANE FORCE SPECTROSCOPY ON LIVING HELA

CELLS?

2.1. INTRODUCTION

Measurements of cellular membrane properties are by no means a new
concept. A variety of measurements have been performed with tools including optical
tweezers86,124,125,134-148 magnetic tweezers!49-155  atomic force microscopy, cell
traction force microscopy86.156-159 micropipette aspiration68160 scanning electron
microscopyt61-163 and microfluidic devices.164-170 In all cases, a form of microscopy is
used either directly or in conjunction with the technique being applied. Furthermore,
each tool directly benefits the measurements being performed. Specifically, optical
tweezers can apply a broad force range over a femtonewton to nanonewton scale. This
broad force application is dependent on the laser power applied, which can be varied
with a high degree of accuracy. Moreover, optical tweezers can be implemented with
an optical microscope, a high numerical aperture objective, the proper laser source,
and necessary optics to direct the beam through the back aperture of the objective to
create the focused trap. The simplicity of this design has enabled use in a broad range

of environments, including the high school classroom.17

1 Statement of Work: Optical tweezers measurements and data analysis were performed by Bryce
Schroder. Image based particle tracking algorithms were modified by Bryce Schroder from those
provided by Dr. Cees Dekker’s laboratory. HeLa cells were kindly provided by Dr. Jim Bamburg’s lab
and frozen stocks were created by Bryce Schroder. Dr. O’Neil Wiggan performed molecular biology
associated with RNA silencing for membrane blebbing measurements.Work related to membrane
blebbing is published in Nature - Scientific reports.19! Link:
https://www.nature.com/articles/srep40953.
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Figure 2.1 Time based evolution of a tethering experiment. A) Bead positioned near a cellular edge. B) Bead pressed against the
cell allowing for membrane attachment. C) The bead is pulled from the cell reaching a maximal force prior to reshaping of the
tether attachment at the membrane. D) After the tether reaches maximal displacement and a reshaping event occurs, the bead
moves closer to trap center at a lower tethering force that is constant, known as the plateau tethering force. E) Theoretical
representation of tether filling with polymerized actin upon being held statically.

Although the simplicity of the design lends itself to the novice user, the
complexity of the experiments performed with optical tweezers have far exceeded the
expectation of Arthur Ashkin when he originally developed the concept at Bell
Laboratories.'”? Tweezers have been utilized in measuring molecular motor
forces40:173-176 enzymatic catalysis/polymerization!41.177-179 protein folding/unfolding
Characteristics141’151’152’180, Cellular membrane tension86,124,134,136—138,140,145—147,154,181—
183 and cytoskeletal properties.148,154,178,184,185 Specifically, a large amount of this work
has aimed at relating measured biophysical forces to cellular properties controlling
membrane cortical tension and cytoskeletal organization.

One such methodology includes the pulling of tethers via an attached bead
from the cellular surface. Simply, a bead can be roughly positioned near the surface
with an optical trap (Fig. 2.1a). A precision micromechanical device, such as a
piezoelectric stage, is then utilized to push the bead against the cellular membrane
allowing adhesion followed by application of a constant pulling force away from the
cellular surface creating a tether composed primarily of cellular membrane (Fig. 2.1b-

d). Tethers however can also possess cytoskeletal structure through the formation of
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Figure 2.2 Bead penetrance into the membrane is a
function of bead radius (r), the angle of penetration (8),
and the depth of penetration (d).

polymerized actin within the tether itself (Fig. 2.1f).138 Additionally, a balance
between the molecular composition of the membrane and cytoskeletal structure exists
that directly impacts the force values obtained.

Regardless of the values obtained, tether measurements are not trivial. A
variety of factors influence the force response of a tether pulled from a cellular
surface. More obvious factors include the elasticity of the membrane and its adhesion
to underlying cytoskeletal structures. However, less obvious influences include bead
penetrance into the membrane (Fig. 2.2), number of membrane adhesion points, and
velocity of tether pulling.138 Furthermore, the cell type, stage in cellular life cycle, and
underlying measurement matrix, 1.e. the cytoskeleton and cytoplasmic contents, will
also influence the tethering force applied. Cells also possess the ability to respond to
external stimuli by resisting force application (a stiffening response), cleaving the
membrane to sever the tether, and breaking the bonds between beads and the

associated proteins.
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Despite the difficulty presented, a large amount of cellular specific identifying
information has been identified through optical tweezers experiments. Particularly,
optical tweezers have been used to categorize membrane properties of various cell
types124.135,136,145147  differences between cancerous and non-cancerous cell
lines142.157186  gtages in cellular life cycle!36, and membrane tension forces associated
with programmed cellular death47.187.188 or apoptosis. Here, the work is presented to
obtain specific cellular information related to HeLa cells, a cell line derived from
cancerous uterine tissue of Henrietta Lacks in the 1950s.189 Specifically, our work
aimed initially at corroborating previous tethering forces on HeLa cells!3¢, thereby
validating our system. Upon validation, information related to tethering velocity and
the tethering force, as well as the viscoelastic response of pulling and returning
multiple tethers from the same cellular adhesion point at varying speeds was
targeted. We then induced bleb formation on the HeLa cell surface through the RNA
based silencing of both cofilin (Cof) and actin depolymerization factor (ADF), which
have been shown to competitively inhibit myosin II activity on actin filaments
associated with maintenance of both cellular and nuclear architecture as well as
internal cellular pressure.190.191 This work collectively has provided insight into the
functional relationship between the membrane and its underlying cytoskeletal
structure. Furthermore, we have identified a novel method of bead tracking utilizing
1mage processing techniques in conjunction with a Hough circle transform enhancing

bead center localization in difficult to track bead environments.
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2.2.  MATERIALS & METHODS

2.2.1. SURFACE PREPARATION

Cells were cultured in 30 mm glass bottom culture dishes purchased from
Mattek. Uncoated glass surfaces provided weak cellular adhesion for culture and
measurement. To counteract this problem, the surfaces were treated with 1M
hydrochloric acid for an hour before rinsing with deionized distilled water. The
surfaces were then passively coated with poly-L-lysine to enhance surface attachment
and cell spreading following the protocol outlined in Appendix A-1.6.

2.2.2. CELL CULTURE

HeLa cells were obtained from Dr. Jim Bamburg’s lab and frozen stocks were
produced (Appendix A-1.2). Cells were planted from frozen in 100 mm tissue culture
polystyrene dishes and cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% Fetal Bovine Serum (FBS). Cultures were incubated at 37°C
in an incubator maintaining >95% humidity and 5% carbon dioxide. The cells were
grown to greater than 80% confluence at which point the cells were split, or passed
to the next round of culturing. A protocol for the plant and passage procedure can be
found in Appendix A-1.3. Cells were maintained in this manner for the duration of
experimental work.

At the point of experimentation, the cells were transferred into the poly-L-
lysine coated 30 mm glass bottom culture dishes previously prepped. This “splitting”

of cells occurred less than 24 hours prior to experimentation and multiple dishes were
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setup at once. The 24 hour time period was chosen to allow the cells enough time to
recover, spread, and grow naturally post chemical removal from the culture surface
with trypsin, a protease typically found within the small intestine. Furthermore, the
cellular density was kept low during the passage to minimize cellular divisions and
maximize the cellular surface area for membrane optical tweezers measurements.

The cells were cultured overnight and experiments performed the next
morning. Approximately one hour prior to experimentation the culture dishes were
rinsed with sterile phosphate buffered saline (PBS) removing any cellular debris.
Fresh 0.2 um filtered DMEM containing 20 mM Hepes was added following the rinse.
Hepes acted to buffer the carbon dioxide concentration in the media by maintaining
the carbonate concentrations. Carbonate acts to buffer the hydrogen ions in solution
similar to that of our blood, thereby maintaining the pH. This enabled preservation
of a neutral pH preventing dips that were killing the cells and reducing our
measurement times.

Following the addition of fresh media, 1.7 um beads were added to the dish and
a layer of mineral oil was overlaid gently on top of the DMEM creating a diffusion
barrier slowing gas exchange. This methodology provided several hours of
measurement time prior to the cells rounding up and undergoing programmed cell
death, or apoptosis. At this point, a fresh dish was removed from the incubator, and
prepped per the methodology just described. These methodologies extended
experimentation times by several hours allowing multiple measurements typically

unattainable in an open-air microscope environment.
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2.2.3. EXPERIMENTAL CELLULAR MODIFICATIONS

The membrane blebbing force spectroscopy performed required cellular
modifications to induce blebbing. These preparations were performed by Dr. O’neil
Wiggan in Dr. Jim Bamburg’s lab and provided to us for the force measurements. To
induce membrane blebbing, an RNA silencing technique was implemented to knock
down the expression of actin depolymerization factor (ADF) and cofilin (COF). These
two proteins are thought to competitively bind to actin interrupting the amount of
force myosin II can apply to the actin cytoskeleton. The competitive binding nature
helps uphold a pressure sensitive homeostasis within the cell. When ADF and COF
are silenced 24-48 hours prior to measurements, we ultimately see induction of
membrane blebbing known to be caused by the increased myosin Il contractile
activity on the actin cytoskeleton.190 This induction technique produced an ideal
measurement environment where blebbing was prolonged and highly active across
the culture dish. Furthermore, cells could continue to grow and divide regularly until
blebbing started, which occurred in varying timeframes for different cells. Thus,
multiple measurements could be performed on a variety of cells from the same dish.

2.2.4. BEAD PREPARATION

Uncoated 1.7 pm polystyrene beads were purchased from Spherotech. The
beads were subjected to a cleaning protocol prior to use (Appendix A-1.1). The
procedure was carried out in 1.5 ml microcentrifuge tubes that had been pre-treated
with acetone and heated drying at 80°C. This heat treatment process insures less

binding to the tube surface enabling maximum recovery of beads between steps. A 1

77



Figure 2.3 lllustration of home built optical tweezers setup. Collimated beam is passed through a polarizing beam splitting cube
into a % wave plate for control of laser power. The beam is then expanded through a telescope to a diameter that will fill the back
aperture of the objective at the microscope. The beam is steered into the side of the microscope via mirrors and a periscope
arrangement.

ml volume of bead suspensions was transferred to the treated tube and pelleted at
max speed in a desktop centrifuge for 30s. The supernatant was discarded and
replaced with wash buffer. The centrifugation was then repeated twice in this buffer
before resuspension in a storage buffer for later use.

2.2.5. EXPERIMENTAL SETUP

All experiments were carried out on a homebuilt optical tweezers setup (Fig.
2.3) comprised of an IX71 microscope with 1070 nm continuous wave Nd:YAG
trapping laser (YLR-5-1070-LP, IPG Photonics, Oxford, MA) focused through a high
numerical aperture objective (60X water immersion, 1.20NA; Olympus). Glass bottom
dishes with a 0.17 mm, or No. 1.5, coverglass thickness were placed on a dish warmer
(Warner Instruments) mounted to the piezo-electric stage. A single vertical beam trap

was created and focused through the sample enabling bead trapping. Manipulations
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were performed utilizing a manual XY positioning stage for rough position. Fine
positioning and precisely controlled movements were carried out by a three-axis
piezo-electric stage (Nano-PDQ350, Mad City Labs Inc., Madison, WI). The sample
was illuminated from above with white light and images of cellular manipulations
and associated bead displacements were recorded on a monochromatic CCD camera
(acA1300-30gm, Basler AG, Ahrensburg, Germany) mounted below the sample.

2.2.6. OPTICAL TRAP CALIBRATION

2.26.1. Viscous DrRAG CALIBRATION

Optical trap calibration was performed using a viscous drag method. Beads
were trapped and moved to an isolated area away from any cells. The beads were
then moved away from the glass surface to eliminate frictional effects introduced by
the no slip boundary condition. A height of ~10 microns was found to be sufficient to
eliminate these effects. A triangular waveform was applied to the piezo electric stage
via a custom written Labview code (National Instruments, Austin, TX). The velocity
of the displacement was varied collecting multiple displacement information on each
bead. This protocol was repeated for multiple power levels to obtain the overall trap
calibration as a function of laser power. Bead displacements were recorded on the
CCD camera for image-based tracking described in detail below. Bead positions with
respect to time were plotted and the peak-to-peak displacement measured. The
displacement from trap center (Ax) was measured as half the peak-to-peak
displacement. Using the displacements from center and the applied velocities, the

trap stiffness can be found from a force balance relationship. The viscous drag force
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Figure 2.4 Histogram of bead displacements illustrating a
gaussian distribution and fit.

1s set equivalent to the force of a particle trapped within a harmonic as was discussed

in Chapter 1 (Eq. 1.47). This balance gives trap stiffness, &, , from known variables.

2262 EQUIPARTITION THEOREM

A secondary method employed for calibration included the use of the
equipartition theorem. A bead was trapped statically, and under these conditions,
1mages of bead positions were collected. Images were tracked, and the bead positions
placed into a histogram of displacements from the trap center (Fig. 2.4). The
histogram was fit with a Gaussian curve, and the variance of the Gaussian fit was
correlated to trap stiffness with the following equation (a play off the Einstein

relation):

(2.52)
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Figure 2.5: Power spectral analysis of a trapped bead at varying applied laser powers. Red lines
indicate Lorentzian fits. Gray lines indicate resulting cutoff frequencies.

2.26.3. POWER SPECTRAL ANALYSIS

The final method used to estimate the trap stiffness was the power spectral
analysis method. As with the equipartition method, a bead was statically trapped and
images with positional data recorded. The time dependent positional data was
extracted using the bead tracking algorithm described below, and a fast Fourier
transform was applied to the extracted waveform. This was then used to create the
power spectrum in the frequency domain (Fig. 2.5). The data was then fit with a
Lorentzian curve using Equation 1.49. The trap stiffness was then inferred from the
cutoff frequency (Eq. 1.50). This method required knowledge of values for viscosity
and particle size. For our purposes, the viscosity was assumed to be that of water at

25°C (8.90 x 104 Pa‘s), and particle size was that of the bead radius, or 0.85 pm.
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2.2.7. MEMBRANE TETHER FORCE SPECTROSCOPY

In tethering experiments, the prepared dishes containing HeLa cells were
placed on the tweezers setup as described. Beads were introduced into solution at a
1:10,000 dilution from stock concentration and allowed to settle for 10-15 min prior
to experimentation. This bead density was found to be ideal for preventing crowding
while enabling quick bead discovery for experimentation. After settling, tethering
experiments were performed. A cell was located illustrating a spread, non-mitotic, or
flattened morphology and a bead was trapped peripheral to the cell boundary. Upon
trapping, the bead was manually positioned near the edge of the cell just above the
glass surface. At this point, image recording started and the bead was gently pressed
against the cell surface using the piezoelectric stage. It was held in this position for
5-10 s providing enough time for membrane attachment to the bead surface. The bead
was then pulled away from the surface at a rate of 7.6 nm/s. The rate chosen was
comparable to the rate of actin polymerization in forming filopodia, much slower than
typical tweezers experiments.138 This rate was chosen to determine if actin
polymerization could be artificially induced through tethering experiments in
conjunction with measuring membrane cortical tension.

A tether was pulled away from the cell surface for a distance of 10 um. At this
point, the tether was held for variable timeframes prior to release. At the time of
release, the tether response was recorded over the response time and imaging ceased.

A full elastic response was indicative of a purely membrane tether, whereas a partial
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Figure 2.6: Time-lapse images of a single bleb measurement. The top frames illustrate positioning of the 2 um bead near the
blebbing cell. Lower images illustrate displacement of the bead upon bleb formation.

elastic to no response was indicative of cytoskeletal structure being formed. The
longer the bead was held, the less response expected.

2.2.8. MEMBRANE BLEBBING FORCE SPECTROSCOPY

Membrane blebbing experiments were performed identically to the tethering
experiments just described. However, no pulling was necessary to measure the
blebbing forces. Similarly, blebbing forces induced a displacement from trap center
with an associated force; however, the forces inducing displacement were pushing as
opposed to pulling. Furthermore, the formation of blebs on the cellular surface was
randomly distributed. Thus, determining where a bleb would form was arbitrary. It
was however noticed that blebs formed in areas consistently over periods of time.
Hence, areas that illustrated higher structure (i.e. less bulbous protrusions) where
blebs had formed and retracted were targeted as future blebbing sites. This technique

enabled prediction of future blebbing sites with a fair degree of accuracy; however,
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random particle positioning at the cellular surface may have been adequate for the
work as well.

To measure the bleb forces, a particle was positioned at the cellular surface
similarly to the tethering experiments while images were being recorded (Fig. 2.6).
Rather than pushing, the bead was held near the cell initially to ensure a zero-force
starting point. The trap was held static from this point throughout the entire bleb
force measurement. Once bleb expansion ceased, a tether force measurement was
performed to measure the cortical tension of the bleb as well. This measurement was
performed as described in the tethering section.

2.2.9. MEMBRANE VISCOELASTICITY FORCE SPECTROSCOPY

Membrane viscoelasticity measurements followed the same initial protocol of
bead tethering experiments. Beads were trapped and positioned near the surface.
Image recording was initiated followed by tether formation utilizing the piezoelectric
stage. After tether formation, the experiments differed in the velocity profile applied
to the formed tether. Rather than a single constant pulling velocity out to a static
position at 10 um from the surface, a triangular pattern was applied over the 10 pm
distance, thus returning the bead to the tether start position. This was done to each
tether for 5 different velocities and the bead response recorded throughout. A short
wait period of 30 seconds was applied between each velocity to minimize cellular
responses from the previous cycle. This method enabled us to find the response of the
membrane to varying force application and the memory the membrane had to each

successive force application.
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Figure 2.7 Airy disc pattern illustrated by light refraction through
a polystyrene bead.

2.2.10. BEAD TRACKING

2210.1. TwO-DIMENSIONAL BEAD TRACKING

Image-based particle tracking was accomplished through an image
registration process based on an autocorrelation algorithm. The algorithm varied
dependent on the experimental images collected. In simple bead tracking, the beads
1llustrated a nice airy disk pattern of concentric circles with alternating light and
dark regions created from the interference pattern of the scattering bead (Fig. 2.7).
This pattern was simple to track, as a center of mass (COM) could roughly locate the
bead center from the intensity pattern providing an initial starting location for the
autocorrelation function. The autocorrelation then used the COM to focus a tighter

window around the rough bead center. This window was then registered upon itself.
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Figure 2.8: lllustration of a theoretical intensity distribution that has been fit
to a center of mass (grey line) and a gaussian followed by bicubic spline
interpolation and a second gaussian fit. The interpolation smooths the
distribution and provides more points to fit yielding a higher level of accuracy
in center localization.

Autocorrelation involves the same process as cross-correlation; however,
rather than registering an image against a reference, the image is registered against
itself. The cross-correlation process is simply a convolution of two images in the
frequency domain. In other words, a 2-D Fourier transform is applied to each image
and then their frequencies are multiplied against each other. The convoluted image
then undergoes 2-D inverse Fourier transformation producing a distorted image with
an intensity maximum. The location of the intensity maximum correlates to the
maximum likelihood position of the two image patterns intersection. Furthermore,
this maximum is Gaussian distributed, and thus the peak can be fit with a parabolic
function to find the center to higher sub-pixel accuracy. Dependent upon the camera
resolution and pixel size, typically sub-10 nm accuracy can be achieved with this
method.

86



Figure 2.9 lllustration of cellular effects (right) on airy disc pattern
of the same bead in solution (left).

For our work, the accuracy -cross-correlation alone could attain was
mnadequate. This was due to pixel bias, which influenced the tracked position (Fig.2.
8). To counteract pixel bias, an up-sampling algorithm was implemented using a bi-
cubic spline interpolation technique.l3! This created a pseudo-high-resolution image
with a greater number of pixels, which enhanced the particle center localization by
providing a larger number of points for the parabolic fit (Fig. 2. 8). In other words, it
artificially filled gaps between the original points increasing the precision of the fit.
Conversely, this decreased pixel bias that was limiting precision.

In the cellular work, simple bead tracking worked well when away from the
cellular surface; however, distortion of bead patterns occurred when the bead
approached the cellular surface (Fig. 2.9). This distortion pattern was due to the
influence of intensity patterns of the cell and its contents. As the pattern distorted,
this biased the COM calculation away from the bead center. Although these effects
influenced COM measurements, the ring pattern characteristic to the bead seemingly
remained. Thus, a circle tracking algorithm was sought to more accurately find the
initial bead center location. Simple circle detecting algorithms innate to Labview,

however, lacked the ability to find such patterns in the intensity images. Thus, a

87



Figure 2.10: A) Initial circle. B) Overlayed circles from the Hough Circle transform. C) Intensity distribution by summing all circles
in transform. D) The center point of the circle is localized. E-F) Same process applied to a distorted circle.

custom circle detection algorithm was implemented utilizing the Hough circle
transform.192 This algorithm uses the edges of a circular pattern of pixels by drawing
circles around each pixel. A single count 1s added to each pixel location as each circle
1s drawn around each point on the boundary (Fig. 2.10a). This creates an intensity
distribution around the center of the circle with the maximal intensity correlating to
the circle center (Fig. 2.10Db).

The hough circle transform only works well when the edges of the circle are
well defined and easily found, which was not the case in our images (Fig. 2.11). A
simple watershed applied to the image provided the edges of the circle better than
edge detecting algorithms, yet was not adequate to prevent the detection of unwanted
semi-circular shapes. Thus, Gaussian blurring was implemented to smooth the image

intensity profiles decreasing the pathways the watershed algorithm could find based
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Figure 2.11: Application of the Hough Circle Transform on
experimental data image. A) Initial bead image. B) Watershed of
blurred image shown in A). C) Hough Circle transform of
watershed image. D) Localized center intensity for input into
cross-correlation algorithm.

on intensity differences. After applying the watershed in this manner, the circular
edges remained while many of the other false patterns disappeared.

The Hough transform was then applied producing the intensity distribution
described above. A simple thresholding applied at 0.75 times the maximum intensity
provided the central intensity points (Fig. 2.11). A COM localization was then
employed upon the central intensities providing an accurate estimate of bead center
position in a complex image pattern. The up-sampled autocorrelation function was
then applied in the same manner already described based on the center position found
in this manner.

2.2.10.2 THIRD DIMENSION Z-AXI1S TRACKING

Tracking in 3-D was achieved using a z-axis look-up table (ZLUT). The ZLUT

table was created by applying a step waveform in the z-axis to the piezoelectric stage
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Figure 2.12 Intensity illustration of Z axis Look Up
Table (ZLUT). Horizontal pixel lines illustrate radial
intensity distribution of a single bead at multiple
Z positions. The focal plane is when the bead
intensity changes from light to dark.

at 10nm intervals to a dish with beads immobilized on glass. A total distance of 10
um was covered, i.e. £5 um from the focus. Images were continuously recorded at 30
fps throughout the waveform application. Areas for recording were chosen with
multiple beads. The choice to record multiple beads was due to the variability found
in bead radius as provided by the manufacturer. Bead radius is Gaussian distributed
around a standard value, 1.7 um in our case. Thus, areas with the highest variability
in bead pattern correlating to variations in bead radius were sought for producing the
ZLUT. This was done to ensure the ZLUT reflected a wider variety of intensity
distributions for comparison to those produced in experimental samples. This reduced
the level of error by providing a distribution of profiles representative of the bead
radii distribution for tracking each experimental bead.

The ZLUT was created through the same image registration process used for
2-D tracking. The center of the bead pattern was localized followed by creation of a
radial profile around this point for each image within the stack (Fig. 2.12). The radial
profiles created from images within a single step of the waveform were averaged
against each other providing an average profile for each 10 nm point along the z-axis.

The radial profiles were then entered into a 2-D array with the correlating location
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in z found in the first column (Fig. 2.12). A 2-D array was created for each bead within
the image, thus creating a 3-D array containing the ZLUT information for multiple
beads.

Tracking with the ZLUT was implemented after experimentation. Recorded
images were tracked with the 2-D cross-correlation algorithm. The creation of a radial
profile followed as above; however, the profile was not stored in an array. The profile
was registered in 1-D against the radial profiles for each bead in the ZLUT. The
highest level of correlation was found for each bead creating an array of axial
localizations. This array of axial localizations was saved in conjunction with the XY
tracking data for each image creating a 2-D array of tracked data containing the XY
center localizations as well as localization in Z for each bead profile within the ZLUT.
The axial profile illustrating the smoothest transitions with the most realistic curve
and lowest level of noise was selected in each case. The 3-D data was then used to
calculate the overall displacement from the trap center, which was directly correlated
to force.

2.3. RESULTS

2.3.1. BEAD TRACKING ENHANCEMENT

The resolution of particle tracking is critical to accurate force calculation.
Obviously, the higher the resolution, the better the measurement. However, image-
based tracking algorithms suffer from errors due to the inherent discrete sampling.
Furthermore, the resolution is dependent on both the accuracy and the precision,

which are measures of systematic error, or bias, and statistical error, or scatter,
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Figure 2.13: A) Initial tracking of 5nm steps with a standard cross-correlation algorithm. B) Tracking obtained after upsampling
the initial data set.

respectively.193 In sampling non-diffraction limited particles, where the wavelength
is smaller than the particle radius, statistical error is typically lower due to high
signal/noise ratio. Thus, the prominent error we see 1s that of pixel bias, which arises
from the discrete sampling inherent to the camera sensor array. Each pixel intensity
is an average of the intensity hitting the entire area of that pixel. At lower
magnification a larger area is represented comparative to higher magnifications with
bias being inversely related. However, sampling at higher magnifications to reduce
the bias limits the area that can be imaged. Hence, the importance of accurate
tracking algorithms becomes apparent.

Initially, the pixel bias of our system prevented us from achieving the sub-5
nm precision we were targeting (Fig. 2.13). We were limited to a precision of ~10 nm,
a value comparable to a COM algorithm.193 This accuracy needed improvement. As
we were already limited on magnification, an alternative solution was found. It was

realized that the bias could be limited if the sample could be falsely magnified. In
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Figure 2.14 Z-axis particle tracking results illustrating clear
differentiation of 10 nm steps.

other words, if the same image could be created with a larger number of computed
pixels, increased accuracy could be achieved in silico without any changes to the
experimental methods. This pseudo-magnification was achieved in Labview through
a simple image up-sampling algorithm using bi-cubic spline interpolation creating a
pseudo-high-resolution image. This technique enhanced the particle center
localization by providing a larger number of points for parabolic fit to find the
correlation maximum (Fig. 2.13).

Compounding the necessity for more accurate lateral (XY) tracking is the fact
that the accuracy of axial (Z) localization is directly dependent upon the accuracy of
XY localization. This dependency arises from the method of z localization. The use of
radial profiles hinges upon accurate center localization, which produces an axis of
symmetry that makes the radial profile equal in all directions. The radial distribution
shifts slightly with deviations from center introducing errors, or a blurring in the

profile. Thus, achieving higher lateral accuracy leads to higher accuracy in Z
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Figure 2.15 Viscous drag calibration of the trap via an applied
triangle waveform (top) through the piezoelectric stage. The
resulting stage velocity (middle) illustrates a square waveform

that is translated into the bead displacement (bottom).

localizations. Utilizing these methodologies, a greater than 10 nm resolution was
achieved along the Z-axis (Fig. 2.14).

2.3.2. OPTICAL TRAP CALIBRATION

Viscous drag calibration of the optical trap resulted in deviations from trap
center that were recorded as a square wave pattern (Fig. 2.15). The constant velocities
applied by the piezoelectric stage in a triangular wave pattern leads to constant
displacements and the resulting square wave. The displacements seen are due to
frictional effects of the medium that act as an opposing, or drag force on the trapped
bead. The magnitude of displacement depends on the magnitude of the drag force as
balanced with the trapping force within the harmonic potential. In other words, a
force balance exists that reaches equilibrium with each side having its contributing

factors. This is reflected in Equation 1.47, which was used to establish our trap
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Figure 2.16 Trap stiffness as a function of laser power applied.
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stiffness. Velocity was a known parameter directly applied through our triangular
wave pattern. Displacement, however, was found through our particle tracking
algorithm.

This methodology provided a trap stiffness of 0.49 + 0.02 pN/um*mW of laser
power at the back aperture (Fig. 2.16). Furthermore, the expected linear relation with
respect to power was achieved. These properties also held for the axial (vertical) trap
stiffness, which was determined to be 0.13 £ 0.02 pN/pm*mW. Overall, these
properties indicated the trap was within normal operating parameters and
comparable to previously obtained values. Power spectral analysis corroborated these
results.

2.3.3. MEMBRANE TETHERING FORCES

2.3.3.1. TETHERING EFFICIENCY

As stated previously, a variety of factors influence tethering experiments. The

effects of those factors can be minor without influencing measurements; they can be
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Figure 2.17 Force based tracking of a single membrane tethering experiment
shown in green. The correlating piezoelectric stage movement relative to the
optical trap is shown in blue.

characteristic leading to information about cellular properties; and they can be
detrimental leading to invalid measurements. The latter directly impacts the
measurements leading to a decrease in efficiency. Other groups have reported on
factors influencing experimental efficiency, such as tether breakage and loss of bead
adhesion.

2332 TETHERING FORCES

Two different forces related to tethering were studied, a maximal tethering
force and a plateau tethering force (Fig. 2.17). The maximal tethering force occurs
right before an apparent breakage of bonds to the underlying cytoskeleton that
precedes the plateau tethering force. The maximal force is thought to occur at a point
prior to a tether restructuring, where the initial pulling pulls at the membrane in a
manner like lifting a blanket from a single point creating a conical shape in the

membrane as it pulls upward. Now imagine the blanket could modify its structure to
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Figure 2.18 Histogram of maximum tether force illustrating a
potential bimodal distribution.

where only the threads directly attached to that point are being pulled upward
without disturbing the rest of the blanket. This would create a tubular structure
containing less mass and a less strained conformation. This is similar to what occurs
when the tether actually forms. Bonds holding the entire membrane to the underlying
cytoskeletal structure are released around the bead attachment point allowing
pulling of the membrane alone composed of freely flowing lipids. This allows the
tether to form at a constant stretching force, or plateau force, until the reservoir of
membrane lipids is exhausted. We did not extend beyond this reservoir exhaustion
point in our experiments.

In our work, we found that the maximal tethering force illustrated a bimodal
distribution (Fig. 2.18). It has been shown that the tethering force is dependent on
the bead immersion angle into membrane, which directly correlates to the overall

tether radius.138 The distribution we obtained is most likely representative of the
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Immersion into the membrane based on step size movement with the piezoelectric
stage. Thus, deeper immersion led to greater attachment to the membrane yielding
larger radii tethers with greater tethering force.

The plateau force was found to be 39 + 3 pN for the Hela cell measurements.
Raucher and Sheetz had originally reported plateau forces of 14 and 40 pN for HeLa
cells found in interphase vs metaphase, respectively.136 Thus, hypothetically the
experimentally measured cells existed primarily in metaphase of the cell cycle.
However, as cells typically spend the most time in interphase!94, this result is highly
unlikely. Furthermore, the tether extraction rate of Raucher and Sheetz was nearly
400 times that of our experimental tethering rate. The tethering rate of Pontes et
al138 the basis for this work, yielded a plateau force of 39 pN on mouse derived 3T3
fibroblast cells. Therefore, the more likely source of higher than expected plateau
forces obtained can be attributed to the lower tethering rate. The lower rate thereby
enabled a larger cellular response time, which increased the viscoelastic forces from
the membrane. These higher viscoelastic forces may be further attributed to the
tethering rate being that of a growing filopodial extension, potentially yielding active
formation of actin cytoskeletal structure similar to that seen by Pontes et al. We
attempted to confirm this with the transformation of the HeLa cells with the LifeAct
plasmid, which enabled the actin to be visualized via fluorescence microscopy. The
quantum efficiency of our camera, however, limited the fluorescence signal that could

be detected. Thus, we could not visualize the actin in live cells.
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Figure 2.19 Membrane tethering experiment that illustrated multiple tugging
events on a single bead that eventually led to displacement of the bead from the
trap.

2.3.3.3. CELLULAR RESPONSES

The hypothetical formation of cytoskeletal structure within tethers was
corroborated in bead release experiments performed after tether extraction. It was
found the longer beads were held extended from the cellular surface, the less the bead
moved back towards the surface upon release from the optical trap. Assuming tethers
were primarily composed of cellular membrane with no underlying cytoskeletal
structure, one would expect a nearly complete elastic response with the bead
snapping directly back to the surface, as was seen by Raucher et al.19° Furthermore,
as tethers were maintained well above the dish surface in these experiments,
adherence of membrane/tethers to the glass surface of the dish causing a similar,
shortened response is highly unlikely.

The presence of cytoskeletal structure formation was further supported by
cellular responses seen upon the tethered bead. These responses varied from tether

breakage to bead tugging to full bead escape from the trap center (Fig. 2.19). A variety
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of sources can be attributed to tether breakage including: bond breakage from the
bead, tearing of the cellular membrane, and cellular cleavage of the membrane. This
was one of the primary problems leading to non-representative tether force
measurements that were ultimately discarded. Furthermore, the presence of multiple
sources makes it difficult to identify the root cause, especially without further
complex experimentation. However, it can be ascertained these results may be
attributed to a cellular response, such as bond breakage via protein conformational
changes or tether cleavage to maintain membrane integrity and pressure.

The tugging and total escape of beads from the trap further argued for a
cellular response that theoretically is attributed to the formation of cytoskeletal
structure. Specifically, the tugging is a clear cellular response that arises primarily
from a singular source: myosin II activity on actin filaments. Whereas bead escape
from the trap is related to the transient tethering force being larger than the force
the trap could apply, which could be attributed to cytoskeletal structure, larger
tethering radius creating larger initial forces, and/or molecular motors acting on the
cytoskeletal structure in concert at the time of escape. The scope of identifying these
root sources, however, extends beyond the scope of the research performed.

2.3.4. MEMBRANE BLEBBING FORCES

Membrane blebbing induced through the silencing of ADF and COF was
effectively measured with the optical tweezers setup as a function of the blebbing
diameter (Fig. 2.20). Although we are by no means the first to measure forces on

blebbing cells'4?, to our knowledge we are the first to passively measure blebbing
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Figure 2.20 Bead displacement force as function of bleb diameter
illustrates a high level of correlation. Correlation coefficients (r)
are shown to the right of the plot legend.

related forces through use of 3-dimensional bead displacement within an immobile
trap as opposed to measuring the cortical tension as a function of tethering
experiments. Furthermore, we have shown that the force of displacement grows with
the size of the bleb, a result to be expected. This result, however, can be tied back to
the cortical tension of the cell at the bleb site, which effectively dictates the initial
hole size of the bleb.6® Moreover, our displacement based force measurements
provided size based estimations of forces pulling on nuclear membrane extensions
tied to the plasma membrane that effect nuclear architecture and
mechanotransduction of signal leading to genetic alterations in expression as a
function of blebbing.!9! Estimations of these forces therefore becomes impactful in
understanding how mechanotransduction plays a role in the development of diseases
such as cancer. Furthermore, understanding the force applied during this
transduction may be impactful in understanding specifically how much force it takes
to turn specific genes on and off related to disease specific progression. This however

extends beyond the scope of this work.
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Figure 2.21 Membrane viscoelasticity experiment evolving top to bottom with different tethering velocities. Force based tracking
curves illustrate hysteresis and a non-elastic response. Moreover, memory of tethering events is seen in successive tethers as an
increased reservoir dampening the force-based bead displacement.

2.3.5. MEMBRANE VISCOELASTICITY RESPONSES TO VELOCITY CHANGES

Membrane viscoelasticity measurements proved to be difficult as a function of
tether pulling speed due to the cellular responses described above. A characteristic
response, however, can be seen in Fig. (2.21). As can be seen, tethering force increased
with increasing velocity, an unexpected result based on the results obtained in our
previous tethering experiments as well as those found in the literature. We expected
larger tethering forces at lower velocities due to stronger cellular adhesion and more
time for the cell to respond to an external stressor. This data, however, was collected
in order of decreasing velocity of tether pulling. Thus, the first pull was at the highest

velocity decreasing in steps down to the lowest velocity. When tethers were pulled in
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the opposite direction, or increasing velocity, the highest tether force was also seen
in the first pull, indicating the cell “remembers” where stress has been applied and
relaxes this region upon successive stresses, regardless of velocity. This idea is also
1llustrated in the “memory” of the tether, as the initial region, or zero force region, of
the tether was larger with each successive pull. This result indicated the tether is
retaining increasing amounts of membrane reservoir. How velocity effects this
pulling, however, is yet to be fully elucidated. Multiple measurements were made
with both increasing and decreasing velocity profiles, yet most measurements were
affected by some sort of cellular response. This response was more prone to occur at
the lower pulling speeds that afforded the cell more time to respond to the stimulus.

2.4. DISCUSSION & CONCLUSIONS

A fully functional optical tweezers setup was built and validated through
measurements of membrane tethering forces. The measurements further illustrated
cellular related responses compounded by slower tethering speeds. Although it could
not be determined in this work directly, it is our belief that these cellular responses
are mediated through actin polymerization and myosin II activity similar to
retraction of a membrane bleb. This is supported by the fact that Pontes et al
1llustrated the presence of actin in tethers of fixed cells that had been pulled at the
same tethering speed. The presence or absence of actin in tethers was previously
thought to have been settled in favor of the latter. Our work illustrates that the
presence of actin may be subject to the tethering speed. We, however, cannot confirm

or deny this allegation based on the current study.
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The tethering dynamics also showed memory contained within the tether
through two independent measurements. Direct tethering and maintenance of tether
length for increased periods of time indicated decreased retraction upon bead release
from the trap. Viscoelasticity measurements consisting of repeated tether pulling and
retraction on the same bead illustrated increased membrane reservoir with each
successive pull. This memory may also be related to actin polymerization as described
above; however, it may also be related to a larger localized reservoir of membrane
lipids in the tether. The latter hypothesis is less supported, as a localized reservoir of
lipids would theoretically be absorbed back into the rest of the membrane based on
its fluid nature. Moreover, a similar reservoir would be expected in membrane
blebbing, which we know not to be the case. Overall, this further supports the idea
actin polymerization occurs leading to memory and cellular response capabilities.

Membrane blebbing experiments illustrated a high degree of correlation
between the measured force and the bleb radius. To our knowledge, these are the first
known measurements of pressure-based displacement related to blebbing forces with
an optical trap. RNA silencing measurements published with this work have also
1llustrated nuclear rearrangement correlating to bleb formation.19! The abnormalities
seen have been linked to a loss of cofilin and actin depolymerization factor mediated
interaction with actin filaments. The filaments tied to the nucleus through linker of
nucleoskeleton and cytoskeleton (LINC) proteins then allow conduction of myosin II
forces to the nucleus leading to deformation of the nucleus like that seen in many

disease processes. Furthermore, the increased myosin II activity leads to increased
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internal cellular pressure creating disruptions of cytoskeletal interaction with the
membrane. Disruption of these interactions leads to membrane blebbing. Thus,
measurement of the bleb displacement forces reflects the amount of force related to
nuclear rearrangements, rearrangements that have been tied to abnormal cellular
signaling in disease processes such as cancer.

Overall, the work presented illustrates the influence of biomechanical
measurements on the elucidation of membrane related properties. The properties of
the membrane are characteristic of the cellular type.124135136,145147 Furthermore,
tuning measurement properties directly influences the characteristic properties of
the cell. In general, the more time the cell is given to respond, the more likely a
response will occur. This provides further evidence to the growing testimony that cells
in their natural environment can adapt to biomechanical cues and build in memory.
These responses and memory have been shown to be related to the cytoskeletal
structures!®, which we believe also affected our measurements. This i1s further
evidenced by the complex linking between the cytoskeleton and nucleus illustrated
through RNA silencing used in the blebbing measurements.19t This further
1llustrates the ability for direct mechanotransduction from the membrane to the
nucleus directly effecting genetic expression. Our measurements place directly
measured values related to the mechanotransduction. These values may hold promise
for understanding the complex changes related to induction of disease type processes.

Further work in this field continues and will continue to produce characteristic
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biomechanical properties directly effecting cellular signaling related to normal and

diseased cell architecture.
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3. CHAPTER 3: FORCE SPECTROSCOPY IN THE BLOODSTREAM OF LIVE

EMBRYONIC ZEBRAFISH?

3.1. INTRODUCTION

Fluid pressure forces and shear stress in blood vessels play a critical role in
embryonic cardiovascular development. Tissue architecture is dependent on a
concerted effort between chemical signaling, mechano-transduction of flow forces,
metabolic stimuli, and cell-cell or cell-matrix interactions?, which regulate gene
expression via a signaling cascade. The pathways related to chemical signaling via
growth factors are well established.101.197.198 The factors related to mechano-
transduction, however, are primarily evidenced by in vitro studies.93:104108,199
Furthermore, measuring these dynamic forces in living organisms is challenging. In
vivo evidence, nonetheless, has been shown with imaging studies illustrating ciliary
protrusions from the cellular surface for flow based sensing.!11.112 Though the
evidence exists, measurement of the underlying forces is purely an estimation. The
analysis of such forces is further complicated by crowding effects that turn blood into
a non-Newtonian fluid.200 Measurement accuracy also depends on preserving natural

flow and morphology. Thus, the development of non-invasive tools to directly probe

2 Statement of Work: Zebrafish were kindly provided by Dr. Deborah Garrity. Zebrafish breeding and
preparation was performed by Bryce Schroder and Brennan Johnson. Optical tweezers experiments
were executed by Bryce Schroder and Brennan Johnson. Data analysis was performed by Bryce
Schroder with methods being developed by Bryce Schroder, Brennan Johnson, and Diego Krapf.
Some of the work in the Introduction, Material & Methods, and Results sections are as published in
Frontiers in Optics 2014 OSA Technical Digest (online) (Optical Society of America, 2014).217 Link:
https://www.osapublishing.org/abstract.cfm?URI=Fi0-2014-FTulF.5.
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forces in vivo presents a key step in understanding normal cardiovascular
development.

Key to the development of these tools is the selection of an appropriate in vivo
model. Several model organisms exist for the study of vertebrate blood vessel
development; however, zebrafish have emerged as one of the most widely studied.
The rapid development, small size, optical transparency, and vertebrate lineage of
the embryonic zebrafish make it an excellent model.?8 Furthermore, successive
breeding yields many embryos whose heart development and initiation of circulation
occurs around 24 hours post fertilization.20! Thus, it is also a high throughput model
yielding multiple experiments throughout the same period that alternative model
organisms develop for a single experiment. Zebrafish have therefore been employed
1n a variety of studies aimed at cardiovascular development.98112,202-210

Normal development is well characterized throughout cardiovascular
formation within vertebrate lineages including zebrafish. Characterization, though,
1s primarily related to chemical and morphological changes related to development.
The dynamically changing forces are inferred from the morphological changes that
are occurring and in vitro models. Flow dynamics in the developing zebrafish system
have been exemplified through techniques such as particle image velocimetry (PIV)
in both normal and abnormally developing fish.73204 Dynamics have further
distinguished the velocity profile that has been used to estimate the flow driven forces
and wall sheer stress.204206 However, estimation of forces with these methods is

indirect and dependent on assumptions of viscosity and particle size, shape, and
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rigidity. This further evidenced the gap in tool development aimed at full
environmental characterization providing more accurate force-based measurements.

Optical tweezers are capable of probing forces associated with flow. The
platform has been used in a variety of flow environments used for cell sorting46:211,
characterizing flow dynamics?!2, and measuring flow induced cellular
stretching.139.142,146,157.167.213 (ptical tweezers present an advantage for work in
zebrafish, as they can be used non-invasively to directly measure forces on cells under
flow without a priori knowledge of the environment. The accuracy of measurements,
however, is dependent on the precision of calibration. Typically, calibration is
performed by the methods described in the previous chapters. This type of calibration
suffers the same limitations as force estimates based on flow dynamics; assumptions
of viscosity and particle size are necessary to provide calibration values thereby
limiting the accuracy and precision. A novel calibration technique developed by Yuval
Garini’s group based on the analytical solution to the Smoluchowski equation
described in the first chapter has been employed to overcome these limitations.4! It
makes use of the probabilistic properties of Brownian motion within an elastic
potential to eliminate the need for a priori knowledge of the environmental
properties. Thus, the environment and trap characteristics can therefore be derived
through particle tracking techniques.

Further complicating optical tweezers experiments is the propensity for laser
heating leading to damage in tissues with excess power. The causes of laser heating

are related to wavelength dependent absorption described in greater detail in the first

109



chapter. As discussed, this is overcome by targeting the laser wavelength for minimal
absorption within the tissue. Although absorption is minimized, it is not eliminated.
Several studies have shown the propensity for damage with increased laser
power.125,129.214.215 Nonetheless, studies have also shown the ability for optical
trapping in vivo without damage.216 Ultimately, laser power was minimized to reduce
the potential for irreparable damage.

The work presented in this chapter therefore describes the adaptation of an
optical tweezers setup to directly trap blood cells found within circulation of
developing embryonic zebrafish. Although optical trapping proved straightforward,
the extraction of force related data proved less trivial. Conventional techniques for
calibration and particle tracking were unsuccessful due to characteristics of
embryonic zebrafish blood being undefined and image complexity, respectively.
Development of novel tools and analysis techniques are therefore described relative
to the complications found with conventional methodologies. Our results illustrate
the first known optical trapping of blood cells within a developing zebrafish, and were
reported at Frontiers in Optics in 2015.217 Furthermore, the forces extracted have
provided the first non-invasive, direct force measurements associated with flow inside
zebrafish blood vessels. Force and velocity information also enabled further
characterization of the fluid environment yielding the first known value for apparent

viscosity of embryonic zebrafish plasma.
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3.2. MATERIALS & METHODS

3.2.1. ZEBRAFISH PREPARATION

Adult wild-type zebrafish were raised and bred in accordance with
Westerfield.218 Fertilized eggs were harvested and incubated at 28°C in embryo water
until initiation of circulation, which begins around 24 hours post-fertilization (hpf).
At this stage, embryos were dechorionated and placed in a coverglass bottom dish in
a solution of 0.17-0.2 mg/mL tricaine (Fig. 3.1A Inset). We found this concentration
to be optimal for preventing embryo movement with minimal effect on cardiac
function. The dish was then placed on the optical tweezers setup for imaging.
Embryos were given at least five minutes for onset of anesthetic effect and
temperatures to stabilize.

3.2.2. OPTICAL TWEEZERS EXPERIMENTAL SETUP

Force spectroscopy was performed on our home built optical tweezers setup
with a 1070nm infrared trapping laser (YLR-5-1070-LP, IPG Photonics, Oxford, MA)
and a high NA objective (60X water immersion, 1.20NA; Olympus) built around an
IX-71 inverted microscope (Fig. 3.1A). The fish were positioned aligning the trap
centrally to each vessel location (Fig. 3.1B). For our studies, 6 measurement locations
were selected based upon high wvisual clarity, anatomical reproducibility, and
representation of flow throughout changing vessel architectures (Fig. 3.2). Upon
thermal equilibration and anesthetic onset, the trap was turned on. Power was

maintained at a minimum preventing damage to the fish, and images were recorded
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Figure 3.1: A) lllustration of optical trapping experiment with placement of zebrafish embryo inset. B) Illustration of a typical
trapping experiment with a cell highlighted by the black arrow trapped within the dorsal aorta just above the posterior cardinal
vein. White arrows indicate blood flow directions.

at 125 frames per second (fps) on a high-speed camera (Fastcam SA3, Photron, San
Diego, CA). Images were recorded with the trap on and off to provide force and
velocity information, respectively. Immediately after measurements, the heart was
arrested via tricaine overdose, and a cell was trapped and held in the vessel for
calibration purposes. Images were then recorded at 25,000 fps for ~15 seconds.

3.2.3. IMAGE ANALYSIS

To determine the forces related to displacement, we had to extract the
displacement information along the axis parallel to flow. This proved to be a difficult
task, as the cell position could not be extracted from algorithms typically used for
tracking particle positions such as those described for bead tracking within the
previous chapter. The difficulty in tracking cellular position is derived from the fact

that cells are inhomogeneous, typically aspherical, and highly elastic in nature.
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Figure 3.2: A) White light image of a zebrafish embryo taken from a
stereomicroscope. B) Simplified illustration of zebrafish blood architecture.

Hence, they do not produce the nice airy disk pattern seen with spherical particles as
described in the previous chapter. Moreover, the environment blood cells reside in is
inhomogeneous and dynamic creating greater complexity for tracking by simple
bright-field microscopy.

These problems are typically overcome with use of fluorescently labelled cells
that can be traced by simple particle image velocimetry techniques within a flow
field.219 Our setup, however did not possess the capability to image fluorescent cells.
Other groups have also used image processing technique to remove background
intensity information leaving only intensity profiles in dynamically changing
areas.?20 In general, this will remove structural data leaving the intensities where
flow and moving boundaries (heart or vessel walls) occur. PIV is then applied to the

filtered images to track the moving particles. Our work, however could not directly

113



Make Selection
Baraliel tn Flow &
Create Spatis-
Temporal (ST) Plat

Find Cell Center

Perform 10 Image
Regisiration on ST

& Overlay

Determing - A
Displac N, AW, / b
I"rnrlFl'r:;.:l;::lltr p: NN N v I"-..JJr ll\.-

1 -nm: i 1]

=

Calilyrate and
Caleulate Forces
F = Kyppphx

Fairce {jEN)

|

i ] 1
Time |s)

Figure 3.3: Flow diagram for creation of spatio-temporal (ST) plot for extraction
of cellular displacement and associated force information throughout a trapping
experiment.

employ either of these techniques. Furthermore, the accuracy of tweezer
measurements necessitates subpixel tracking precision not achieved with PIV
techniques.

Ultimately, this problem was overcome by extracting a line of pixels along the
axis of flow from each image and combining each line into a spatiotemporal (ST) plot
(Fig. 3.3), a.k.a. a kymograph. This plot, produced from a custom Labview code
(Appendix A-2.10 & A-2.11), contained the displacement information and resulting
waveform. The waveform was extracted by performing a 1-dimensional image
registration process, where a single line of pixels representing a single time point was
extracted from the ST plot and registered against all other pixel lines in the plot to

find displacements. This process was performed in Matlab with a code modified from
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Guizar-Sicairos et al.221 (Appendix A-2.12) Upon obtaining the displacement data, the
center of the cell was found by taking the line of pixels used in the image registration
process and plotting its intensity profile. Two peaks in the profile correlating to the
cell edge were found and fit to find their center positions. The peak positions were
averaged to estimate the cell center, which was combined with the displacement data
giving the displacement of the cell center to be used in relation to the center of the
trap. This information was crucial; without it we could not have accurately calibrated
our trap and estimated the forces associated with flow. An overview of this process is
highlighted in Fig. 3.3.

3.2.4. OPTICAL TRAP CALIBRATION IN A LIVING ORGANISM

Optical tweezers use has typically been limited in living organisms. This can
be attributed to a variety of causes as discussed above. One of the central issues is
difficulty of trap calibration using conventional methods described in the previous
chapters. As calibration is key to obtaining accurate force measurements, this
presented a major hurdle. We overcame this problem with the use of a novel
formalism developed by Yuval Garini’s group4! combined with conventional power
spectral analysis for validation. The implementation of these methodologies is
discussed below.

3.24.1. POWER SPECTRAL CALIBRATION

As stated above, calibration was performed in a stagnant environment
produced by stopping the heart with an overdose of anesthetic. Images were collected

at 25,000 fps and analyzed by the 1D kymograph registration. Initially, the trap
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stiffness was estimated utilizing the power spectral analysis method, as described in
the previous chapter. This method, however, required values for viscosity and
particle size. Data on blood cell size was found to be 3-8 pm in the literature.
Measured viscosity values for zebrafish plasma could not be found, and most studies
referencing viscosity values for calculations assumed human values were
comparable. A range of viscosity values, 1-10 mPa s, was therefore estimated from
values measured from other fish species.222-227 Therefore, calibration values were an
1Imprecise range.

3.2.4.2. SMOLUCHOWSKI CALIBRATION

The primary drawback to the power spectral analysis is that values must be
inferred from the in vivo environment thereby decreasing precision. This issue was
resolved through implementation of a formalism recently developed by Yuval Garini’s
group based on the Smoluchowski equation describing Brownian motion of a particle
within a trapping potential.4! The analytical solution to this equation (1.37) provides
the probability of a particle’s position in a window of time given its initial position
(Fig. 3.4A). The probability distribution has a characteristic width, or variance, that
widens with time and will converge to the steady state Boltzmann distribution. The
characteristic width for each window of time is dependent only on temperature, the
particle’s diffusion coefficient, and the strength of the trap. Regardless of initial
position, the width remains the same. Thus, a single particle’s displacements within
a sliding time window can be used to yield distributions similar to that seen in Fig.

3.4A, each with a characteristic width. The characteristic widths can be plotted

116



A :@ 00100 = Initial Position
E i —_— At=0.1T
2 00073 - — At=0.57
E ] ] — At=10r
= 0.0050 = R
= 8 : .
H 1 A i,
= 0.0025 =
.qr\- -
]
£ 0.0000 . : . .
-1000 -500 0 500 1000
B) 8000
0
a1 6000
=
2 4000
3
1 2000
2
0
1E-4 0,001 0.01 0.1 1 10 100 1000
Frequency (Hz)

Figure 3.4: A) Figurative representation of the probability density functions over different time periods of a bead displaced from
the center of a weak harmonic potential represented by an optical trap. The widths of the probability functions are characteristic
of the time periods, regardless of the starting position that will provide a characteristic function like seen in B). The particular
curves shown in A) are highlighted with their respective colors in B).

normalized to time to produce a characteristic curve that illustrates three regimes
(Fig. 3.4B): a diffusion dominated regime that is manifested over short time periods,
a trap dominated regime that is manifested over long time periods, and a region in
between that is dependent on both forces. This characteristic curve is then fit using

the variance achieved from 1.37 normalized to the sliding time window:

2 kgT —2kirap DAL
o __ %l [1 — exp (&)] (3.1)
At~ KepgpAt kpT

where 07 is the variance, At is the sliding time window, kj is Boltzmann’s constant, T

1s absolute temperature, k, _ 1is the trap stiffness, and D is the diffusion coefficient.

trap
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Figure 3.5: Extraction of cellular velocities occurred in Imagel through the
measurement of multiple angles. The angles were averaged prior to
calculating the slope that correlated to the cellular velocities.

Thus, the benefit to applying this formalism to analyze our positional data is that we
can extract information about a trapping potential without a priori information on
the environment in which they reside. This is particularly powerful in the case of in
vivo work where fluid and particle properties must be inferred from ex vivo work
reducing accuracy and introducing assumptions upon conditions possibly differing
within the particle’s native environment.

3.2.5. EXTRACTION OF CELLULAR VELOCITIES

The creation of the ST plots described above proved to be a valuable tool in
multiple ways. Not only could positional data be extracted for force measurements,

velocity information of cells entering, leaving, and under non-trapping conditions
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were represented by slopes of the patterns within the plots. These slopes were
measured in Imaged by overlaying lines on the edges of the pattern (Fig 3.5). The
slope of the line was provided in pixels from ImagedJ measuring tools. Using the pixels
sizes with the x-axis representing time and the y-axis representing camera pixels, the
frame rate (125 fps) and the camera pixel size (168.05 nm), respectively, were used to
calculate the velocity:
u = 168.05 x 125 nm/s (3.2)

where u is cellular velocity and m is the measured slope.

3.2.6. EFFECTIVE VISCOSITY DETERMINATION

Effective viscosity was determined using the formula for the viscous drag force
originally described by Stokes:

F=Cu (3.3)
where F'is the viscous drag force, u is velocity, and { is viscous drag coefficient. The
viscous drag coefficient is equivalent to 6y R, where R is our particle radius and 7 is
the effective viscosity of the medium. This simple relation allowed us to plot the
average forces found with optical trapping vs the measured cellular flow velocities.
Moreover, multiple cells at varying locations in a single fish or a single location in
multiple fish could be used in this manner to ultimately estimate the effective

viscosity of the blood within zebrafish at the 24 hpf time point.

119



3.3. RESULTS

3.3.1. GENERAL OBSERVATIONS

Flow onset was determined prior to experimentation by a 20X magnification
stereo microscope. Upon removal to the optical tweezers setup and dosage with
tricaine, flow was not always visible within the fish. Furthermore, flow would
sometimes diminish with experimental time. Initially, these observations were
attributed to varying tricaine effects and temperature cooling slowing the heart rate.
Further observation found that the heart was still beating and therefore flow should
have been present. We also noticed that certain fish would have a greater number of
cells circulating with higher flow as opposed to lower flow fish with very few or no
cells circulating and no differences in age of the embryos. A tracing of the vessel
architecture back to the yolk sac found that there was an agglomeration of blood cells
upstream from the heart that were not being circulated. The rate of flow and number
of circulating cells was qualitatively correlated to the blockage of cells. Moreover, we
would see clusters of cells undergo circulation supporting the theory that the
blockages would break loose and undergo circulation periodically (Fig. 3.6). The cause
of this observation is uncertain, although it is believed the lower flow velocities in the
yolk sac lead to greater chances of the cells interacting and binding. As flow builds
throughout development and the heart gets stronger, this no longer occurs due to

faster circulation and an ultimate elimination of the pooled area within the yolk sac.
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Figure 3.6: Time-lapse representation of clump of cells passing through the optical trap. Initially, a trapped cell is shown that is
displaced in the 3 frame by a clump of cells that has cleared by the 4t" frame.

The effects of this variation at the onset of circulation on overall development is
unknown. We, however, believe it to be minor, as the small size of the fish enables
nutrient absorption without circulation.202

3.3.2. OPTICAL TRAP CALIBRATION

Optical trap calibration was achieved within a static trap eliminating the need
for a dynamic viscous drag calibration that would have been extremely difficult inside
a living organism. Two methods were employed to achieve the overall trap stiffness.
The power spectral method achieved a cutoff frequency of 4.08+0.03 Hz (Fig. 3.7A).

Image based measurements of blood cell diameter were found to be ~5um making our
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Figure 3.7: A) Power spectral measurement with a Lorentzian fit showing a cutoff frequency of 4.08+0.03 Hz. B) Smolochowski
measurement with appropriate fits demonstrating an average trap stiffness of 2.8140.01 pN/um.
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Figure 3.8: ST plot illustrating a trapped cell being passed by other cells, sometimes
being bumped or replaced by the passing cell.

particle radius 2.5um. In conjunction with the range of viscosities described above,
this produced a trap stiffness range of 1.2-12.1 pN/um. The Smoluchowski formalism
improved upon this range providing a trap stiffness of 2.81+0.01 pN/um directly from
the fitting parameters (Fig. 3.7B).

3.3.3. COLLECTIVE FORCE MEASUREMENTS

Direct force measurements were achieved in multiple fish near the onset of
flow. Given the reports in the literature on flow velocities in developing zebrafish112,
we expected little variation in flow characteristics across fish. This was not seen at
the onset of circulation due to the clustering described above. Thus, measurements
were not made in a near constant velocity as we expected. Furthermore, vessel size
and architecture varied slightly across fish, which also led to changes in flow
dynamics. Although we targeted anatomically reproducible locations, the statistics at
those locations were skewed by the flow dynamics and irreproducibility of exact
conditions. Further compounding this problem was the number of circulating cells.
Greater numbers of cells led to more difficulty getting measurements on single cells,
as new cells would constantly enter the trap displacing the previous cell (Fig. 3.8).

Thus, we could not extract a constant waveform under these conditions.
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Trap limitations also occurred relative to the flow velocities and cell trapping
capabilities, which was to be expected with minimized laser power to prevent damage
adversely impacting the force we could apply. Furthermore, although embryonic
blood cells are more rounded and contain a nucleus at the stage of development we
were measuring, the cells were not perfectly spherical which also detracted from the
force the trap could apply. The larger particle nature of the cells in theory enables
greater force application relative to laser power!27; however, this assumes that the
trapping of a cell and bead of the same particle radius will produce equivalent forces.
Optical trapping of cellular organelles of much smaller sizes has also been shown
previously bringing into question whether it was whole cell or subcellular trapping
occurring.?28-230 Blood cells typically lack organelles and are highly inhomogeneous,
typically aspherical, and elastic in nature. Thus, the overall properties enabling
cellular trapping are not equivalent to a polystyrene bead. Furthermore, assuming
the ray optics regime applies, their refractive index is only slightly different from the
media making their refractive properties low. In other words, the deflection of the
beam comparative to a bead is much less. Less change in direction means less change
in momentum resulting in a lower imparted force on the cell. Collectively, these all
point to greater difficulty trapping a cell comparative to a bead of the same radius.

Regardless of the difficulties presented, optical trapping was achieved in
several vessel locations at the onset of flow. Flow dynamics were primarily dictated
by the pumping of the heart creating a pressure differential across the system. The

pressure differential was pulsatile due to the beating of the heart. The pressure
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Figure 3.9: Force measurement of trapped blood cell in arterial flow illustrating the sinusoidal pattern representative of pulsatile
flow driven by the beating zebrafish heart.

differential also seemed to be dictated by the blockage of cells previously described.
Nonetheless, the pulsatile flow was reflected in the extracted waveform of the trapped
cells (Fig. 3.9). The waveform illustrated the expected sinusoidal pattern
characteristic of flow within an artery.23! Furthermore, position in the vessel also
dictated the flow velocities and the subsequent force felt (Fig. 3.10). Although we
targeted the center of the vessel in most measurements, the potential for error did
exist based on our qualitative selection of where the boundary walls existed. As there
was no direct measurement of the vessel diameter and precise placement of the cells

at a distance half that from the wall, we very easily could have been at different
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Figure 3.10: A) Theoretical velocity profile seen by a trapped cell at the locations shown. B) Actual displacement curves of single
cell trapped within flow at the locations shown in A). As can be seen, the off-center cell experiences slightly lower velocities that
can be seen in the slight narrowing of the peak to peak profile.
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locations measuring the flow profile as opposed to the actual flow at the center. This
was compounded by problems locating the boundaries axially as well, which was done
by targeting the maximum width of the horizontal boundary. The cells would,
however, typically tumble the closer they got to the boundary, helping localize vessel
center. Overall, these effects lead to potential error in the force-based measurement.
To overcome the issues of force-based measurements in variable flow, a
normalization can be achieved. This can be achieved through normalizing the force
to the velocity achieving the viscous drag coefficient for each cell based on the
measured velocity in the same flow. This provides a means to narrow the distribution
and eliminate the problems associated with variable flow rates and the rudimentary
positioning of the trap. The only other effects that can broaden the distribution is the
cellular radius. Radius does vary, but much less than the flow velocities. Applying
this approach, we achieved a viscous drag coefficient of 0.4 pN*s/um (Fig. 3.11B).

3.3.4. LOCATION BASED FORCE MEASUREMENTS

Measurements were taken at multiple locations within the fish (Fig. 3.2B).
This was done to characterize the flow along the vessel at different locations within
the arteries and the veins, both close and distal from the heart. Measuring at these
locations provided highly variable forces with differences in the pulsatile pattern
measured. The variable forces most strongly correlated to the flow velocities, which
was expected. Furthermore, the flow velocities qualitatively also depended on vessel

diameter, another obvious assertion assuming Poiseuille flow:
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Figure 3.11: A) Measured forces at varying locations within a single fish starting in the dorsal aorta working their way down the
tail to the tip of circulation and back up into the cardinal vein. The force graphs have been normalized to the same 10 pN force
range to show the dampening of pulsatility seen moving from the arteries into the vein. B) Normalization of the force by the
velocities seen at a single location across multiple fish provides the viscous drag coefficient with a high degree of linearity (R?=

0.98). C) Normalization of the force against velocities at locations across a single fish provides the same viscous drag coefficient
(R?=0.99).
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(3.4)

where @ is the average flow rate across the vessel length, AP is the change in pressure

along the vessel length, r is the vessel radius, L is the vessel length, and 7 is the

126



viscosity of the blood flowing through the vessel. The most impacting factor in this
equation is the radius. Thus, changes in vessel architecture throughout the system,
1.e. narrowing moving away from and dilation moving back towards the heart, should
be reflected in the force profiles as well. This is reflected in the force reaching a
maximum as we move away from the heart towards the tail decreasing from that
point. Furthermore, vessel compliancy, or elasticity, changes from more rigid to more
elastic moving from the arteries to the veins, respectively. Thus, a dampening of the
pulsatile amplitude should also occur in the more elastic regions (Fig. 3.11A). Thus,
the force profiles at different locations in the same fish fully illustrate the expected
trends based on the changes in vessel architecture.

3.3.5. EFFECTIVE VISCOSITY

Effective viscosity was very simply determined after normalizing the force
values to the flow velocities (Fig. 3.11B) at each location providing a viscous drag
coefficient that is linearly dependent on both the viscosity of the medium and the
particle radius. We measured the particle radius to be 2.5um. Thus, using Stokes
equation for the viscous drag coefficient:

{ = 6mnR (3.5)
where ( is the coefficient, 7 is viscosity, and R is particle radius, we achieved an
effective viscosity of 8.3 mPa-s. This is a very important measurement, as it provides
the first known direct measurement of effective viscosity inside a living zebrafish.

Furthermore, it provides a value to more accurately estimate forces from PIV profiles
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Figure 3.12: Power spectral measurement to find principal peak at a
frequency correlated to the heart rate of the fish.

from a measured value as opposed to inferred. Thus, the system has been better
characterized for this age of development.

3.3.6. HEART RATE DETERMINATION VIA POWER SPECTRAL ANALYSIS

Heart rate was measured by simply applying a fast Fourier transform to the
displacement curves and finding the principle peak in the power spectral curve (Fig.
3.12). The heart rate is then found using the following equation:

HR = fprincipte * 60 (3.6)
where, HR is the heart rate and fprinciple 1s the measured principle frequency from the
power spectrum. Based on previous measurements, we expected a value of ~90 beats
per minute (bpm).232 The value we achieved was 104.4 = 6.7 bpm (n=8). This value is
slightly higher than the expected values found in the literature. Multiple potential
sources exist for this discrepancy: temperature induced laser heating increasing the
heart rate, use of lower dosage tricaine comparative to literature values, fish age
discrepancies, differences in fish breeding environments, and/or laser induced stress

on the fish. Understanding this discrepancy is outside the scope of this work.
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3.4. DISCUSSION & CONCLUSIONS

This work shows the first known direct measurements of flow driven force by
an optical trap on circulating blood cells within developing embryonic zebrafish.
Measurements such as these are critical to the understanding of normal
cardiovascular development, as well as the forces associated with disease progression
or repair of damaged tissue. Achievement of appropriate vessel architecture is
dependent on the flow driven forces in conjunction with other mechanical and
chemical cues. Understanding these forces and the flow and physical characteristics
associated with the blood vessel environment can translate to higher degrees of
accuracy in inferred measurements such as those made using PIV. Furthermore, PIV
can be used in stronger flow fields where optical tweezers fail. Optical tweezers,
however, can provide supplemental information on viscosity and shear stresses at the
vessel wall where flow forces are lower. In conjunction, the two can work to provide
larger amounts of information not attained in this work.

Although optical tweezers have a limit of capability in measurement of flow
driven forces, trapping in younger fish with slower flows was quite simple. Fish of
this age are also of benefit due to lower numbers of circulating cells that still illustrate
a spherical shape with a nucleus, as opposed to the well-known unnucleated
biconcave disc shape seen in adult red blood cells. Trapping of such cells yielded
measurements of forces within different vessel architectures across different fish.
Vessel architecture played a role in both flow rate and dampening of the pulsatile

signal. More compliant vessels resulted in nearly a complete dampening of the
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sinusoidal signal seen in more rigid vessels. Furthermore, larger diameter vessels
1llustrated lower flow rates, as expected in Poiseuille flow, which correlated to lower
measured forces. The forces ranged much more greatly than expected, but a
normalization of force to the measured flow velocities illustrated a highly linear trend
that yielded the viscous drag coefficient of the fluid. Utilizing the measured blood cell
radius further provided the first known measurement of apparent viscosity in an
embryonic zebrafish. This measurement is critical to other measurements that
necessitate a priori knowledge of the microfluidic environment that have typically
used values for human blood viscosity for estimation of flow driven forces.

This work 1s fundamental towards future work in the area and lays a path for
multiple other forms of measurements and extension into other organisms
potentially, like has already been achieved in the ears of mice.216 Further work in
zebrafish can be made in conjunction with PIV techniques to yield further unique
information throughout development. Work within different ages can be carried out,
further yielding information on development of the cardiovascular system. Moreover,
the use of mutant fish with slower flows, lower blood cell counts, and other
hemodynamic changes can lead to greater understanding of forces and fluidic

characteristics related to the mechanical signaling involved in disease progression.
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4. CHAPTER 4: SUPERDIFFUSIVE MOTION OF MEMBRANE-TARGETING C2

DOMAINS3

4.1. INTRODUCTION

A myriad of signaling proteins are recruited to specific cell membranes via
phospholipid-binding domains.233.23¢ These molecules dock to the surface of specific
lipid membranes and undergo two-dimensional diffusion in search of a target. Once
the target is located, many proteins either activate or suppress a downstream
signaling pathway for various physiological and pathological processes. Examples of
membrane-targeting domains include pleckstrin homology (PH)235 and C223¢, which
have been identified in hundreds of human signaling molecules as well as in
eukaryotic species as diverse as fungi and flies.237 PH domains bind specifically to
phosphoinositides while C2 domains bind a variety of membranes, and a subset of C2
domains only bind membranes in the presence of calcium and play key roles in
signaling pathways. The association to lipid membranes often takes place in response
to different extracellular and intracellular stimuli, but typically the residence on the
membrane surface is only temporary. The transient nature of peripheral protein-

membrane interactions enables a tight temporal regulation of signal transduction.

3 Statement of Work: Molecular biology and lipid preparation were performed in Dr. Olve Peersen’s
laboratory by Grace Campagnola. Chamber preparations and data collection were performed by
Bryce Schroder, Grace Campagnola, and Kanti Nepal. Data analysis was performed by Kanti Nepal
and Diego Krapf with codes provided by Diego Krapf and modified by Bryce Schroder. The work in
this section is as published in Nature - Scientific reports287. Link:
http://www.nature.com/articles/srepl17721.
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Further, membrane dissociation has also broad implications on the search for the
target substrate, but this process is less understood. Recently, Knight and Falke
observed the dissociation of PH domains from supported bilayers followed by rapid
rebinding to the surface after a short excursion in the bulk solution.238 They proposed
that the hopping process may be important in the search for target molecules in
eukaryotic cells. Subsequently, Yasui et al. found that PTEN (phosphatase and tensin
homologue) molecules hop along the plasma membrane of living cells due to
dissociation followed by rebinding.23° PTEN is an important protein that suppresses
development of cancer. It prevents cells from growing and dividing too rapidly by
dephosphorylating phosphoinositide substrates on the plasma membrane. PTEN-
membrane affinity is regulated by a C2 domain and it is enhanced by electrostatic
interactions. The observed hopping of the C2 domain on the plasma membrane is thus
expected to alter the dynamics of the search for a phospholipid substrate. A
straightforward consequence of membrane hopping is that a molecule remains in its
immediate vicinity for a short time and then jumps to a location that is further away
than expected from two-dimensional diffusion. Therefore, the search process is
allowed to explore larger areas and the molecule can bypass diffusion barriers that
may be present in the membrane. However, hopping comes at the cost of the search
being less exhaustive. We may ask the questions how the dynamics of membrane-
targeting domains is affected by such long jumps and how this motion deviates from
a simpler two-dimensional diffusion. Such potential complex behavior can yield

anomalous diffusion of membrane-targeting domains, which would alter the outcome
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of search processes and the sequential molecular reactions. Anomalous diffusion is
widespread in the motion of molecules in biological systems.240-243 In general, a
particle exhibits anomalous diffusion when the mean square displacement (MSD)
scales as a power law with an exponent a # 1
(x2(£)) = Kyt (4.1)

where K. is the generalized diffusion coefficient with units cm?/s®. When a < 1 the
process is subdiffusive and when a > 1 it is superdiffusive. Subdiffusion in the
cytoplasm244-246 the nucleus?47?, and the plasma membrane?248-250 of live cells is caused
by crowding?51.252 and complex interactions with the cytoskeleton and
macromolecular complexes, among others. Similarly, subdiffusion can take place in
model membranes due to crowding and packing effects.253.25¢ The appearance of
superdiffusion processes in biomolecular systems is far less common. The archetypal
mode of superdiffusive motion is due to active cytoplasmic flows and transport
mediated by molecular motors, requiring ATP energy consumption.255-257 From a
theoretical point, there are three major mechanisms that can introduce
superdiffusion.258 It can be caused by correlations in the random walk, such as those
in fractional Brownian motion with a Hurst index H > 1/2, by persistent directional
motions (Lévy walks), and by long jumps (Lévy flights). Active biological transport
can be modelled as Lévy walks.257 Bulk-mediated diffusion processes, which can be
described as Lévy flights, have been observed for transient adsorption on a solid
surface where molecules display intermittent behavior, alternating between periods

of immobilization at the solid-liquid interface and periods of diffusion in the bulk
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Figure 4.1: Sketch of the diffusion process. A molecule alternates between
phases of two-dimensional and three-dimensional diffusion. Diffusion in
the three-dimensional bulk is much faster than diffusion on the lipid
bilayer, and thus only the effective two-dimensional process is observed
without loss of trajectory connectivity. The excursions into the bulk are
seen as long jumps in the two-dimensional trajectories. This figure was
provided by Kassi Prochaska.

fluid.259.260 In this article we report the experimental observation of superdiffusive
transport of membrane-targeting C2 domains on supported lipid bilayers.
Measurements of the diffusion of membrane-targeting domains are performed by
single-particle tracking and are compared to both analytical theory and numerical
simulations. In stark contrast to active cytoplasmic transport, superdiffusion in
model membranes does not require energy. Our data strongly suggests that
superdiffusion is caused by bulk-mediated diffusion, namely molecules dissociate
from the membrane and perform three-dimensional random walks until they reach
the membrane again and readsorb at a new location, as sketched in Figure 4.1.
Interestingly, the motion of membrane-targeting domains shows weak ergodicity
breaking, a phenomenon that has recently attracted considerable attention in cellular
environments and other complex systems.240.242,261-263 The ergodic hypothesis, which
is fundamental to statistical mechanics, states that ensemble averages and long-time
averages of individual trajectories are equivalent. The violation of ergodicity has

pronounced implications for the dynamics of individual molecules, which can be very
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different from the ensemble statistics.240 In the traditional way of obtaining the MSD,
the square displacements are averaged over a large ensemble of molecules at a time
t since the beginning of the measurement, i.e. an ensemble average. Alternatively, it
is possible to perform the average over all the displacements in a lag time A of a single
trajectory, 1.e. a temporal average. For ergodic systems, both averages converge to
the same value. However, weak ergodicity breaking can take place as a consequence
of kinetics with power-law statistics in the plasma membrane264265 and in the
cytoplasm of live cells246.266 a5 well as in inorganic complex systems such as quantum
dots267.268 and models of glassy dynamics.26!

4.2. METHODS

4.2.1. IMAGING BUFFER

Imaging and rinsing during the preparation steps was performed in an
imaging buffer consisting of 50 mM HEPES, 75 mM NaCl, 1 mM MgCl2, 2 mM tris(2-
carboxyethyl)phosphine (TCEP), 200 uM CaCl2. CaCl2 is necessary for C2 domain
binding to the reconstituted membrane.

4.2.2. PREPARATION OF PHOSPHOLIPID VESICLES

Phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL).
Chloroform-suspended 18:1 (A9-Cis) PC (DOPC) and 18:1 PS (DOPS) were mixed at
a ratio of 3:1. The phospholipid mixture was vacuum dried overnight and
resuspended in imaging buffer to a final concentration of 3 mM followed by probe

sonication to form sonicated unilamellar vesicles (SUVs).
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4.2.3. PREPARATION OF COVERSLIPS AND SUPPORTED LIPID BILAYERS

Glass coverslips were cleaned by sonication in a detergent solution followed by
soaking in 1M KOH. The coverslips were rinsed extensively in Milli-Q water and
blown dry with a stream of nitrogen gas. Then, the coverslips were treated with an
oxygen plasma. Immediately after the plasma cleaning, a perfusion chamber
(CoverWell, Grace Bio-Labs) was adhered to the coverslip. In order to deposit the lipid
bilayers a solution of SUVs (1.5-mM lipid) composed of phosphatidylcholine (PC) and
phosphatidylserine (PS) at a 3:1 ratio in 1M NaCl and imaging buffer was introduced
into the perfusion chamber and incubated for one hour at 4°C. Refrigeration
minimizes lipid oxidation. The surface was then rinsed with imaging buffer multiple
times prior to addition of protein sample.

4.2.4. C2A AND GST-C2A EXPRESSION AND PURIFICATION

An expression plasmid containing the gene for a GST-ybbR-Synaptotagmin 7
(Syt7) C2A domain fusion protein was transformed into E. coli BL21-CodonPlus(DE3)
competent cells. The ybbR segment provides a site for Sfp-catalysed fluorophore
labelling.269 Cells were grown at 37°C to an OD600 of 0.6 and then induced to express
protein with 0.5 mM IPTG at room temperature for 6 hours. The harvested cells were
lysed at 18,000 1b/inZ in a microfluidizer in a buffer containing 50 mM Tris pH 7.5,
400 mM NaCl and centrifuged at 17,000 rpm in a Sorval SS-34 rotor. The clarified
lysate was loaded onto a 5-ml GSTrap FF column (GE Healthcare LifeSciences,
Pittsburgh, PA) followed by gradient elution with 50 mM Tris, pH 8.0, 100 mM NaCl,

and 10 mM glutathione. Fractions containing protein were pooled and diluted to
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reduce the salt to less than 0.1 M prior to loading onto a HiTrap Q HP column (GE
Healthcare LifeSciences, Pittsburgh, PA) and eluting with a linear gradient to 1 M
NaCl in 25 mM Tris, pH 8.5, 20%(vol/vol) glycerol, and 0.02%(wt/vol) NaNs. A portion
of the construct was subjected to thrombin cleavage and then separated using a
Superdex 200 gel filtration column (GE Healthcare LifeSciences, Pittsburgh, PA)
equilibrated in 50 mM Tris, pH 7.5 and 100mM NaCl to yield a ybbr-Syt7 C2A
construct.

4.2.5. PROTEIN LABELLING

10 mM CoASH (New England Biolabs, Ipswich, MA) in 400 mM Tris, pH 7.5
was mixed with 10 mM ATTO-565 maleimide (ATTO-TEC, Siegen, Germany) in
dimethylformamide and incubated at 30°C overnight to form ATTO-565 CoA, then
quenched with 5 mM DTT, 10 mM Tris pH 7.5. 10 uM GST-ybbr-Syt7 C2A and ybbr-
Syt7 C2A were labelled with the ATTO-565 via SFP synthase (4'-
phosphopantetheinyl transferase). Each reaction contained 50 mM tris 7.5, 10 mM
MgClz, 40 mM NaCl, 20 uM ATTO-565 CoA and 1 uM SFP synthase. Reactions were
incubated at room temperature for 30 minutes, then placed at 4°C overnight. Samples
were dialyzed against 1 L of 50 mM HEPES, pH 7.0, 75 mM NaCl, 4 mM MgCls and
5% glycerol overnight at 4°C then concentrated to 10 uM.

4.2.6. IMAGING

All images were acquired using an objective-type total internal reflection
fluorescence microscope (TIRFM). The microscope was home-built around an

Olympus IX71 body?248264 with a 561 nm laser line as excitation source. A back-
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1lluminated electron-multiplied charge coupled device (EMCCD) camera (Andor iXon
DU-888) liquid-cooled to -85°C, with an electronic gain of 300 was used. In order to
maintain constant focus during the whole imaging time we employed an autofocus
system (CRISP, Applied Scientific Instrumentation, Eugene, OR) in combination
with a piezoelectric stage (Z-100, Mad City Labs, Madison, WI). Videos were acquired
at a frame rate of 20 frames/s.

4.2.7. IMAGE PROCESSING AND SINGLE-PARTICLE TRACKING

Images were acquired using Andor IQ 2.3 software and saved as 16-bit tiff files.
Then the images were filtered using a Gaussian kernel with a standard deviation of
1.0 pixel in Imaged. Single-particle tracking of Atto-C2 and Atto-GST-C2 was
performed in MATLAB using the U- track algorithm developed by Jagaman et al.270
under thorough manual inspection of detection and tracking.

4.3. RESULTS

4.3.1. DIFFUSION OF MEMBRANE TARGETING PROTEINS ON SUPPORTED LIPID BILAYERS

We tracked the motion of the membrane-targeting C2A domain from
synaptotagmin 7271, labelled with Atto-565, in a supported lipid bilayer composed of
phosphatidylcholine (PC) and phosphatidylserine (PS) at a 3:1 ratio. The lipid bilayer
was self-assembled on a clean coverslip238. Imaging was done in a home-built total
internal reflection (TIRF) microscope under continuous illumination at 20 frames/s.
Surface densities were kept low enough to enable accurate tracing of trajectories and

to allow assignment of connections even after micrometer-long jumps. Figure 4.2A
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Figure 4.2: Single particle tracking of membrane-targeting domains. (a) C2A-
Atto565 individual trajectories collected during a 10-s time window. Three
mobile trajectories are observed in the image together with one immobile
particle that is tracked but is not included in the analysis. The last frame is
overlaid on the trajectories. Scale bar 2 um. (b) Region of interest (ROI)
around the location of a micrometer jump that occur in the lowermost
trajectory, marked with the letter b. Three frames are shown corresponding
to before, during, and after the jump. Scale bar 0.5 um. (c) ROI around the
location of the jump marked with the letter c. Scale bar 1 um.

shows an example of trajectories obtained in a 10-s window, overlaid on the last
frame. Often, long jumps are observed in the particle trajectories as seen in the
examples in Figs. 4.2B and C. These jumps suggest the C2A molecules detach from
the surface and readsorb after brief excursions into the liquid bulk. The motion in the
bulk is much faster than diffusion on the viscous membrane and jumps are thus
expected to occur instantaneously for all practical purposes. For the C2A domain, the

diffusion coefficient in the lipid bilayer Ds is of the order of 2 um?2/s, but in liquid the
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Figure 4.3: Anomalous diffusion analysis of membrane-targeting
domain C2A (monomer) and dimer forming GST-C2A. (a) Sketch of
the C2A monomer and the GST-C2A dimer employed in this study.
(b) Ensemble averaged MSD(r?(t)). (c) Time averaged MSD (52) as
a function of lag time A. The time average-MSD of individual
trajectories varies greatly, so the MSDs of individual trajectories are
also ensemble averaged. (d-e) Distribution of displacements for A =
100 ms. The total number of displacements are 207,000 and 56,000
for C2A and GST-C2A, respectively. The solid lines show fitting to
equation (4) and to the individual components of the propa- gator,
ie. the Gaussian part [(1— w)/2nc?lexp(—12/20%)and the
Cauchy propagator part wy/2m(r? + y2)3/2. The cutoff at 2.6 um
appears because trajectories are not connected when jumps longer
than this distance take place. This threshold is placed in order to
avoid the risk of particle misconnections.

diffusion coefficient Dy is estimated to be 100 times higher.272 As a consequence, when
a molecule performs a jump through the bulk it can sometimes be observed at reduced
intensity in both the old and new locations within the same imaging frame, as seen
in Figure 4.2b. In order to study the effect of the dissociation constant, we also
employed a C2A construct fused to a non-membrane interacting glutathione S-
transferase (GST), which has a strong tendency to dimerize (Figure 4.3a). The GST-

C2A dimer forms two independent interactions with the membrane and will

140



consequently have a slower dissociation rate than C2A monomer, providing a good
comparison for validating our superdiffusion predictions. Additionally, GST-C2A
dimer has a higher viscous drag coefficient and, in turn, its diffusion coefficient on
the membrane surface is reduced to nearly half.44¢ We collected 14,000 C2A and 3,600
GST-C2A mobile trajectories. Immobile fluorophores that did not exhibit any
apparent diffusive motion were excluded from the analysis. The ensemble-averaged
MSD (r2(t)) of C2A monomers and dimer-forming GST-C2A are shown in Figure 4.3b.
A deviation from a linear MSD is evident in the figure, showing superdiffusive
behavior. Further, the onset of superdiffusion for GST-C2A occurs at a later stage.
The time-averaged MSD 62(A) is often used in the analysis of individual
trajectories. Throughout this manuscript we will denote the ensemble average of an
observable with brackets (-) and the time average with an overbar . For a trajectory

with N time points,

N-n
@) = 3 Y [+ 8) ~ G «.2)

N —n £
j=1

where 7 is the time interval between consecutive measurements and n = A/r. This
approach is especially useful when a limited number of trajectories is available, as
usually occurs in single-molecule studies. Figure 4.3c shows the time-averaged MSD
after it is additionally averaged over all the trajectories. GST-C2A exhibits the
expected slower diffusion rate than C2A, based on the MSD slope. As mentioned
above, for ergodic processes, the temporal and ensemble averages coincide in the long-

time limit, §2(A) = (r?(t)). However, the ergodic hypothesis breaks down for C2A
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molecules. In contrast to the ensemble-averaged MSD, the time-averaged MSD is
linear in lag time
52(A)~A (4.3)

Thus, an observer analyzing time-averages would reach the misleading conclusion
that the diffusion behavior is not anomalous. The distribution of displacements P(r)
at A = 100 ms is shown in Figs. 4.3d and e for C2A and GST-C2A, respectively. The
distribution exhibits two different characteristic regimes: a central part up to a
distance r = 1.5 pm and a long tail. This behavior can be understood from the scaling
properties of bulk-mediated diffusion as discussed by Bychuk and O’Shaughnessy.273
Once a molecule dissociates from the surface, it performs a three-dimensional random
walk until it returns. In the asymptotic limit, the first return time distribution scales

as w(r) ~ 715 For any given return time, the surface distance between the

dissociation and return points has a Gaussian distribution P(rj | T) ~exp(—(r_j"2)/

(4D_B 1)). Therefore, the distribution of jump lengths is P(rj) ~ 7’]-_3, as observed in

Figs. 4.3d and e for long distances. The theoretical probability density function of
jump lengths can be found using the image method.274 The distance of first return to
the surface are governed by P(r) = y0/2m(r? +y2)3/?, that is a two-dimensional
Cauchy distribution. At short times, the probability that the particle performs more
than a single jump is small. If we neglect the distance covered by surface diffusion
within time intervals at which the particle undergoes a bulk excursion, the motion at
each short interval is either by surface diffusion or via a jump. We can then

approximate the distribution of displacements at short times by
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Yo (1-w) —r?
P = 4.4
M=o 2m(r? + y3)3/2 e P <202 (4.4)

where o is the probability that the particle hops within the given time and surface
diffusion yields 02 = 2Dst. A least-square fitting of the distribution of displacements
(Figs. 4.3d and e) to this propagator yields Ds = 1.7 um?/s for C2A monomers and Ds
= 1.0 um?/s for GST-C2A. The parameter y is found to be 0.24 um and 0.12 pm for
C2A and GST-C2A, respectively. The distribution of displacements for longer times
involves both a random number of jumps, each having a Cauchy distribution, and the
Brownian motion on the surface. Chechkin et al derived the full solution for the
propagator of bulk-mediated diffusion.2?® For the case when Ds = 0 and neglecting
long distance corrections, the distribution of displacements is given by the Cauchy

propagator, in agreement with scaling arguments?73,

yt
7l + (P27

P(r) = 3 (4.5)

When the particles also diffuse on the surface, i.e. Ds # 0, the probability density of
the displacements is given by the convolution of equation (5) with a normal
distribution. Even though the full solution for long times is complicated, the tail of
this distribution for large distances still scales as P(r) ~ r~3. Due to this asymptotic
behavior, the exact distribution has similar properties to the Cauchy distribution.

4.3.2. NUMERICAL SIMULATIONS: DIFFUSION IN THE PRESENCE OF BULK EXCURSIONS

In order to verify the model of surface diffusion in the presence of bulk
excursions we analyzed numerical simulations of the process diagrammed in Figure

4.1. Molecules perform a two-dimensional random walk, but at random times they
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jump due to a hypothetical bulk excursion. The surface residence times are assumed
to be independent and identically distributed exponential random variables and the
jumps are modelled according to the first return time to the surface given simple
diffusion in a three-dimensional medium. These simulations are analyzed in the same
way as with experimental observations of the motion of membrane-targeting C2
domains on supported membranes. 500 realizations were simulated off-lattice with a
surface diffusion coefficient Ds = 0.5 and a dissociation coefficient k = 0.1. The chosen
parameters do not intend to capture the real protein properties, but to simply test
theoretical predictions without the effects of experimental noise. The displacements
for two-dimensional diffusion are drawn from a Gaussian distribution with variance
0? = 1 and the return times from bulk excursions are drawn from a distribution
Y(th) = zo(4mDyt3)~Y2exp(—z2/4Dyt;,).2"4 Then the jump distances are drawn from
a Gaussian distribution with variance 7 = 2Dpt,,.

The distribution of displacements P(r) for the numerical simulations is shown
in Figure 4.4a. As expected, there are two regimes: a central Gaussian part due to the
two- dimensional diffusion on the membrane between bulk excursions, and a heavy
tail that arises from the long-distance behavior of bulk excursions. The distributions
for short times can again be modelled with a propagator that includes contributions
from Gaussian surface diffusion and a Cauchy distribution due to bulk excursions.
By fitting to equation (4), it is found Ds = 0.50 + 0.05 (the value employed in the

simulations is Ds = 0.5) and y, = 0.75.
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Figure 4.4: Numerical simulations of Lévy flights. 500 realizations
were performed, in which a particle alternates between 2D random
walks and bulk-mediated jumps. (a) Probability density of the
tracer displacements. The density is well described by a theoretical
model that includes a Gaussian central part and a Cauchy
propagator of the form y,/(r? +y2)3/2. (b) Ensemble-averaged
MSD (r?(t)) as a function of time. The ensemble-averaged MSD is
computed from the distance covered by the tracer in a time t from
the start of the realization. (c) The time-averaged MSD §%(A) is
averaged over all realizations and plot against lag time A.

4.3.3. MSD ANALYSIS

The dynamics of a particle with a Cauchy propagator are particularly

Interesting because the theoretical variance of the displacements diverges,
(r2(v)) = J.(an)rzP(r)dr = o0 (4.6)
0

In practice, a diverging second moment implies that there is a non-negligible
probability for the occurrence of extremely long jumps and this phenomenon has
direct implications in the measured MSD. Figure 4b shows the ensemble-averaged
MSD computed from the numerical simulations. The MSD increases in a superlinear

fashion, i.e. by employing equation (4.1), we have a > 1, which implies the process is
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superdiffusive. Let us now analyze the unexpected MSD behavior, starting from the
time-averaged MSD of individual trajectories. We can show that the time-averaged
MSD is linear in lag time for any random walk with independent increments u; =
rp+1 — 7, such that (u; - u;) = 0 when i1 # j. From the definition of the time

averaged MSD (equation (4.2))276,

1 N-n [fi+n
52(h) = T Uy (4.7)
i=0 \ k=i
1 N—-ni+n
~ N u? (4.8)
i=0 k=i
A N—-n
i=0

where we have used the approximation thatt > A, we omitted the term ¥,; ¥ j.; u; - u;
because it is zero on average, and again we have used the parameter n = A/r.
Therefore, we see that for symmetric random walks with independent increments,
the time-averaged MSD is linear as observed in Figs. 3c and 4c. Although the time-
averaged MSD for individual trajectories is linear, the ensemble averaged MSD
(r?(t)) is not. We can understand the superdiffusive behaviour by assuming we can
define the motion in terms of two in- dependent processes r(t) = b(¢) + y(¢), where b(¢)
1s a two-dimensional Brownian motion and y(¢) is a Lévy process with a probability
density defined by equation (4.5). Then the MSD is (r?) = (b?) + (y?). The first term

1s linear in time, but the second term has a superdiffusive nature.273.275,277
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4.4. DISCUSSION

The propagator for surface diffusion in the presence of bulk-mediated jumps
(equation (4.4)) depends on the surface diffusion coefficient Ds and the parameter y
that reflects the transition between the surface and the bulk phase. Namely, y ~

a/Tq4es, Where 7, is the mean desorption time and a is a dimensional factor. Bulk-

mediated diffusion thus predicts ydimer < Ymonomer, In agreement with the values we
find for C2A and GST- C2A.

The surface motion of these membrane-targeting domains i1s well described by
Lévy flights, a random walk where the step displacements have a heavy-tailed
distribution. The heavy tail arises from the dissociation of molecules from the
membrane, which then perform a three-dimensional random walk until they reach
the surface again at another location. The process involves the first return to a surface
and it converges to a power law according to the Sparre-Andersen theorem.274 This
type of Lévy flight dynamics is fundamentally different from Lévy walks induced by
molecular motors in the cytoplasm because periods of active motion require an energy
input, typically in the form of ATP hydrolysis, while bulk excursions occur
spontaneously.

One of the most interesting effects of the observed bulk-mediated diffusion
statistics is that the ensemble-averaged MSD exhibit superdiffusive behavior,
whereas the temporal averages suggest normal diffusion. This nonergodic behavior
1s similar to that of continuous time random walks (CTRW) where the sojourn time

distribution between steps has a probability distribution that is heavy-tailed. Also, in
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the CTRW, 62(A) ~ A and (r?(t)) ~ t,, albeit the CTRW is subdiffusive with a < 1.
The difference in the behavior of temporal and ensemble averages is the key signature
of weak ergodicity breaking in the process.278

To date, different groups have observed normal diffusion for membrane
proteins in supported lipid bilayers, which appear to contradict our findings.279-282
There are several reasons for this apparent discrepancy. Single-particle tracking in
lipid bilayers often focuses on time- averaged MSD, which does not show any non-
linearity in lag time. Thus, it would be reasonable to reach the conclusion that
diffusion is not anomalous. Furthermore, anomalous diffusion in supported bilayers
1s known to develop as a result of packing and crowding. These mechanisms are
modelled by a fractional Langevin equation, which is ergodic in nature, with
anomalies that show up in the time averages. The distribution of displacements has
also been previously reported as exhibiting Gaussian behavior. Here we report on the
motion of surface-bound membrane domains that exhibit desorption from the
membrane within the experimental observation time. The behavior of
transmembrane proteins or lipids is very different because the free energy barrier for
release from the membrane is too high to be observed within the constraints of
experimental observations.279-281 Previous works dealing with membrane-targeting
domains such as C2 have generally been limited to short displacements in order to
exclude the effect of long bulk-mediated jumps in diffusion measurements.44:282

What are the biological implications of surface superdiffusion for peripheral

membrane proteins? Search processes are ubiquitous in cell biology and it is feasible
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to assume that evolution has optimized search parameters. For signaling molecules
delivered to the plasma membrane during a specific stimulus, the target molecule is
often scarce in a sea of other lipids and proteins. Thus, we can envision that if a
molecule does not find its target in a given time, it becomes more efficient to start
searching at a different location. Is it appropriate then to assume Lévy flights yield
the optimal search for sparse targets when compared to Brownian motion? For one-
dimensional intermittent processes that switch between Brownian motion and
ballistic relocation phases, it has been shown that the search process is significantly
more efficient when relocation times are power-law distributed, resulting in a Lévy
walk.283 Notably, when Lévy dynamics are employed, the search is less sensitive to
the target density.283 In general, the optimal strategy depends on the average target
distance from the starting point.28¢ However, blind searches inside a living cell are
very different from a search in an unobstructed environment. Several aspects provide
additional complexities in the plasma membrane, in particular.243 Experimental
measurements show that the plasma membrane is compartmentalized in a way that
proteins and lipids have the tendency to remain transiently confined within small
regions.285 Further, membrane proteins typically exhibit subdiffusion with anti-
persistent increments where molecules drift towards the locations that they visited
in the past. While this subdiffusive behavior provides the opportunity for a thorough
and compact search, it is definitely not the optimum situation to find sparse targets.

A superdiffusive Lévy flight provides a mechanism to overcome the effects of anti-
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persistent correlated sub- diffusive motion. Thus, we expect Lévy flight dynamics to
often outperform a Brownian search.

The obstruction to the diffusion of membrane molecules has two different
sources, both of them causing anti-persistent correlations in the random walk. On
one hand, obstacles can be introduced by immobile transmembrane proteins which
affect all lipids and membrane proteins. On the other hand, a more severe obstruction
can be caused by cytoskeleton components that may not be in direct contact with the
plasma membrane.286 The effect of these barriers is not equal for all membrane
proteins. Proteins that have large intracellular complexes are blocked much more
efficiently than small molecules. In cases where a large signaling molecule adheres
to the membrane via phospholipid-binding domains, bulk excursions allow for the
exploration of larger areas. Otherwise, the molecule would remain confined for long
times within cytoskeleton-formed corrals, even when no substrate target is found
within this region.

In summary, we have observed the nonergodic, superdiffusive motion of
membrane-targeting peptide domains in supported lipid bilayers. The motion is well-
described by Lévy flights with jumps that have a heavy- tail distribution. The long
jumps are caused by excursions into the liquid bulk. After dissociating from the
membrane, the molecules diffuse in three dimensions until they reach the membrane
again and bind at a new location. Diffusion in the liquid bulk is much faster than
diffusion in the membrane, therefore we do not consider the delay time between

dissociation and readsorption. The surface distances covered by jumps have a Cauchy
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distribution, which is responsible for the heavy tail in the superdiffusive Lévy flights.
Model membranes provide an elegant system to study the effect of superdiffusive
Lévy flights because they are not subjected to the interactions with other cell
components that would mask its experimental observation. However, hopping was
already observed on the surface of live cells?39 and we foresee these processes have

broad physiological relevance in the surface diffusion of signaling molecules.

151



5. CHAPTER 5: CONCLUSION

The work described in the previous chapters highlights mechanisms related to
different cellular signaling events that can be characterized by a random walk. In all
of the work described, particle diffusion is occurring in what can be considered a
trapping potential. The optical trap presents a 3-dimensional harmonic trapping
potential, whereas the supported lipid bilayers represents a weak 1-dimensional
trapping potential. In both cases, if an external force is strong enough, the particle
will exit the trap and undergo Brownian motion within a bulk fluid, potentially being
trapped again. In the case of the lipid bilayers, this presents an evolutionarily
optimized method for search and capture of signaling particles.

The optical tweezers measurements, however, use the trapping potential to
directly measure forces indirectly providing understanding of cellular signaling
processes. Measurements of membrane tethering forces and viscoelasticity describe
the biomechanical properties of the cellular membrane as well as the propensity for
memory of previous stressing events. Stressing events can even directly induce a
cellular response that was seen in the form of tugging and potential cleaving of
tethers. Membrane blebbing is also a cellular response that produces direct force
changes that have also been measured providing an indication of the subsequent
stress placed on the nuclear membrane. Measurements under flow in the bloodstream

provide insight into the biomechanical shearing and stretching forces that work
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cohesively to produce a normal vessel architecture as well as providing insight into
disease-based processes.

Overall, this body of work illustrates the development of novel tools to track
single particles and extract useful information from biased and unbiased random
walk processes. An optical tweezers setup was built, validated, and used to directly
measure static and dynamic forces. Image based particle tracking algorithms were
developed/improved to extract the information needed to make the measurements. A
TIRFM setup was completely reworked, realigned, and adapted to accommodate the
synthetic lipid bilayer experiments. The methods and experiments developed yielded
valuable information on membrane biophysical properties and the dynamics
assoclated on, in, or around the membrane itself. The work further shows that which
1s already known: the cellular membrane is key to the functional processes related to
life as we know it and there is much more that we can learn by studying it and its

biophysical properties that may lead or correlate to disease processes.
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APPENDICES

APPENDICES A-1. PROTOCOLS

List of Protocols:
A-1.1 Polystyrene Bead Cleaning Protocol
A-1.2 Cell Freeze Down Procedure
A-1.3 Cell Planting/Passage Procedure
A-1.4 Chamber Preparation for Lipid Bilayers
A-1.5 Coverslip Cleaning/Preparation of Glass/Siliconized Surfaces
A-1.6 Surface Preparation for HeL.a Cell Culture
A-1.7 Laser Alignment Protocol
A-1.8 Tracking Algorithm & Image Enhancement Protocol

A-1.9 Zebrafish Preparation Protocol
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APPENDIX A-1.1 POLYSTYRENE BEAD CLEANING PROTOCOL

General Notes

-This protocol is aimed at generic cleaning of polystyrene beads. There are
multiple ways to accomplish cleaning of the beads. A good overview can be
found in the TechNote 203: Washing Microspheres protocol provided by
Bang Laboratories
(https://[www.bangslabs.com/sites/default/files/imce/docs/TechNote%20203%
20Web.pdf).

-The buffers used in this protocol to wash and store the beads can be
varied per the surface of the beads you are working with. Coated beads
may need extra stabilization not found necessary with plain polystyrene
beads. Refer to the manufacturer’s suggestion for appropriate buffers.

Generic Bead Cleaning by Centrifugation

O 1. Turn on the oven to 80°C. (Check the thermometer before actually placing the
acid solution in the oven.)

O 2. During the temperature rise time, get out the appropriate number of

microcentrifuge tubes that you want to prepare for the bead cleaning procedure.

Rinse briefly with isopropyl alcohol (IPA).

3. Once the oven is at temp, add an appropriate volume of acetone to the tubes

being used. (0.6 ml = 500 pl, 1.5 ml = 1.3 ml, etc.)

4. Let the acetone sit for 30-60 seconds to clean the surface and quickly etch

them.

5. Remove the acetone from the tubes and place in the oven to dry. This process

helps to prevent the beads from adhering to the surface during cleaning.

6. Once the tubes are dried, place the appropriate volume of beads within the

tube that you would like to wash. Typically, 1.0 ml will suffice for a 1.5 ml tube,

but less can be used if you intend to dilute the bead solution as part of the

process.

O 7. Place the microcentrifuge tube in the desktop centrifuge with a balance across
from it and centrifuge at the rate per the following table taken from the Bang
Laboratories TechNote referenced above:

O O O 0O
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Table 1: Sample protocols for benchtap (7.3 cm rotation radius) centrifuge, alf - 5 min.

Bead Tvpe Diameter | Relative Centrifugal | Speed Range
P Range Force Range (xG) (rpm)
> (0.5um 6500 - 14000 8925-13100
polymer >1.0um 3000 - 5500 6060 - 8210
> 5um 1300 - 3000 3990 - 6060
> 0.5pm 3000 - 5500 6060 - 8210
silica > 1.0pm 1300 - 3000 3990 - 6060
> 5.0pm 750 - 1300 3030 - 3990
> 0.5pm 8000 - 11000 9900- 11610
protein/Ab- " oum 5500 - 8000 8210 - 9900
coated
> 5.0pm 2000 - 5500 4950 - 8210

8. Remove from centrifuge and carefully aspirate remaining liquid with either a
micropipette or vacuum aspiration.

9. Add 1.0 ml of buffer (typically 1X PBS) to the tube and repeat centrifugation.
10. Repeat step 8 and 9 for 2-3X total.

11. Add 1.0 ml of storage buffer (typically 20mM Tris- HCL pH=7.5 can add
2mM EDTA, 50 mM NaCl, 1% w/v BSA, or 0.05% Tween 20 to help prevent bead
aggregation).

12. Store beads per manufacturer’s suggested temperatures until use.
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APPENDIX A-1.2 CELL FREEZE DOWN PROCEDURE

General Notes

-The hood should always be maintained as contaminant-free as possible so:
-Spray and/or wipe gloves and materials before going under the
hood.
-Try not to reach over materials, especially ones that are open or
exposed.
-When using disposable pipettes from wrappers: try and peel the wrapper
halfway down and keep it to one side to dispose of the pipette in it later to
help against contamination.
- You can always turn pipettes when placing them in the dispenser so you
can easily see the numbers.

Preparation:
Note: Before performing a pass, dishes should be checked under microscope for
proper confluency as per table 2 below.
O 1. The following materials should be placed in the water bath and calibrated to
37°C:
Freeze-Down Media (40% DMEM, 50% FBS, 10% DMSO), DMEM +
10%FBS, 1X Trypsin-EDTA, & 1X PBS
O 2. While above materials equilibrate, gather all necessary supplies (i.e. culture
dishes, pipettes, conicals), spray/wipe with alcohol (70% IPA), place in hood, and
UV for at least 3-5 min.

Freeze Procedure:

3. Remove confluent dishes from incubator, and place in hood.

4. Wipe trypsin & PBS containers with IPA, and place in hood.

5. Aspirate remaining media from dish(es) (Keep glass pipette clean for use on
step 7).

6. Rinse w/ PBS (Pour enough in dish to completely cover the bottom).

7. Aspirate PBS from dish(es).

8. Pipette 4.0 ml of trypsin into dish.

9. Transfer dish(es) to incubator (Skip this step if working w/ 10T'1/2 Cells).
10. While cells are trypsinizing, remove freeze-down media and regular media
from water bath and wipe with IPA.

11. Pipette 10 mls of fresh media (DMEM + 10% FBS) into the number of 15 ml
conicals equaling the number of dishes you trypsinized.

12. Remove cells from incubator (Not necessary for 10T'1/2).

13. Gently swirl dishes and pipette up cell suspension from dish(es).

14. Transfer cell suspension to 15 ml conicals and pipette up and down 10-25
times to re-suspend cells.

15. Centrifuge 15 ml conicals at 1000 RPMs for 5 min.

O 000 0O 0O00O0O00 OO0
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16. Remove conicals from centrifuge and aspirate the remaining media above the
cellular pellet.

17. Add 2 mls of freeze down media to each conical and resuspend cellular pellet.
18. Label the conicals with the appropriate cellular information (Cell Line, Date,
Passage #, etc.).

19. Place all conicals in the -80°C freezer for storage. (Cells can be removed to
liquid nitrogen for longer storage with the use of different vials after 24 hours at
-80°C.)

20. Aspirate any remaining fluids, discard any waste products (glass must be put
1n proper container), wipe hood with IPA, and UV sterilize for next person’s use.
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APPENDIX A-1.3 CELL PLANTING/PASSAGE PROCEDURE

General Notes

-The hood should always be maintained as contaminant-free as possible so:
-Spray and/or wipe gloves and materials before going under the
hood.
-Try not to reach over materials, especially ones that are open or
exposed.
-When using disposable pipettes from wrappers: try and peel the wrapper
halfway down and keep it to one side to dispose of the pipette in it later to
help against contamination.
- You can always turn pipettes when placing them in the dispenser so you
can easily see the numbers.

Preparation:

Note: Before performing a pass, dishes should be checked under microscope for

proper confluency as per table below.

O 1. The following materials should be placed in the water bath and calibrated to
37°C:

a. Plant: DMEM + 10% FBS. b. Pass: DMEM + 10%FBS, 1X
Trypsin-EDTA, & 1X PBS.

O 2. While above materials equilibrate, gather all necessary supplies (i.e. culture
dishes, pipettes, conicals), spray/wipe with alcohol (70% IPA), place in hood, and
UV for at least 3-5 min.

Plant Procedure: Pass Procedure:
O 3. Remove cells from -70°C freezer, O 3. Remove confluent dishes from
wipe away frost. incubator, and place in hood.
O 4. Thaw in water bath at 37°C. O 4. Wipe trypsin & PBS containers
O 5. After thawed, wipe down vial & with IPA, and place in hood.
media bottle with IPA, then place O 5. Aspirate remaining media from
in hood. dish(es) (Keep glass pipette clean
O 6. Pipette 5 ml fresh media into the for use on step 7).
vial. O 6. Rinse w/ PBS (Pour enough in
O 7. Remove from hood and place in dish to completely cover the
centrifuge (counterbalance with bottom).
proper volume of water). O 7. Aspirate PBS from dish(es).
O 8. Spin @ 1000 RPMs for 5 min. O 8. Pipette proper volume of trypsin
O 9. While cells are spinning, add into dish based on table 2 below.
fresh media to dishes & conical O 9. Transfer dish(es) to incubator
(volumes in table 1 below). (Skip this step if working w/ 10T'1/2
O 10. Remove cells from centrifuge, Cells).

wipe with IPA, and place in hood.
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11. Aspirate supernatant (fluid O 10. While cells are trypsinizing,
above cell pellet) from the vial. add fresh media to dishes & conical
12. Pipette 5 ml fresh media into (volumes in table 1 below).
vial dislodging pellet, and then O 11. Remove cells from incubator
pipette back up. (Not necessary for 10T1/2).

O 12. Gently swirl dishes and pipette

up cell suspension from dish(es).

13. Transfer cell suspension to 50 ml conical and pipette up and down 10-25
times to re-suspend cells.
14. Pipette proper volumes into already prepared dishes based on table 2 below.
15. Place dishes in incubator at 37°C + 5% COsz.
16. Aspirate any remaining fluids, discard any waste products (glass must be put

in proper container), wipe hood with IPA, and UV sterilize for next person’s use.
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APPENDIX A-1.4 CHAMBER PREPARATION FOR LIPID BILAYERS

General Notes

-Lipids should be prepared ahead of time, which is typically done by Grace
Campagnola. (Please refer to her for lipid preparation protocols.)

-It is very important to work quickly and cleanly to ensure integrity of
glass surface.

Coverslip Preparation/Cleaning

O

oo O O O O 0O

O

1. Place coverslips to be cleaned in the Teflon holder making sure each coverslip
has a separate slot.

2. Remove a clean 500ml beaker from the cabinet and place the Teflon slide
holder and coverslips inside.

3. Add distilled (RO) water to the point it is covering the coverslips fully and add
detergent to beaker.

4. Place beaker in sonicator in the fume hood and sonicate for 30 minutes. (
make sure distilled water level is at operating level)

5. Rinse multiple times with miliQ water to displace the detergent from the
solution and coverlsips.

6. Remove holder to a beaker containing isopropyl alcohol (aka IPA or 2-
Propanol) to remove any remaining detergent from the coverslips.

7. Remove holder to a fresh beaker of milliQ water for a quick rinse.

8. Using forceps/tweezers, remove coverslips one by one and blow dry with
nitrogen gas.

9. Place dried slips in a sterile petri dish for longer term storage or use.

Chamber Attachment
(Note: Perfusion chambers are purchased from Grace Bio-Labs. Product is SA8R-2.0
SecureSeal™ Hybridization Chambers)

O

O 0O OO0

OO

1. Remove coverslips to be used from sterile dish and place on a clean plastic
surface for use with oxygen plasma etcher.

2. Place the plastic holder with coverslips in the oxygen plasma etch machine.
3. Turn on the oxygen at the bottle at the back of the hood by opening the valve
on top of the gas cylinder.

4. Turn on the machine with the switch at the bottom right corner at the back of
the machine.

5. When the machine comes on, press the enter button. The device will the say
“Commands Menu” on the screen. Press the right arrow button once and it
should say “Setup Menu” on the screen.

6. Press the enter button to enter the setup menu.

7. The plasma time will be displayed and should be changed from 2 min to 10
min.
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8. Once the change is made, press enter button followed by the up arrow button
to exit the setup menu.

9. The screen should read “Setup Menu”. Press the right arrow button to get
back to the “Commands Menu”.

10. Press the enter button to go into the commands menu. The screen should
read “Commands PLASMA”.

11. Press enter to start the plasma cycle. The chamber will begin pumping down
to 200 mTorr before creating the plasma.

12. Make sure that the gas 1 golumn in the top right corner reads 2.5 while it is
pumping down.

13. Once the chamber has reached 200 mTorr, the plasma will start.

14. While the plasma is running, prepare the perfusion chambers that should
have already been cut appart. Remove the backing for each of the chambers, so
they may be placed on immediately after plasma oxygenation.

15. Once the 10 min. cycle has ended, the chamber will depressurize. Press the
up arrow button to get back to the “Commands Menu” screen.

16. Press the enter button to enter the menu followed by pressing the right
arrow button once to see “Commands CYCLE STOP”. Press the enter button
again.

17. The chamber will ready itself to be opened, and once ready, quickly remove
the slides with gloved hands.

18. Place the perfusion chambers on the coverslips as quickly as possible using
tweezers/forceps to do so.

19. Allow the chambers and coverslips to sit for 30 min. for the glass surface to
return to a less hydrophilic state.

20. During the 30 minute window, remove the lipids from the -80°C freezer and
sonicate on ice in 30 second intervals until the lipids appear clear. (This creates
the small unilamellar vesicles from larger vesicles that have merged over time.)
21. Once the chambers have sat for that length of time, the lipids can be
introduced into the chamber via a pipette. Pipette the lipid solution into the
chambers carefully to not introduce air bubbles if possible. Add a droplet of lipid
suspension to both holes to ensure the chamber does not dry out during
incubation.

22. Incubate chambers with lipid suspension for 1 hour at room temperature.
During this time, the lipid bilayer should form on the surface.

23. During this incubation period, it is important to prepare the protein/enzyme
solutions to be used in the experiment. Remove the protein solutions from the -
80°C freezer and dilute to a 75 pM concentration with imaging buffer (0.2 micron
filtered 50 mM Hepes + 75 mM NaCl + 1 mM MgClz + 2 mM TCEP + 200 uM
CaClg). (Do this closer to the end of the incubation period to minimize time
proteins are at room temperature before experiments.)

24. After 1 hour incubation period, pipette multiple volumes of imaging buffer
through the perfusion chambers to rinse the surface and prepare for the
experiment.
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25. Remove the chambers to the TIRF microscope setup that should have been
aligned and made ready the previous day or earlier in the day of
experimentation.

26. Turn on the camera and prepare for experiments.

27. Introduce protein solution to the lipid chamber slowly.

28. Begin imaging experiment.
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APPENDIX A-1.5 PREPARATION OF COVERSLIP SURFACES

GDA & SDA Slide Preparation

(Note: GDA = Glass Detergent cleaned Air dried; SDA= Siliconized
Detergent cleaned Air Dried; GAA= Glass Acid etched Air dried. Air used is
compressed nitrogen. GAA slides are also subject to the detergent cleaning
prior to acid etching. These processes are used to create a gradation in
hydrophilicity for cellular growth on the varying surfaces and the effects
upon their shape.)

O 1. Place coverslips to be cleaned in the Teflon holder making sure each coverslip
has a separate slot.

O 2. Remove a clean 500ml beaker from the cabinet and place the Teflon slide

holder and coverslips inside.

3. Add distilled (RO) water to the point it is covering the coverslips fully and add

detergent to beaker.

4. Place beaker in sonicator in the fume hood and sonicate for 30 minutes. (

make sure distilled water level is at operating level)

5. Rinse multiple times with miliQ water to displace the detergent from the

solution and coverlsips.

6. Remove holder to a beaker containing isopropyl alcohol (aka IPA or 2-

Propanol) to remove any remaining detergent from the coverslips.

7. Remove holder to a fresh beaker of milliQ water for storage.

8. For use: remove coverslips with tweezers from the storage container and blow

dry with nitrogen gas making sure to displace all of the water from the

coverslips. Place the slips in a sterile petri dish for use.

Note: The GDA slides can be further processed into GAA slides as per the protocol

below.

oo O O O O

GAA Slide Preparation

1. Turn on the oven to 50-60°C. (Check the thermometer before actually placing
the acid solution in the oven.)

2. Follow protocol above to clean slides and prepare them for acid etching.

3. Upon completion of GDA/SDA protocol, remove the holder to a beaker
containing 400ml of 1M hydrochloric acid (HCI).

4. Cover beaker with a clean watchglass to ensure minimal evaporation of the
solution.

5. Place the beaker in the oven for 6-18 hours to etch the surfaces.

6. Upon completion of etching, remove beaker from oven with a hot pad or glove
and allow to cool to room temp.

7. Once cool, remove holder to a fresh beaker containing milliQ water for a quick
rinse and removal of acid.

8. Remove holder to beaker with IPA for a quick rinse.

O O OO O oo 04
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O 9. Remove holder to a fresh beaker of milliQ water for the last rinse.

O 10. Using forceps/tweezers, remove coverslips one by one and blow dry with
nitrogen gas.

O 11. Place dried slips in a sterile petri dish for longer term storage or use.
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APPENDIX A-1.6 SURFACE PREPARATION FOR HELA CELL CULTURE

Hydrophilic Glass Slide Preparation

O 1. Turn on the oven to 50-60°C. (Check the thermometer before actually placing
the acid solution in the oven.)

O 2. Place coverslips to be cleaned in the Teflon holder making sure each coverslip

has a separate slot.

3. Remove a clean 500ml beaker from the cabinet and place the Teflon slide

holder and coverslips inside.

4. Add distilled (RO) water to the point it is covering the coverslips fully and add

detergent to beaker.

5. Place beaker in sonicator in the fume hood and sonicate for 30 minutes. (

make sure distilled water level is at operating level)

6. Rinse multiple times with miliQ water to displace the detergent from the

solution and coverlsips.

7. Remove holder to a beaker containing isopropyl alcohol (aka IPA or 2-

Propanol) to remove any remaining detergent from the coverslips.

8. Remove holder to a fresh beaker of milliQ water for a quick rinse.

9. Remove the holder to a beaker containing 400ml of 1M hydrochloric acid

(HCI).

10 Cover beaker with a clean watchglass to ensure minimal evaporation of the

solution.

11. Place the beaker in the oven for 6-18 hours to etch the surfaces.

12. Upon completion of etching, remove beaker from oven with a hot pad or glove

and allow to cool to room temp.

13. Once cool, remove holder to a fresh beaker containing milliQ water for a

quick rinse and removal of acid.

14. Remove holder to beaker with IPA for a quick rinse.

15. Remove holder to a fresh beaker of milliQ water for the last rinse.

16. Using forceps/tweezers, remove coverslips one by one and blow dry with

nitrogen gas.

17. Place dried slips in a sterile petri dish for longer term storage or use.

0 000 0 OO0 o oo o o o o O

Poly-L-Lysine Coating

(Note: A 0.1% w/v solution of Poly-L-Lysine should be prepared prior to this work

and stored in 5 ml aliquots at -20°C for later use.)

O 1. Remove Poly-L-Lysine (PLL) aliquot from freezer and dilute 1:20 in water for
the volume you need.

O 2. Remove dried slides from petri dish for coating procedure.

O 3. Place slides in a cell culture dish for the coating procedure.

O 4. Pipette PLL solution onto slides until they are completely covered with
solution to all edges. (Note: Add a little extra after completely covered as the
solution will evaporate a bit during the procedure.)
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O 5. Carefully place the cell culture dish with the slides in the incubator at 37°C
for 1 hour.

O 6. After incubation, remove the dish and aspirate the remaining liquid from the
surface.

O 7. Allow the slide to dry completely in the hood.

O 8. Wrap the dishes with parafilm, mark the contents and date on the dish, and
place in the refrigerator for long term storage. (Note: The slides may be stored in
this manner for up to 3 months.)
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APPENDIX A-1.7 LASER ALIGNMENT PROTOCOL

General Notes

-Laser alignment is key to good experimental outcomes whether it be with
the tweezers or the TIRF setups.

-You will need a variety of colored sharpie style markers (fine point is
better if possible), a combination square, a flat 24” blade/16” base square,
and the beam star profile camera.

-It is good to draw out all laser paths and optics on a sheet of paper prior
to laying out the lines on the table.

-This protocol should be shown to any new lab member prior to giving
them the chance to implement it. The terminology and procedures need to
be learned from someone who know them to really implement this
protocol well.

Laying out Laser Path

O 1. The laser path is determine by the start point, the telescope location, mirror
locations, and dichroic locations. It is important to have these well determined
prior to starting. You start at the output of the laser and draw a line from the
laser position straight out to the first mirror or dichroic. This is done holding the
flat square against the table with one edge running perpendicular to the table
edge for the laser path.

O 2. At the location of the first mirror/dichroic, the combination square is use to
draw the 45° line for the mirror. If the combination square isn’t long enough, the
flat square can be used as an extension against the combination square to draw
the line.

O 3. The next line is added perpendicular to the original laser path reflecting off

the diagonal line. The three lines should all intersect at the same point. This

path is drawn until the next mirror/dichroic location.

4. Repeat step 2 at the second dichroic location.

5. Repeat step 3 reflecting perpendicular from original path at second location

6. Repeat steps 2 & 3 until the entire path is drawn out going into the back of

the microscope.

OO0

Laser Alignment

(Note: This protocol assumes knowledge of how to use the beam star
profiler camera. Maintenance of laser power at a low level is necessary not
to damage the camera. Use ND filters as necessary to ensure laser power is
minimized to a level where nothing will be damaged. ALWAYS WEAR
SAFETY GLASSES APPROPRIATE FOR THE LASER YOU ARE USING...
YOU CAN NEVER UNDO THE DAMAGE DONE BY A LASER TO YOUR
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1. Laser alignment is done at the height necessary to enter the microscope
unless a periscope is to be used.

2. Place the laser at the appropriate height to enter the back of the microscope
with the laser line following along the initial path drawn out. This is done by
placing the flat edge of the combination square all the way to the edge so that it
may stand on the table. The ruler edge of the combination square is then aligned
with the marker edge on the table. The beam star camera is placed in line with
the path and attached directly to the table. The combination square is placed on
the line at the start of the path and the end of the path and the laser is aligned
to the edge. Once the laser is shown as being halfway on the edge of the square
at both the start and end locations of the path, that portion is aligned. Lock the
laser in place, as necessary.

3. Place the first mirror with the edge aligning to the diagonal line drawn on the
table. Move the camera to be in line with the next pathway needing alignment
and affix it to the table.

4. Use the combination square in the same manner as described in Step 2 to
align the next section of the path using the mirrors positioning knobs. Ensure
the height is maintained based on the position in the camera screen as well as
the path following the appropriate line. Once the camera displays half the laser
profile at each the start and end position, it is aligned. Lock the mirror
holder/dichroic in place. Make sure that the position of the beam does not move
in the camera window while locking it down. If it does, adjust to where the
position is maintain after locking down.

5. Repeat steps 3 and 4 for all remain angled pieces.

6. After all of the angled mirrors and dichroics have been placed, the beam
expanding telescopes can be placed. (Note: This can be done in line also as long
as the height and path of the beam is maintained throughout.)

7. The first lens 1s placed in path at the proper location and affixed to the table
in a static position. This is done by placing the curved edge of the lens towards
the laser. The reflection of the laser backward from the lens is then aligned until
1t directly reflects back upon itself into the laser and the path outward is
maintained. I like to use an index card to cut the beam in half and reflect the
other half of the beam back to lining up with the card edge.

8. The second lens is then added at the appropriate distance to collimate the
beam. The beam size near the lens should be the exact same after the lens all
the way until as far a distance as possible outward with no focal points in
between, i.e. it should stay the same size the entire path. The lens is aligned
curve edge outward as before with the back reflection reflecting back to the other
lens.

9. Once this is done, the laser path should be established and aligned all the way
until the back/side of the microscope.

10. The microscope 1s aligned using a tube attachment being placed where the
objective goes on the microscope. The tube has two spiral irises placed on each
end. The camera is place on the top of the tube to direct the path appropriately.
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O 11. The laser beam is then walked into alignment using the last two mirrors in
the optical path. This is done by aligning the path to the top and bottom irises
until the laser passes through the center of both of them. This is similar to using
the combination square to align the center to an edge, but in this case it is an
opening. The beam has to be moved with the mirrors until this occurs. It is best
to see this done before trying to do it yourself.

(Note: Stop here if you are aligning the tweezers system, as it is completely done.)

O 12. Once this has been done, a mark on the ceiling is made to mark the

collimated position on a piece of paper. This will be used to align the last lens

after the objective is put in place for the TIRF setup.

13. Place the objective in the TIRF setup.

14. Place a lens on the 3-axis positioner behind the microscope for moving the

beams into TIRF.

15. Align the lens to where the back reflection occurs back on itself and the beam

is centered on the mark on the ceiling for the original path.

16. Check to ensure the beam size coming out of the objective is the same all the

way to the ceiling, or as close as possible. If it is not the same size, move the lens

until it is collimated.

O O OO0
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APPENDIX A-1.8 TRACKING ALGORITHM & IMAGE ENHANCEMENT PROTOCOL

General Notes

-This protocol is designed to work for both 2D and 3D tracking in line with
the way the code was written to work in either manner.

-The image enhancement being performed happens as a simple
upsampling algorithm that is innate to Labview. This upsampling
algorithm is using bicubic spline interpolation on an image using the
Image Resample VI. The user selects the level of resample as a factor of the
resolution multiplier they want to use.

-A Hough circle transform has been included in the code as well that
utilizes several blurs prior to a watershed of the image. This smooths the
image and reduces the number of compartments found by the watershed
while leaving the circular edges of a bead intact. The Hough transform
draws circles around the watershed line points adding single intensity
values to where the circle hits on the image. The highest number of
intensity should correlate to the center of the circle, i.e. the bead center.
This is used to find the bead center when the center of mass typically used
fails.

-This protocol assumes a certain level of knowledge in Labview itself. If
the user is not familiar with Labview, I highly suggest spending time to
familiarize with simple Labview functions and wire colors correlating to
data types first. It is extremely important to understand that the data
types you are working with vary greatly, and this is reflected in the color,
size, and shapes of the different wires being used. Ultimately, Labview is
running C code at its most bare bones level, which is done through call
library function nodes that require a lot more knowledge to manipulate.
The reason data transfer understanding is so important is that the C code
at the root of Labview will fail if the proper data types are not input into
the functions/scripts. Thus, know what you are working with, look what
you are trying to accomplish, and lay as much of it out on paper prior to
trying to code it into Labview if you are a novice user. Utilize the help
pages as much as possible, and don’t be afraid to search for codes that
someone else may have already written that does exactly what you want to
do. Most likely, a code will exist if it is a general function that is used in
multiple areas. You can use those generalized codes to create the complex
codes you need to work with. This is just kind of general statement for
Labview that will be helpful to your coding overall.

-Save your code regularly and often! It will save you a huge amount of
headache redoing things when Labview hangs or crashes or anything
along those lines!
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Implementing the Tracking Code:

O 1. The tracking code that is written and included as an image with this
document has been designed as an all-in-one Subvi for use in any code that
involves bead tracking. This code is named: 3D Tracking Subvi.vi. Although this
code is designed to perform 3D tracking, it can perform standalone 2D tracking
by conditionally turning off the 3D portion of the code.

O 2. This code needs several inputs wired to it to function properly, but has also
been designed with default values for when certain areas are not connected. The
major thing that needs to be wired for this code to work is the Image In. You
need to pass an image coming from the code you are writing into this input for
the code to work. This code is designed to detect the image type and function no
matter what image is input into it. This code will function with no other inputs
being wired.

o Although the code functions without other inputs wired, it is important to
know what the other inputs do:

» [terations: Wiring this input will allow the autocorrelation function
to be run multiple times to find the bead center using the initial
guess coordinates of the bead center from the previous iteration. I
have found a single iteration to be adequate for almost all of my
tracking experiments, which is the default value.

= Resolution Multiplier: Wiring this input allows you to set the
upsampling resolution for the Image Resample VI that is used as
part of the autocorrelation function. The default value i1s 7.
Lowering this value to 3 or higher will allow similar tracking
enhancement at similar speeds. Increasing the value above 7 shows
no benefit and leads to slower computation times.

»  Sub-ROI Width: This input sets the size of the window to be used
after the Center of Mass or Hough Transform has found the center
of the bead. Narrowing the window to a smaller size about the bead
center enhances localization by the autocorrelation and decreases
computation time. The default value is 76, which was found to be
ideal with 1.7 micron beads and the Basler camera with a 37.5 nm
pixel size. This will need to be adjusted with the use of another
camera. I suggest using the ratio of pixels above to the pixel size of
the camera above for a similar bead size. If the bead size is larger or
smaller than this by a greater amount, then it is best to consider
testing values to see what gives the best result.

» ZLUT: This input is wired when you intend to track in 3D. A file
containing a created Z-axis Look Up Table (ZLUT) must be opened
and a 2D array from this file passed into this input. To track in Z,
this must be wired. To track in 2D, this input is not necessary. The
default value is an empty array.
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Track Z?: This is a binary true or false input. Wiring the value to be
true will allow tracking in the third axis, Z-axis. The default value
is false for simple 2D tracking.

Use Hough Circle Transform?: This is also a binary true or false
input. Wiring the value to be true in this case will enable the
Hough Transform Subvi to be used and will attempt to find circles
of the radius you set with the Detection Radius Input. This will
then replace a simple Center of Mass algorithm for finding the bead
center. This is used when bead images are biased from the center of
the bead by the presences of other structures such cells. The default
value is false, which implements the Center of Mass algorithm.
Detection Radius: This is the radius of the circle you are trying to
find with Hough Circle Detection algorithm. The default value is 7
currently, which is what was used to find a circle in an image I had
created. The values were typically 18-22 when I was working with
cells and the Basler camera with the smaller pixel size. You will
have to determine what radius works best for you to find the center
of the bead by this algorithm based on the beads you are using and
the camera pixel size.

Circular Points: This is the number of points you want to draw in a
circle around the points found in the watershed algorithm. The
default value is 360 points for 360 degrees. This value can be
decreased without issues, but should stay above 45 in my opinion.
The less points you use to draw the circles around each point, the
lower the probability of overlap and finding the center accurately.

o The other inputs are simply designed to give you the options to modify my
values that I found optimal for my experiments.

O 3. After wiring in the inputs you deem necessary for the tracking you wish to
achieve, you must decide what outputs you also need. If you are simply doing a
2D tracking to find the XY position of bead center, the only output you need is
the xy positions (pix) output. This gives you the xy positions in pixels with
subpixel accuracy found from the autocorrelation algorithm. If you are tracking
along the z-axis, you will also need to wire the output for the z positions (um).
This is what gives you the z-axis localization from the ZLUT when the z-axis
tracking is implemented. All the other outputs are for extra data.

o The extra outputs are described here in case you decide to use them:

Initial Coordinates: This outputs the initial guess coordinates from
the COM or Hough algorithms that are used in the autocorrelation
function. You can use these to determine if your initial guesses are
fairly accurate and to compare the initial guess to the final values
to determine if one of the algorithms might be failing. If the two
values are extremely far off, you should determine which most
highly correlates to the bead center and work to find why the other
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1s being biased away from this value. If the autocorrelation is still
finding the center accurately, this is less important to troubleshoot.

= Z profile: This outputs the radial z profile that is created when Z-
axis tracking is implemented. The ZLUT is a stack of radial profiles
correlating to a position in Z that has been defined by the
piezoelectric stage. The radial profile is created based on the
intensity values of the original bead image projected outward from
the bead center coordinates. Thus, it finds the intensity average
from each pixel location relative to the bead center location using
the Pythagorean theorem. The Z profile reflects this averaged
intensity value at each location outward from the center of the
bead. You can look at this profile to determine if it accurately
reflects what is seen in the bead intensity pattern if you like.

» Frame rate: This is simply the inverse of the amount of time that it
took to run the subvi code in its entirety. This allows you to see how
fast the algorithm is running. The output is in Hz.

» Total time: This the actual amount of time that it took to run the
subvi code in its entirety. The output is in ms.

O 4. Once you know what the inputs and outputs do, it is simply wiring them to
run your code appropriately with the 3D tracking code subvi inside it and getting
the necessary outputs you need.

@)

To run a 2D tracking code to find a bead center without any influence
from other refractive patterns, simply wire the image in, assuming you
are using a camera and bead similar to what I used. If the camera and
bead are different, adjust the Sub-ROI width to fit a similar bead area
excluding the outer fringes of the airy disc pattern.

If you want to slightly decrease calculation time with a minor impact to
resolution, change the resolution multiplier to decrease the time to
resample the image.

If you have refractive patterns influencing the localization of your bead
center, implement the Hough transform by wiring a true value to that
input. Adjust your detection radius accordingly if using a different bead
and camera. Adjust your circular points to a value of your choosing if you
like as well.

If you need to track in Z, make sure you have already used my Create
ZLUT code to create your table, and then open that file with the
appropriate code and wire the 2D array from reading that file into the
ZLUT of this code. Wire a true value to track Z, and make sure to collect
the z positions from the output.

Overall, this is a multifunctional code that can be used in many different
manners. For an example, look at my Create ZLUT Multiple Beads.vi
code. It implements this subvi directly inside of it to create the look up
table. Instead of tracking in Z, it simply collects the radial profiles output
from the code and applies a piezo positional value to each of the profiles
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from an image stack with increasing steps in Z. It is designed to do this
for multiple beads, as the beads are not of a truly consistent radius, which
1s seen in the intensity profiles.

O 5. Most of working with this code is simply understanding the data transfer that
is occurring. An image is being input with an intensity array. The intensity is
used to find the center of mass, assuming the highest level of intensity correlates
to the bead center. The center is used to narrow a window around the initial
window for a smaller image that is easy to work with in the autocorrelation
algorithm. The smaller image 1s then upsampled to artificially enhance the
image resolution before applying the autocorrelation function. The
autocorrelation function is simply the convolution of the upsampled image upon
itself, which means a 2D Fast Fourier Transform is applied and multiplied upon
itself followed by an inverse 2D Fast Fourier Transform. The intensity maximum
of the resulting image correlates to the bead center position, which is found to
higher subpixel resolution by a parabolic fit around the maximum point. The
maxima locations are output as the XY positions that are then used with the
Pythagorean theorem to create the radial profile for Z-axis tracking. Thus, the z-
axis accuracy is totally dependent on the accuracy of the transverse localization.
This is why it is crucial to find the center accurately, and is why the upsampling
was originally implemented.

O 6. Once you have all of the inputs and outputs wired for use and understand the
data transfer that is occurring, test your code. Hopefully it will run without
issues.

o Ifissues occur:
» There is no output from the tracking code.

e Check to ensure there is actually a visible image coming into
the code by probing the image in input. If there is no image
visible in your probe window, then you need to make sure
your image type is compatible and that it is being opened
properly in your code.

e Ifthere is an image coming in, you will need to probe more
deeply into the code. You will need to check if there is a value
coming out of the COM portion. Then check if there is a value
coming out of the autocorr portion. If both of these are
working properly, then there should be an output coming out.
If not, you will have to probe into why either one isn’t
working.

* You have data coming out, but it isn’t showing up the way you
wanted.

e Double check to make sure that the array is not transposed
and giving you the values backwards.

e Make sure to check that you understood the data flow and
what you were getting out of the code.
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e Make sure your image is showing up properly in all areas
and that the COM is finding the center of the airy disk
pattern.

e Try to localize where the problem might be occurring by
creating extra indicators or using probes to find the issue.
Almost all issues with data can be found typically by finding
where the data is missing.

O 7. If your code functions without errors/issues, double-check to make sure the
data you are getting out is correct and that it is being manipulated or saved in
the manner you would like.

O 8. Make sure to save your code.
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APPENDIX A-1.9 ZEBRAFISH PREPARATION PROTOCOL

General Notes

-This protocol is modified from a protocol generously provided by Dr.
Deborah Garrity’s lab.

-It is important to realize that you are working with a living entity. Thus,
care and respect should be afforded to the organism as part of this
research study. Please follow a level of ethical standards in your work.
-This procedure for breeding should be carried out around 2-3pm 2 days
prior to the experimentation day.

Zebrafish Breeding:

O 1. Set up breeding tanks, regular tanks with extra piece for eggs to settle
inserted in them, for one female and one male per tank (can do two per tank,
assuming you can differentiate sex easily). Place a divider in the tank (this is not
always necessary, but was done every time be performed breeding).

2. Fill the tanks with appropriate water for the fish, i.e. not tap water.

3. Place the male and female fish in the tanks trying to target ones that have not
been bred for a week or two. Make sure to use the same genotype/phenotype fish
that is appropriate for your experiments. Leave the lids on the tanks where the
fish were removed from off to ensure no food is added to them, assuming there
are no fish remaining in them.

4. Place the lids on the breeding tanks and label them with your initials, the
date, the phenotype, and the set number/letter.

5. Place the breeding tanks on the shelf for overnight incubation.

6. In the morning, approximately 24-28 hours prior to when you would like to
run your experiments, remove the dividers to allow the fish to spawn.

7. Return later in the morning/afternoon to collect the eggs.

8. Fill an empty regular tank with water and remove the two fish to this tank
using the liner with holes in it. Do this quickly to minimize the impact to the
fish.

9. Using a tea strainer, collect the eggs from the original breeding tank by
pouring the water with the eggs through the strainer.

10. Use a squirt bottle to rinse the embryos into a clean petri dish.

11. Label the dish and place aside for incubation until the following morning.

12. Put the fish away into the original tanks you removed them from and write
the date on that tank. Writing the date prevents them from being used again
right away, which will impact breeding potential.

13. Clean up all of the tanks that were used and stack in sets of 6 on shelf for
later use.

14. Put the breeding tank lids away all facing the same direction.

oo OO 0Od oo
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Zebrafish Experiments:
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1. Return the following morning after embryo collection and transfer the
embryos from the dish into a 50 ml conical for transport across campus.

2. Transport the embryos across campus and place the conicals in a water bath
that has been equilibrated to 30°C for the fish to continue developing. Fish will
continue to develop at room temperature, but at a slower pace. The fish can be
separated into different conicals and placed at different temperatures to vary the
development rate thereby varying the time of circulation onset.

3. Near the time 24 hours of when breeding was supposed to have occurred,
remove the embryos to the stereomicroscope to check if circulation has started.
4. If circulation has started, the embryos will be dechorionated using two sets of
tweezers. One will gently hold the embryo while the other is used to “nip” at the
outer sack holding embryo. Once a hole is punctured in the sack. The two sets of
tweezers are used to gently pull from the sides to completely tear the chorion
away releasing the zebrafish embryo.

5. Setup of coverglass bottom dish with embryo water containing 2-3 mls 0.2
mg/ml tricaine.

6. Using a 1000 pl micropipette with a tip that has had the tip cut off to create a
larger hole, pipette up the embryo and place it in the tricaine solution trying to
minimize the amount of extra water introduced with the embryo to coverglass
bottom dish.

7. Place the coverglass bottom dish on the optical tweezers setup.

8. Position the dish to where the fish is in the field of view and locate
anatomically the position where you would like to measure.

9. Ensure that circulation is occurring, and then start the experiments.

10. Before turning on the laser, make sure you have on the appropriate glasses
to prevent damage to your eyes.

11. Turn on the laser and allow it to warm up for a minute.

12. Once the laser is warm, start the experiment and turn on the camera.
Unblock the beam and record images for the appropriate amount of time.

13. Once experiment is complete, block the laser and stop the recording. Make
sure to record all of your settings, etc. in your notebook for later use in analysis.
14. Following the experimental times, place a solution of beads in the same dish
and trap one at approximately the same height you were working in the fish.
Record several images of this bead for localization of the trap center.
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APPENDICES A-2.SOFTWARE CODES

List of Labview and Matlab Codes:

A-2.1 3D Tracking Subvi

A-2.2 2D Autocorrelation Function Subvi
A-2.3 Compare Z Profile Subvi

A-2.4 Get Max of Autocorrelation Function Subvi
A-2.5 Get Z Index Subvi

A-2.6 Hough Circle Detection Subvi

A-2.7 Get Radial Z Profile Subvi

A-2.8 Create ZLUT VI

A-2.9 Smoluchowski Plot Creator VI

A-2.10 ST Plot Creator VI

A-2.11 ST Plot Overlay Lines on Image Subvi

A-2.12 Efficient Subpixel Registration in 1-Dimension M File
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APPENDIX A-2.1 3D TRACKING SUBVI

3D Tracking Subvi.vi

Circular Points

Detection Radius

Use Hough Circle Transform?
Image In

Iterations

Resolution Multiplier
Sub-ROI Width

ZLUT =

Track Z?

Initial Coardinates
xy positions (pix)
z postions (um)

Z profile

Frame Rate

Total Time
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APPENDIX A-2.2 2D AUTOCORRELATION FUNCTION SUBVI

20 Autocorrelation v2.ri

Eesolution hultiplier

Irmage In =—==—=
Tterations =1

Initial Guess Coordinates 'f

sub-EOI \Width

d,1
XY coordinates

Itrage In

+

Initial Guess Coordinates

¥ Centroid -. XY coordinates

"

,;Il':l

- |-

¥ Centroid

."I |:| |

4 - 0,1
Iteration s

IIII

¥

Eesolution hultiplier

|

¥’

Sub-ROIWidth

S Er-
hr
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APPENDIX A-2.3 COMPARE Z PROFILE SUBVI

CZonnector Pane

CompareZProfile2-BW5 vd.ri
ZLUT

7 piostion [un}
Z profile p

Front Panel

ZLUT
#} : T postion [um}
Tha 0 )
_f" 'I_jil u] |:|
=

: Z profile min index [indices)
i ! 5
EizE
500

This code performs a sum of least squares comparison across Z-axis profiles between the current profile and the ZLUT table. The sum of
least squares is then fit around the minimum index with a secend order polynomial fit around the size of points input to find the minimum

indice. The min indice is used to interpolate a z-axis value from the first column of the ZLUT table, which was coded to be the Z-axis piezo
position in micrometers. The code then outputs this interpolated Z position.

ZLuT ]
|
Eﬂfn Z profile r I @ : :

min index (indices)

z postien (um)
mel]
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APPENDIX A-2.4 GET MAX OF AUTOCORRELATION FUNCTION SUBVI

Connector Pane

Get Max of Autocorr.vi

Array In ﬁ
Width —

max
s
Front Panel
Array Ih - transposed array
— [-9.37677E+8 -337877E
250+
-
u 3
5 200 = &
2 i £
© El 5
2 150-] o &
12 o
1007 =
—9.37765E

a 50 100 150 200 250 300
Time

b ~9.02449E + B

Time

[This code performs a polynemial fit to a certain width around a maximum intensity value to find the maximum pesition with subpixel accuracy.|
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APPENDIX A-2.5 GET Z INDEX SUBVI

Connector Pane

Get £ Polyn fil-BW5.ri

Data in e position
size T}ﬁl«

min index [indices})

Front Fanel

position
0.04

e min ind ex [indices)

1

This code inputs an array of sum of least squares values along with the minimum indice. The min indice is then used as the value at the center of the fit.
The size of the fit is used to create a profile of y values produced from a gaussian equation with the width of the gaussian correlating to the size input.
This profile of y values is used as the standard deviation for the polynomial fit. The polynomial fit uses an array of x values and a subset of the sum of

least squares data in to preduce a fit with known coefficient values. The coefficient values are then used to calculate the pesiticnal index within the array
that is then output.

200 [
[min indiex (inclces)/FE527
(o] r K
- % . =1 exp () 2/ (-27wl); I

bize
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APPENDIX A-2.6 HOUGH CIRCLE DETECTION SUBVI

Hough Circle Detection 5tand-alone.ri

Image Centroid
Detection Radius J I ertor out
Circular Points
errorin [ho error}
Imagel
error in [ho errorh error out
status code status code
3 | 4o
source soU ree
Detection Radiusz Centroid
J'\II
o 7 ¥ Centroid
Zircular Points .06 |
Ir'l
5,." B0 ¥ Centroid
.04 |
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APPENDIX A-2.7 GET RADIAL Z PROFILE SUBVI

LTonnector Pane

R adial ZProfile.vi

Drriginal data in s— '}9
coordinates ™ [
profile resolution increase

I profile out

Front Fanel

25500
16283
3420
3059
3303
3789
5921
B14s
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APPENDIX A-2.8 CREATEZLUT VI

Create ZLUT Multiple Beads.vi

=i

5

% C\Results\DASI Carm Experiment \Bead Experiments =
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APPENDIX A-2.9 SMOLUCHOWSKI PLOT CREATOR VI

wiorking Directory

% ¥\DASI Lam ExperimentsiBead Experimentsi15.1 mw\Trap Stiffness

Lolumn

S

x Histogram Graph histogram count ™
12000
10000
" 5000~
3 =
£
£ 3 6000
2 g
<
4000~
2000~
! g ' (o] ! , | |
a 100000 200000 200000 04 -0.2 o 02 04
Frame amplitude
B 2 |o frames 000 T a Gaussianity Plot @ -
sigma/Dt vs Dt |a dt e ESE |
3.7E-4-

3.0E-4-|

2.5E-4-

2.0E-4-

Amplitude

1.5E-4-|
1.0E-4-|
5.0E-5-

2.3E-6-1 i
1000

Time

This code inputs a tracking data file consisting of XY values. The column to use is selected initiall, and the Smoluchowski formalism is run

off of that column of particle displacements. It uses a sliding window algorithm to subtract all values x from x+dt for all of the collected data
as dt grows, It then creates a distribution of these subtracted values and calculates the variance of this distribution. The variance is normalized

to the time window {dt), or the frequency (1/dt}, and plotted against that frequency. This provides the distribution discussed in Lindner, M., Nir,
G, Vivante, A, Young, |. T. & Garini, Y. Cynamic analysis of a diffusing particle in a trapping potential. Phys. Rev. £ 87, 022716 {2013). This data

can be saved and then is fit to find the trap stiffness and diffusion parameters in Origin.

Working Dire.

=1

_(m v frames
[

mean

variance

. | {psz] 5
b[>h L l|Gaussianity
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APPENDIX A-2.10 ST PLOT CREATOR VI

ST Plot Creator v5.vi

227



1014 15 Jein3ipuadiad [l

0]d 15 [BI1e1ed| T

DOOO0O0000000000000000000000000000

Dooooon

m

i) JaiBuy

wwiaqng 3| afewy

o

Ot

uwRRq

=1

1wiAgqns Aepiaag 2utield 15

£

a0 (1) 361K 3014 1S

Buuns swiyaiep

#1101 15 [3]/218g]

110(d (5 Jenoipuadiag

v
= se1eupioo)
fEZei]seun =
L i | abemay
Buppei) peig || d
T )| uonesedag aury
(FN-N=N-NeNsNeN-NN-N-N-N-ReN-R=N-N-N-N-ReN:N-NN-N:N-N-ReN-N=N-N-N-N-N-N-N-NN-N=Ne]
< aniL
doysfZ2d 1]

o 10uR

apRdwon) waag| T
2pR|dwan) adag|ao

i530]d 153185

13pjo4 3Bew] Jo yieg

1sabeu oy 3neg

i
WBRH 7 ey [

Al

|

NETY

sjeuIpiooy
s|Buepsy [euondg

EPEEEEICH

W 10 301d (15) [e10dUL=10eds € 52 UMGUR S1 SIL} 15030 SU3 BUGJE LUK pUE S 300 BUG|E S3UESSIp 0 338131105 ) 12030 3U3 1332 3US AjAlsss3ans pase]

abew yoes wouy papesym aq (jua sjxad auow gy
%523 5143 U1 Iel3na [l 3y “PasN 3g 03 212 U 3(diYNLU Ji 'SIUI| USSMIBG UIPIM 3L 03 UOREIRdRS U1 U1 135 JORIPE 0F JUEM NOA 3843 Mol 40 yied 3uy Buole 3ul & melp 03 |00} 3Ul| 343 35N Uy} NoA U= dedf)
3U3.40 UOREYO] [ERIUI 3U3353}35 0} 003 33uiod BUR 35N No, *sj3id JO (S)3UI| 3R PEIPS 0} 3BYM SUILLZIEP 03 3BEWN 2L U} 35N NoA BuUILN spe3s 3p03 3y} 33UQ) *BUIPUS 3)14 2u3 Buisn 310534 3d/ 36ewW

UOLUILLIO? JSOLL 3 SUILLIRIAP AJ[eRIUl pue M31AGe 03 3jeuu) s3d sBew [[e y3m s3i0m 3 ‘aued 33 ul umous 3Bewl 3y} uo yied umelp @ Buaje 3Bewn ue woy s[d 4o (sjul| @ Peip@ 03 paubisIp s 3pod si
L SUILIIAP Ajjegiul pue vainge] I8 Y sp10m 3 4 Ul Loy 43 uo y p | ! 4 spd g [l paubisp 51 3pod siy

“ydeib

3Bew) Y23 waiy (s3ulf 3jdninw Buisn j paberae pus) papoeipm siaxid Y 3Bewl Ue 51 3 3485 03 Ju2i nok pinoys Jndino 34y “A3ewnin Joid 5141 Jo YBRY [euty 3u3 03 BuneEuas Jo1d 15 Ut ur paveld pue

anjen siy 13612 31 | Sul| yae3 104 Peipa 0} Juem nof jeyy sd ut bS] U s YBIRY 30/d 3y | S3UI| 350U 550198 SISy

[sd 313 jo sBessne ue 3 (|

228



APPENDIX A-2.11 ST PLOT OVERLAY LINES ON IMAGE SUBVI

ST Plot Line Overlay Subvi.vi

Rectangular Coord In
Line Separation

Average! ——— @b Perpendicular 5T Line
# Lines - —=" |L Parallel ST Line
ST Plot Height (Pix) — = Image Out
Angle In v error out

Image In resmsssm—m—

SITOr i =——

Awerage? C.) P Ferpendicular 5T Line
# Lines ;." L g Yo
Line Separation ;" 1 P Fatallel 5T Line
ST Flot Height (Fis ﬁ’} a g o
Angle In ;;:-’J
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Image In Iirage Out
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APPENDIX A-2.12 REGISTRATION IN 1-DIMENSION M FILE

10/31/18 10:24 PM ...\efficient subpixel registration_ld.m 1 of

$% Efficient

fraction

ET

% Regls g single pix
| ;

% (fast Fourier
=

padded F

cified

AT)

matrixz-mult ¢ dramatica

& and memory without sacrificing accuracy. With is procedure all the
image polnts Lo computsa the upsampled croess-correlation In a

T vary small neighborheod i its peak. This algorithm is referred to as

o

b T, Thurman. Jam

% ation algorithms, " Opt

% This modified to use in
% istration.m, no changes were ades called ir
% this cods.

of pixe

in the image and ft. The output is

ame that has ending and

ol
filename='filename.tif';
f = im2double (imread(filename)) ;
[r,c)=size(f);
output=zeros(c,1};
h=waitbar(0, "1', '"Hame', '"Running Image Registration Algorithm...");
for i=l:g;
[outputa Greg] = dftregistration(fft (f(:,1})),££E(E(:,1)),1000);
output (i)=outputa(2);
waitbar (i/c, h,sprintf ('%0.2f5
end
filenameZ=strrep(filename, ".Lif", ".txbL");
dlmwrite(filename2, output, "\t'");
plot (output)

% raplac

o

2y round (1/e*100,2)))
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