Copyright
by
Revathi Ananthakrishnan
2003



The Dissertation Committee for Revathi Ananthakrishnan
certifies that thisis the approved version of the following dissertation:

On the Structural Response of Eukaryotic Cells

Committee:

Josef A. Kis, Supervisor

Tess J. Moon, Supervisor

LindaE. Reichl

Chih-Kang Ken Shih

Michadel P Marder

Rebecca Richards-Kortum



On the Structural Response of Eukaryotic Cells

by

Revathi Ananthakrishnan, B.Sc., M .Sc.

DISSERTATION
Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements

for the Degree of

DOCTOR OF PHILOSOPHY

THE UNIVERSITY OF TEXAS AT AUSTIN
May 2003



Dedicated to Amma, Appa and Malu



Acknowledgments

From Bombay, India, to Austin, TX, then to Leipzig, Germany, the Ph.D.,
likelifeitself, has been ajourney and an experience. Along the way, | have met and
interacted with many interesting people, who have al played arole in my complet-
ing the Ph.D. Before | started, | had aways heard that any Ph.D. is a collaborative
effort, containing the contribution of many people. Littledid | realizetill | wasinto
my own, that in my case, it would be approximately half the world.........

I would like to begin by thanking my advisors Professors Josef Kas and Tess
Moon for their guidance, support and encouragement throughout the PhD. | had
many joint meetings with them both and greatly benefitted from these discussions.
| thank Josef for his great efforts to make me and his other students feel welcome
and settled in his country, when we made the transatl antic move to Germany in May
2002. | thank Tessfor all the trips she made to Europe after the move, inspite of her

many commitments.

| thank all the graduate students and colleagues with whom | have worked
closely on this project, escpecially Jochen with whom | have worked for 4 years
now. And the others in the stretcher group - past and present - Benton, Bryan,
Chieze, Coley, Christian, Dave Stoker, Falk, Frank, Hamid, Karla, Maren, Sam,
Stefan, Suzi, Vanessa. | would also like to thank Dave Humphrey, Doug, Martin and
Rachel for all the discussions and help and all the other students in Josef’s group
for the support. | also thank everyone at Evacyte Inc., especially Syd and Jean for

the collaboration and interaction. | thank Timo and Jochen alot for helping me get



settled in Leipzig.

| would like to thank every Professor, student and member of the Center for
Nonlinear Dynamics, UT Austin, where | did my work for 4 years. | would like
to specialy thank Professor Michael Marder for all his help and continued interest
in my work. | would like to thank Eric Gerde and Dan Goldman for always being
ready to answer my questions and helping meimmensely. | also thank Robert Dee-
gan for all the discussions and help. | thank my office mates Pax, Erin, Eric, Andy,
Allen and Bjoern for putting up with mein the office. | would like to thank al the
students who help maintain the computers at CNLD. | would aso like to thank all
the Professors and members of the Institute of Soft Matter Physics, Leipzig, espe-
cialy Elke, Bernd, Undine and Carsten. | would like to specially thank Professors
Dirk Drasdo and Angela Stevens of MPI, Leipzig for the collaboration, discussions

and their interest in my work.

| gained most of my continuum mechanics and finite element modeling
knowledge from Eric Gerde and Sebnem Ozupek. Their willingness to help me
at all times and their continuing friendship with me is greatly appreciated. | learnt
about the buckling of microtubules via email from Prof Karolyi in summer 2001
and | thank him very much for his help. | also thank all the technical support staff
at ABAQUS in US and Germany who have answered my many questions patiently
athough I was working with an academic license, which comes with very limited
technical support - especially David Gray and Suresh Krishnan at ABAQUS South
Central, Flower Mound, TX and the staff at the ABAQUS branch in Aachen, Ger-

many.

| thank all the other Professors at UT Austin and outside who have helped

Vi



me complete this work. These include my committee members, Professors Reichl,
Shih, Marder and Richards-Kortum. | took many classes in engineering mechanics
from Professors Becker, Leichti and Mear. Their help in starting me off in these
subject areas was invaluable and is gratefully acknowledged. Other Professors out-
side UT with whom discussions were very useful include Professors Goldbart, Jan-
mey, Morse, MacKintosh, Mogilner, Pollard, Stossel, Xu and | thank them all for

answering my emails with many questions so patiently.

| would liketo say a special thank you to the Physicsand Life Sciencelibrar-
lansat UT Austin, Molly and Nancy, for all their help and friendship through these
years. | would aso like to say a big thank you to Norma, the graduate secretary,
for always helping me out with a smile. At CNLD, | thank all the administrative
staff - Dorothy, Caryn, Olga and Rosie (also for her candies) for helping me out

constantly.

Life as a graduate student would not have been much fun without the nu-
merous friends | made and the many enjoyable times | spent with them all. It
would be difficult to describe here the unigueness and importance of each of these
friendships to me and how each one helped me academically or otherwise so | will
just mention names. Also, | apologize at the beginning to anyone, whose name |
have not included - this is certainly not intentional. My friends in Austin, whom
| would like to thank include Agapi, Anil, Amit, Aya, Beth, Bua, Chethan, Dan,
Evistati, Eric, Erin, Eyal, Frank, Gelsy, Jinhee, Jori, Julie, Karl, Katya, Ketaki,
Kirti, Kort, Kumi, Leah, Linda, Lisa, Melike, Nikola, Nisha, Rafael, Reid, Reza,
Roman, Tara, Thomas, Tira. | would also like to thank my german friends Amaya,
Axel, Beri, Conny, Frank, Katja, Kathryn, Uma, Wilfred for making me feel less

lonely in a new land. | thank my roommates over the past 5 years for putting up

vii



with me at home and for their friendship - Anu, Priya, Sudesna, Rukmini, Deepa,
Rajani, Fahmi and Frederique - especially Deepa and Rajani with whom | stayed
the longest time. | thank my friends from my undergraduate and graduate yearsin
India who have kept in touch with me - Aditi, Anjum, Ashwini, Chaitanya, Gauri,
Gayathri, Kusum, Pallavi, Parvathy, Pulkit, Ranjani, Rohit, Sanhita, Smita. | would
aso like to thank all my parents’ friends who have kept in touch with me and en-
couraged me - Alma, Balu Mama, Barbara, Jaya Aunty, Mie, Papa Aunty, Parvathy
Aunty, Rama, Sulekha and many others.

| would liketo say aspecial thank you to my previous Professorsfor staying
in touch with me and continuing to care about my progress. | would like to say
a special thank you to my quantum mechanics Professor at the Indian Institute of
Technology (11T, Powai), Prof Patil, who has continued to encourage meimmensely
through hisregular emails. | a'so thank my other M.Sc. teachers, Professors Yagnik,
Manna and Vasant Natargjan and my B.Sc. teachers Professors Phadke, Kulkarni,

Rekha Joshi and Gangal for their support and continued interest in my work.

Lastly, | thank the most important person(s) in my life - my family. My dad
for pushing, coaxing, cgjoling and supporting me into doing physicsall my life and
for strongly believing that | am capable of making something of myself in it. My
mom and sister for being the sensible, practical, and intelligent people they are and
for loving me unconditionally. But aboveall, | thank my family for exhorting me to
strive for nothing less than the very best I'm capable of. Finally, | thank my sister
for providing us with two lovely beacons of light in our lives - Sahana and Kedhar.

viii



On the Structural Response of Eukaryotic Cells

Publication No.

Revathi Ananthakrishnan, Ph.D.
The University of Texas at Austin, 2003

Supervisors.  Josef A. Kas
TessJ. Moon

The actin, microtubule and intermediate filament cytoskeletal polymer as-
semblies, along with their accessory proteins, govern the mechanical or structural
response of an eukaryotic cell to an external stress. Using statistical mechanics
tools, this dissertation investigates the molecular properties, such as mesh size, per-
sistence length and filament length, that determine the structural strength of thein
vivo polymer networks, with an emphasis on the actin network or the cortex of cells.
Our study of actin shows how the wide range of shear moduli from 1 Pato 1 kPathat
spans the viscous sol-like state to the elastic gel-like state witnessed in eukaryotic
cells can be achieved through transient crosslinking and the spatial distribution of
actin and actin crosslinking proteins aone. Thus, this gel-sol transition is achieved
without the action of any severing or capping proteins that depolymerize the actin

network.

In order to understand how the microscopic quantities controlling the struc-
tural properties of these in vivo polymers are related to the deformation of a cell

observed experimentally, a cell model is created by us. It starts with modeling the



actin cortex as a thick shell and increases in complexity to include microtubules
and the nucleus. Our cell model predicts that the structural response of the cell
amplifies changes in molecular properties such as the in vivo actin concentration.
Hence, the sensitivity of the structural response to cytoskeletal changes can be used
to distinguish between different cells such as normal and cancer cells and can serve

as an indicator of disease.
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Chapter 1

| ntroduction

1.1 Composition of the Cytoskeleton

A eukaryotic cell is a complex, compound material, consisting of many
structures made of proteins, lipids, carbohydrates and nucleic acids. One main
structure in the cell that spansitsinterior and accounts for most of the protein found
in vivo is the cytoskeleton - a polymer network of protein fibers. Asthe scaffold on
which the cell is built, the cytoskeleton provides a pathway for organelle transport
and signal transduction and is vital for cell motility and cell division [16], [111].
Not surprisingly, it also determines the structural response of the cell. This physics
dissertation focuses on the polymer physics of the cytoskeleton, with the aim of un-
derstanding how the structural response of the cell to an arbitrary, external stressis
governed by the cytoskel eton’s microscopic polymer properties. Fundamental poly-
mer quantities such as persistence length (the distance over which the filament can
bend in two independent directions), mesh size (a measure of the polymer concen-
tration) and filament length, which describe the structural strength of the network,
are related to macroscopic, observable quantities such as the deformation measured
experimentally. With this understanding, the study intends to quantitatively explain
applied stress versus deformation curves observed from our cell deformation exper-
iment. Another related aspect of this study is the correlation between cell structure
and cell function, which means a quantitative understanding of how changesin the



cell’s structural response can be related to cytoskeletal changes. In cancer cells,
the cytoskeleton is atered, due to malignant transformations [66], [154], [12] and
consequently so are their mechanical properties. Hence, this study investigates the

validity of using the cell’s structural response as a marker of malignant changes.

The uniqueness of thiswork liesin its breadth - bringing together many var-
ied fields to gain an understanding of the mechanical properties of biological cells.
Our study begins with geometrical optics to calculate the stresses on a cell placed
between two laser beams. The structural response of the cell to such a stress is
obtained from continuum mechanics - by solving the differential equations of de-
formation analytically or numerically (using finite element methods). The observed
deformation is areflection of the unique structural propertiesof cellular biopolymer
networks, which are unrivaled by any synthetic polymer. Polymer physics lends
us thermodynamics and statistical mechanics to calculate the structural strength of
static polymer networks. But, some of these biopolymer networks, far from be-
ing static, are dynamically (transiently) crosslinked and this effect, on strength, is
understood with chemical rate kinetics. A knowledge of all these fields combined
with experimental data enables usto create a much more complete structural model
of acell than before. This makes it possible to extract structural parameters such
as the shear modulus, which can be unigue to cell types, and enables us to vali-
date our models and differentiate between different cells - for example, normal and

cancerous cells.

In order to pursue the above research goals, athorough understanding of the
key playersof cellular mechanics - the cytoskeletal polymers and the accessory pro-
teinswithin - isrequired and | start by describing their salient features [16], [111].
The cytoskeleton is made of three types of polymer filaments, called actin, micro-



tubules and intermediate filaments (Figure 1.1). Eukaryotic cells have an actin net-
work just beneath the cell membrane, and microtubules and intermediate filaments
in theinterior (Figure 1.2). Actin, a semiflexible biopolymer (persistence length /,,
= 17 pum), is made of actin protein monomers 7-9 nm in diameter. The three di-
mensional network beneath the cell membrane, called the actin cortex, has a mesh
size ranging from 50 nm to 300 nm. Microtubules are rod-like polymers (I, = 5.2
mm) made of tubulin protein subunits, which are 25 nm in diameter. They radiate
like spokes from the centrosome or microtubul e organizing center, located close to
the nucleus, and extend towards the cell membrane. Intermediate filaments have a
diameter of 8 to 12 nm, which isin between that of microtubules and actin. They
are flexible polymersin the interior of the cell. In cells such as fibroblasts, they are
colocalized with the nucleus. Intermediate filaments are made of subunits of either
keratin, vimentin, desmin (/, = 0.1-1 um) or neurofilament protein. In addition to
these three in vivo assemblies, actin bundles called stress fibers are present only in
attached cells between focal adhesion points.

The cytoskeletal filaments are crosslinked in vivo by various proteins. Actin
filaments can assemble into two main forms - a network (cortex) or bundle (stress
fibers and focal adhesion points), depending on the size of the crosslinking or
bundling protein. The main proteins which transiently crosslink actin filaments
(with a certain binding time) are «-actinin, filamin and fascin (Figure 1.3). -
actinin and filamin have at least two binding sites and crosslink different F-actin
filaments to form a 3D actin network as in Figure 1.4 (instead of a bundle as in
Figure 1.5), due to their large size. «a-actinin, found in a wide variety of cells, is
an antiparallel, rod-shaped homodimer. It is 3-4 nm wide, 30-40 nm long, and 100
KD in weight (each subunit). Non-muscle filamin or ABP-280(KD) is a homod-
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Figure 1.1: The three cytoskeletal polymers - actin (Ieft), microtubules (center) and
intermediate filaments (right) - taken from [89]. The cytoskeletal filamentsinteract
to create acomposite network that spanstheinterior of the cell and performs crucial
cell functions such as organelle transport, signal transduction, cell motility and cell
division.

imeric, actin-binding protein, 160 nm in length. Fascin isasmall 55 KD molecule,
with a 3.2 nm hydrodynamic radius, that binds actin filaments into bundles. Arp
proteins (actin related proteins), which crosslink actin filaments and form branched
networks at a fixed angle of 70°, are found only at the leading edge of motile cells
[134]. Microtubules bind to one another and to actin filaments through proteins
called MAPS (microtubule associated proteins) or MIPS (microtubule interacting
proteins). Some MAPS also connect microtubulesand intermediate filaments [145] .
Intermediate filaments bind to one another and to actin and microtubules with the
help of IFAPs (intermediate filament-associated proteins). Without the crosslinking

and binding proteinsin vivo, the network would be fluid-like [228].

In addition to the crosslinking proteinsin the cell, there are al so actin motor



Figure 1.2: In this image of an attached cell, taken from [42], different fluores-
cent markers have been used as tags for different cellular components. The main
structural components of the cell include the actin cytoskeleton (red) seen beneath
the cell membrane, the microtubules (green) - observed to radiate outward from
the microtubule organizing center towards the cell periphery - and the cell nucleus
(stained in blue). There is no staining for intermediate filamentsin thisimage.

proteins such as the myosin family and microtubule motor proteins such as dynein
and kinesin. Myosin isinvolved in cell contraction and motility by the movement
of a myosin molecule along an actin filament. Dynein and kinesin are involved in
the movement of microtubules. While some investigations conclude that myosin
strengthens actin networks [16], others conclude that it fluidizes the actin network
(Figure 1.6 [86]). Although these studies do not agree in their conclusions, they
clearly show that the motor proteins influence the mechanical properties of cells.
Other important proteinsin vivo are the actin sequestering proteins like thymosine-
beta 4 and profilin and severing proteins and capping proteins, which control length,

like Cap Z, severin and gelsolin (Table 1.1).
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Figure 1.3: The structure of four actin crosslinking proteins, taken from [2]. Each
crosslinker shown hastwo binding sites (red), in order to couple two actin filaments.
The distance between these binding sites determines whether the crosslinkers form
tight actin bundles, loosely packed bundles or actin networks.

The composite cytoskeletal polymers, including the accessory proteins, de-
termine the structural response of a eukaryotic cell. In this dissertation, | have
constructed amodel of aeukaryotic cell, by taking into account the geometry of the
cell, the architecture of the cytoskel eton (seen from micrographs taken in our group
and other groups studying the cytoskeleton) as well as the polymer properties of
the cytoskeleton. Before describing my model and the cell deformation experiment
that motivated it, | discuss the existing deformation experiments, their models and
the missing piece in these models.

1.2 Some Cell Elasticity Experiments, Their Model Adjuncts
and the Missing Piece

Many ingenious experiments have been devised to apply a known force or
stress to aeukaryotic cell and measure its deformation - these include the cell poker
[232], atomic force microscopy (AFM) [117], microplate manipulation [196], mag-
netic bead microrheometry [10], [11] and micropipette aspiration [96]. While some
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Figure 1.4: The structure of the three dimensional gel-like network formed by the
actin crosslinking protein filamin, taken from [2]. &) Filamin is a homodimeric
protein, 160 nm in length. Hence, it is very flexible and can tether two actin fila-
ments even at large angles. b) An actin mesh or network crosslinked by filamin is
structurally strong.

of these techniques deform local regions of the cell (local deformation techniques)
and extract structural properties, others deform the whole cell (global deformation
techniques). The cell poker and AFM are similar deformation techniques on at-
tached cells, where a hard indentor is used to apply alocal force to probe the cell
and measureits deformation. In the whole cell deformation technigque of microplate
manipulation, a spherical cell is seized between arigid glass plate at the bottom and
a flexible glass plate at the top, which acts as a force sensor. The deformation of
the cell is then measured by subjecting it to various controlled forces, such as a
step force or a sinusoidal force of a certain frequency. The viscoelastic properties
of cells can be obtained in the magnetic bead microrheometry technique from the
local deformation response of attached magnetic beads to force pulses. The mi-
cropipette aspiration of cells involves applying a known local pressure to suck a

cell into a pipette and measuring the resulting extension into the pipette.
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Figure 1.5: The structure of actin filaments bridged by the actin crosslinking protein
fascin, taken from [111]. Fascinisashort, stiff crosslinker that binds actin filaments
into aparalel alignment - atightly packed bundle.

Suitable accompanying models have been created to analyze the experimen-
tal deformation of eukaryotic cells and extract structural parameters, such as the
shear modulus and viscosity (Table 1.2 and Appendix B.4). Thetable also includes
models for red blood cells (which are not eukaryotic cells, as they have only a pe-
ripheral 2D spectrin cytoskeleton and no interior structure or nucleus), since the
next chapter discusses and compares our smple red blood cell model with these
other models. However, our interest liesin eukaryotic cellsand their models. These
range from a simple continuum mechanics model for the micropipette aspiration
of neutrophils [28] to open-cell foam networks and prestressed cable net models
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Figure 1.6: Rheology results from actin and actin-myosin networks (36 ;M actin,
0.14 M myosin), taken from [86]. G’, the storage modulus, measures the elastic
strength of the network, while G”, the loss modulus, measures the viscous com-
ponent. The modulus G’ is lower for the myosin-actin network than for the actin
network alone. Hence, the addition of myosin fluidizes the actin network.

[182], which explore the connection between deformability and internal cellular
structure (Appendix B.4 explains how some of these models link the two proper-
ties). The cell poker experiment mentioned earlier relates the structural properties
of the cytoskeleton (modulus and viscosity) to its leukocyte data with amodel of a
hyperelastic sphere deformed by arigid indentor [232], while the AFM experiment
on fibroblasts uses a variation of the Hertz model [117] to analyze its data. The
shear modulus and viscosity of afibroblast deformed in the microplate experiment
are obtained from a 3-element micromechanical model [196]. In the magnetic mi-
crorheometry experiment of Bausch et al. [10], the displacement of the magnetic
beads, along with the model of the fibroblast cell as an elastic plate coupled to a



fixed viscoelastic layer, yields a bulk shear modulus. The micropipette experiment
models a chondrocyte as an elastic, homogeneous half space, subjected to an ax-
isymmetric force by the micropipette, in order to associate Young's modulus and
aspirated length [96].

The shear modulus and viscosity extracted from the different experiments
vary due to the assumptions inherent in the model, to suit the experimental condi-
tions. Also, the continuum models used are macroscopic in nature - they extract one
shear modulus for the whole cell from experiment and hence do not consider the
underlying microscopic polymer physics of the cytoskeleton. Thisis precisely the
missing piece or gap this thesis aimsto bridge - to explain how the strength of the
cell extracted from the models can be accounted for by strength of the individual
cytoskeletal polymer assemblies and then their interactions. Before discussing our
structural model based on the polymer networks, | discuss what is already known
about the strength of these polymer networks.

1.3 Polymer Networks

There have been in vitro experimental studies [92], [214] on the struc-
tural response of the individual cytoskeletal polymer networks, which compare the
stress-strain relations and the strain and frequency dependence of the shear mod-
ulus of the different polymer networks. Rheology, a common experimental tech-
nigue to study the structural properties of in vitro reconstituted polymer networks,
isthe easiest and first way to understanding cellular mechanics - the strength of in
vivo networks is hard to measure experimentally. The rheology experiments on the
different cytoskeletal networks, shown in Figure 1.7, reveal that the structural prop-
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erties of the individual networks seem well suited to their function and location in
the cell. Crucial cell functions that actin and microtubules are involved in include
cell motility and cell division respectively, while intermediate filaments maintain
cell shape. The peripheral actin cortex has a high shear modulus, which enables it
to withstand stresses from the outside, while the interior intermediate filament net-
work has alower shear modulus at low strains[92]. Microtubules are stiff and have
amuch higher shear modulusthan actin, dueto their large persistence length. These
in vitro studies on the individual cytoskeletal networks have also determined that a
composite network possesses structural properties that cannot be achieved by the
individual polymers alone [92]. Therefore, a higher level of complexity in model-
ing is attained by studying cytoskeletal interactions and the role and contribution of
individual cytoskeletal components in determining the overall structural response
of the cell. Classical concepts in polymer physics do not elucidate how al these
filaments, together with various proteins, give the cell its structural strength [113]
- the deformation results from the whole cell experiments have not been related to
the polymer properties of the cytoskeleton.

The rheology experiments yield a value for the structural strength of the
polymer networks, which is now discussed. Rheology can be performed by either a
stress relaxation or an oscillatory shear experiment. A stress relaxation experiment
consists of subjecting the polymer sample to a constant initial strain and observing
the stress relax as a function of time. From this data, the shear modulus of the
polymer as afunction of time, G(t), isobtained. In an oscillatory shear experiment,
the sample is subjected to a constant amplitude sinusoidal shear, which yields data
to calculate the complex shear modulus as a function of frequency, G(w). The
two shear moduli G(¢) and G(w) are Fourier transforms of each other. Further,

G(w) can be decomposed into an elastic component G’ (storage modulus) and a
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Figure 1.7: Stress-strain characteristics for the different cytoskeletal elements
(actin, microtubules and vimentin) from rheology experiments, taken from [92].
Actin has a high shear modulus at low strains, while intermediate filaments play a
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structural role only at much higher strains.

viscous component G (loss modulus). Whether represented as a function of time
or frequency, the shear modulus GG of apolymer network is not constant. It displays
a viscoelastic behavior instead of a simple elastic behavior, which means that the
shear stress o, applied to the network isrelated to the shear strain e,y by the

relation
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d shear . . . ..
Oshear = / G(t—1t) Csh ( )dt (valid for linear wviscoelasticity). (1.1)

However, a network may display a constant shear modulus (plateau shear modulus)
or elastic characteristics over a certain time or frequency range. An in vitro actin
network behaves elastically at low frequencies (between 0.02 and 100 Hz) and our
further studies that assume the actin network is elastic are carried out in such a

regime.

Rheology experiments have been performed on both uncrosslinked as well
as crosslinked actin networks [90], [91], [92], [93], [94], [98], [86], [164], [81],
[133], [193], [171], [236], [55], [114], [140Q], [141], [163], [204], [225], [227],
[229], [121], [54]; theories have a so been devel oped to explain the structural prop-
erties of in vitro tightly entangled, uncrosslinked and crosslinked actin networks
[116],[128],[129],[113],[114]. Actinrheology experiments haveyielded aplateau
shear modulus (low frequency behavior between 0.02 and 100 Hz) ranging from
0.1-0.2 N/m? (or Pa) [133] to 0.2-2 Pa[209] for a 1 mg/ml uncrosslinked solution.
Joint rheology experiments on uncrosslinked networks from the labs of Janmey and
Pollard [224] have shown that a1 mg/ml solution of freshly purified actin, 6 ym in
mean length, has a plateau modulus of ~ 0.5 Pa, as shown in Figure 1.8. The cor-
responding theoretical prediction for a1 mg/ml uncrosslinked network, 4.25 pim in
length, is 0.1 Pa[129]. While both experiment and theory predict a high frequency
behavior (> 200 Hz) of G(w) o (iw)3/*, they differ in magnitude by a factor of
4 [129], [114]. Rheology experiments have also been performed on an actin net-
work crosslinked with a-actinin or filamin, and the modulus value measured is

higher than that of an actin network alone and depends strongly on the crosslinker
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concentration used (Table 1.3). Microtubule and intermediate filament rheology ex-
periments [165], [214] have been performed, although much less extensively than

actin rheology.
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Figure 1.8: Rheology to find the shear modulus G’ of a freshly prepared actin so-
lution (black circle), taken from [224]. The rheological properties change with an
increase in the storage time of the actin solution (open circles and black squares)

Although, the rheology of in vitro polymer networks is the first step to un-
derstanding cellular mechanics, there are important differences between them and
invivo networks. For example, the filamentsin actin rheology are typically polydis-
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perse in length - between 2-70 pm [113], 1 mg/ml in concentration and immersed
in an artificial cytosol-like environment. The in vivo cortex, in contrast, is made
of short filaments - between 0.1 and 3 pm, 5-10 mg/ml in concentration and is a
transiently crosslinked, dynamic actin network. One example of dynamic behavior
observed in vivo is treadmilling - the process by which actin filaments polymerize
at the positive end and depolymerize at the negative end, at a constant rate. Also,
the reconstituted actin networks show a phase transition, at physiological concen-
trations, to the nematic phase, while the in vivo actin cortex of suspended cells
seems to be fairly isotropic. However, the extent of the plateau shear modulus (in
frequency space) and its transition to a frequency dependent behavior in the high
frequency internal dynamicsregime are observed to bethe sameininvitro actin net-
works, artificial cells (actin coated vesicles) [79] and eukaryotic cells (fibroblasts)
[117], which demonstrates the importance of actin in cytoskeletal response.

A way to study the strength of in vivo networks, although not quantitatively
precise, is the use of cytoskeletal drugs. Drugs that affect individual cytoskeletal
components are employed, to get an insight into each network’s contribution to
the cell’s structural response. The use of cytochalasinsand latraculin, to disrupt the
actin network, resultsin amarked decreasein cell strength [162], [213], [230] which
again indicates that actin is a key player in cytoskeletal mechanics. Disrupting
microtubules with depolymerizing drugs seems to have a much smaller effect on
the structural response [162], [213]. Recently, an in vivo experimental estimate
for the shear modulus has been obtained in the perinuclear and lamellar regions of
COS7 epithelia cells, by analyzing the Brownian motion of endogenous particles
in these areas [230]. This study shows that the strength of the in vivo actin network

is necessary but not sufficient to explain lamellar mechanics.
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Since actin is considered to be the main player [187], [166], [35] out of the
three in vivo polymers, our cell model, described below, starts with incorporating
the actin network. However, we use models of increasing complexity, by starting
with actin and successively adding the other cytoskeletal polymers, whose strengths
are based on theoretical estimates. Our fina model includes the actin cortex, the

rod-like microtubules and the nucleus.

1.4 Our Structural Model for a Eukaryotic Cell

Our structural model for acell, motivated by our cell deformation technique
called the optical stretcher - explained in detail in Chapter 2, is developed to study
and utilize the differences in the cytoskeletal polymers of normal and cancer cells,
to detect malignant changes. Initially, a thick (hollow) shell model has been con-
structed for a cell with a predominant actin cortex. The spoke-like microtubules
are then included in our model, to observe how they strengthen the structure and
affect the structural response. Intermediate filaments play arole at large deforma-
tions [214] and have not been considered in our model. The nucleus of the cell, a
fairly spherical object of Young's modulus ~ 1000 Pa [72], has also been finally
included in our structural model. A preliminary understanding of the strength of
stress fibers or actin bundles is gained by modeling an isotropic network of actin
filaments and bundles and estimating its strength. The contribution of different cy-
toskeletal filament interactions to structural strength has not been studied in this

thesis.

Our study of actin estimates the structural strength of the cortex by using

isotropic actin network models with physiologically relevant parameters, such as
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actin and crosslinker concentrations and filament length. Thisis an approximation
to the cortex, which can show local inhomogeneity and anisotropy, but since there
is no direct method to determine the cortex’s strength, thisis our starting point to
quantify it. To find the contribution of actin to cell strength, the shear modulus of
cellsis compared with our calculated shear modulus of a permanently crosslinked
actin network of cellular concentration. For ahomogeneous, actin network through
the entire cell, the modulus obtained is much lower than the shear modulus of fi-
broblasts, epithelial cells, macrophages etc. (Table 1.2). Soft cells such as neu-
trophils have a much smaller shear modulus and may be explained by this calcu-
lation. However, if a high ‘effective’ concentration of both the in vivo actin and
crosslinking proteins is achieved due to localization into a cortex, the calculated
shear modulus of the network is high even for a transiently crosslinked network,
and can explain the observed in vivo moduli of fibroblasts and other cells. Thus,
our theoretical study shows that the spatial distribution and transient crosslinking
of actin crosslinking proteins enable cells to change the structural strength of actin
networks over awiderange, from fluid-like to solid behavior, without using capping
or severing proteins to depolymerize actin.

Our cell model has been used to investigate how the sensitivity of structural
parameters to changes in the cytoskeletal networks' properties can be used asanin-
dicator of disease. The cytoskeleton is a dynamic material, whose architecture and
structural composition reflect cell function. The cytoskeleton of cancer cells indi-
cates their state of malignancy - cancer cells have a much lower actin content than
normal cells (~ 35 percent lower) [66], [9], [185]. Polymer models of crosslinked
actin networks have shown that the network’s shear modulus has a nonlinear de-
pendence on the actin concentration (shear modulus ~ (concentration)??) [113].

By assuming the same concentration-modulus relation for the in vivo cortex, our
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model predicts that the deformation of the cell will show the same sensitive depen-
dence on the cortex’s actin concentration - hence, the structural response can be
used to distinguish non-cancerous and cancerous cells. There has been previous ex-
perimental evidence for differentiating cell types from the micropipette aspiration
of non-cancerous and cancerous white blood cells[144] as well as the micropipette
aspiration of apanel of nontransformed and malignantly transformed rat fibroblasts
[216]. The experiments and model by Paulitschke et al. [144] find that the elastic
rigidity of white blood cellsin the resting phase from chronic myeloid leukemic pa-
tientsis much lower than that from healthy donors. Ward et a. [216] report that the
structural parameters extracted from their transformed cell data are approximately
fifty percent lower than those extracted from their nontransformed cell data and
conclude that there exists adirect correlation between an increase in deformability
and the progression of tumorigenecity. Recent experiments have been performed
to deform normal and cancerous fibroblasts with the optical stretcher [169], [221]
and the viscoelastic parameters extracted from the data point to a difference in the
structural response of normal and cancerousfibroblasts. In summary, our model and
experiments suggest that the structural response of cancer cellsis agood parameter
to characterize them.

18



Table 1.1: Concentration of Key Actin Proteinsin Certain Cells, taken from [151].
Only apart of thetotal actin in the cell isin the polymerized form due to the action
of sequestering proteins such as Thymosin 5-4 and Profilin

Protein Acanth- | Dictyo- | Neutro- | Xeno- | Plate- S.
concentration | amoeba | stellium | phil? pus let! | cerevisiae
(M) egy
extract
Polymerized 100 90 100 4 330 2
actin
Unpoly- 100 160 300 12 220 0.01
merized actin
Profilin 100 5 present
Thymosin 5-4 | absent | absent 20 550 absent
ADF/Cofilin 20 <100 3 30 present
Arp2/3 2-4 present 10 9 present
Complex
Capping 1 1 1-2 5 1
protein
Gelsolin absent 5
a-actinin 4 3
Filamin absent 6
ABP 120 absent 6

! The data for the neutrophil and platelet cells are reported for the unactivated state.

2. The actin concentration in fibroblasts is estimated to be 8.4-11.3 mg/ml. This
range is obtained with a knowledge of the concentration of unpolymerized actin in
fibroblasts [135] and the ratio of unpolymerized to polymerized actin in these cells
[23].

19



Table 1.2: Cell Deformation Techniques, Structural Parameters Extracted and the
Model Adjunct. The structural parameters extracted depend on the experimental
technique, cell type and the model adjunct

Technique Cell Rheological Model | Refe-
Type Constant Adjunct | rence
AFM Fibroblast G'=300 Hertz | [117]
G’=200
Fibroblast E=1.2 10* Hertz | [161]
stable edge
E<(3000-5000)
leading edge
Platelet | E=(1 — 50) 10° | Hertz | [152]
Epithelial E=7500-9700 Hertz | [109]
Normal cell
E=300-1000
Cancer cell
Endothelial | E=1300-7200 Hertz | [122]
Rat liver E=100-1000 Hertz | [160]
Macrophage

1. E=Young's Modulus, V= Viscosity, G= Shear Modulus, K1 = Bulk Modulus, K

= Bending modulus G’, G"= Storage and Loss modulus. G =

Poisson’sratio.

E .
m, Where VIS

2.E,G,G and G” arein N/m? or Pa, and V isin Pa.s unless specified.
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Table 1.2 Continued

Technique Cdl Rheological Model Refe-
Type Constant Adjunct rence
Micropipette | Chondrocyte E=650 Finite [96]
Aspiration Element
Endothelial E=400 Infinite [194]
Homogeneous
Half Space
Platelet E=170 Endothelial [73]
VV=1000 Type
Leukocyte E=0.75-23.8 3 Element [190]
Mechanical
Hair Cell E=154103 Elastic Shell | [177]
Theory
Neutrophil G=36 uN/m Liquid [110]
V=150 Ns/m Drop
Red blood | G=510"2 mN/m Shell [37]
Cdl K1=500 mN/m Theory
K=10" Nm
Whole Cdll Dictyostellium G'=200 Direct [34]
Rheometry G"=20 M easurement
Wild type
G'=100
No a-actinin
Magnetic Fibroblast G=10* 4 Element [10]
Bead V=10? Mechanical
Micro - Macrophage G=343 4 Element [11]
Rheometry V=210 Mechanical
Bead Fibroblast E=1700 Kelvin-Voigt | [153]
Microrheology V=410°

1. E=Young's Modulus, V= Viscosity, G= Shear Modulus, K1 = Bulk Modulus, K

= Bending modulus G’, G”= Storage and Loss modulus. G = m—ffﬂj) where v is

Poisson’sratio.

2.E,G,G and G” arein N/m? or Pa, and V isin Pa.s unless specified.
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Table 1.2 Continued

Technique Cdl Rheological Model Refe-
Type Constant Adjunct rence
Laser Tracking | Epithelia G =72 Direct [230]
Microrheology Cdl G"=38.2 M easurement
Microplates Fibroblast E=1000 3 Element [196]
Vv=10* Mechanical
Cell Poker Neutrophil G=118 Secant [232]
Lymphocyte G=291
Tensegrity Adhered E=18-92 Six Strut [87]
Model Cdll Tensegrity [182]
Electric Field | Red Blood G=410"°N/m | Elastic Theory | [97]
Deformation Cell V=4 10"7 Ng/m of Shells
Red Blood | G=6.1 10=° N/m | Elastic Theory | [36]
Cell V=3.410"" Ngm of Shells
Optical Red Blood | G=1.310~° N/m Thin Shell [68]
Stretcher Cdl Theory
Optical Red Blood | G=2.510"%N/m | Elastic Shell [80]
Tweezer Cdl Theory
Red Blood G=210"* N/m Elastic Shell | [178]
Cdl Theory
Flicker RedBlood | K=410"' Nm Flicker [189]
Spectroscopy Cdl Eigenmode
Decomposition
RedBlood | K=21073" Nm Flicker [238]
Cdl Eigenmode
Decomposition
RedBlood | K=510"2" Nm Flicker [14]
Cdll Eigenmode
Decomposition

1. E=Young's Modulus, V= Viscosity, G= Shear Modulus, K1 = Bulk Modulus, K

= Bending modulus G’, G”’= Storage and Loss modulus. G = -2

Poisson’sratio.

2.E,G,G and G” arein N/m? or Pa, and V isin Pa.s unless specified.
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Table 1.3: Rheological Data from Crosslinked Actin Networks. The rheological
constants measured depend on both the actin and crosslinker concentrations and

the filament length

Crosslinker(CL): Amoeba-a-actinin

Pactin | ACtIN | por, Rheol ogical Frequency | Temp | Refe-
uM | Length | uM Constant Hz °C' | rence
pm N/m?
15 0.1 G*=0.15 310 25 | [208]
G*=0.3 19 101 25
15 0.3 G*=10 101 25 | [209]
G*=30 1 25
24 16 G'=4.7-100 1073 -1 25 | [137]
G"=0.06284-0.1987
24 20 1.8 G*=4 1.610%—-1.6| 23 |[140]
2.4 G*=6-20 1.61072 - 1.6 23
Crosslinker(CL): Chicken-a-actinin
Pactin | ACtiN | por, | Rheological Frequency | Temp | Refe-
uM | Length | uM | Constant Hz °C" | rence
pum N/m?
15 0.1 G*=5 3107 25 | [208]
G*=45 19 10!t 25
15 0.3 G*=3 107! 25 | [209]
G*=3 1 25
15 003 | G*=2-3 1071 -1 25 | [225]
G*=4-5 1004 -1 15
24 | 10-15 | 048 | G(t)=2-10 |t=0.01-10sec | 25 | [229]
G(t)=4-10 | t=0.1-100sec | 15
1-3 % strain

1. G(t)= Relaxationa Shear Modulus, G', G”=Storage and Loss modulus, G*

(G12 + GHZ)

2. 1 mg/ml of actin =24 M
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Table 1.3 continued

Crosslinker(CL) Actin Binding Protein (ABP)

pactin | ACtin | pcor | Rheological | Frequency | Temp | Refe-
uM | Length | uM Constant Hz °C' | rence
pum N/m?

96 | 15-25]0.768 G'=25 3102 [233]
384 0.28 G'=20 1072 —-10% | 20 | [137]
G'=0.7-5
10 5-6 | 0.033 G'=0.3 1 [64]
G'=1
0.1 G'=0.6 1
"=1.2
0.2 G=10 1
"=15

1. G(t)= Relaxationa Shear Modulus, G', G”=Storage and Loss modulus, G*

(G + G?)

2. 1 mg/ml of actin =24 M

24




Chapter 2

Red Blood Cellsin the Optical Stretcher

2.1 Modesfor Red Blood Cells

Our initial modeling and experimental work on cells has been carried out
on red blood cells, due to the ssimplicity of their structure. This chapter details
the experimental technique and accompanying model developed by us to study the
structural propertiesof red blood cells. Their mechanical properties have been char-
acterized extensively in the literature, both theoretically and experimentally. The
main experimental techniques that have been developed to study these properties
are osmotic swelling [48], fluid shear deformation [82], micropipette suction [156],
electric field deformation [36] and optical tweezers [80], [178].

All the above experiments involve applying aforce or stress to the cell and
using the resulting deformation of the cell to obtain information on its structural
properties. The easiest method to apply stress on a red blood cell without any in-
strument is by osmotically swelling it in a hypotonic solution [48]. A balance is
then established between the osmotic pressure, elastic stresses in the cell mem-
brane and surface tension. Another way isto stretch cells by adhering them to the
surface of aflow channel and applying a fluid shear stress[82]. A simple and in-
genious instrument to deform cells, devised a long time ago but still in standard

use, isthe micropipette [156]. Micropipette aspiration involves applying a pressure
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differential across the pipette, to suck a part of the cell into it. More recently, a
high frequency electric field has also be used to deform red blood cells [36]. A
much more recent development to study red blood cellsisthe optical tweezer [80],
[178]. The optical tweezer set up to stretch a red blood cell uses a double beam
trap (two focused laser beams) to hold and deform the cell by applying forces to
silica beads attached to its membrane. Finally, there is a technique to characterize
red blood cells structurally without the application of a stress, which is based on a
phenomenon detected in them quite some time ago [14]. Red blood cells exhibit a
flicker (brownian motion), whose measurement at a minimum of two points on the

cell membraneis correlated to calculate structural properties.

To analyze the data and extract structural parameters such as the shear mod-
ulus, these experiments have been accompanied by theoretical and modeling work.
Simple continuum models - where the cell is modeled as a continuum structure
as opposed to a discrete structure with various components - exist to interpret the
deformation of blood cells using the micropipette technique [37]; Evans [37] has
developed equations to describe the local deformation of the cell, as it gets aspi-
rated into the circular head of the pipette. The models used to extract structural

parameters from other techniques are discussed in detail in Appendix A.1.

Many of the deformation techniques discussed above are invasive - the very
act of measurement could change the observed response and structural parameters
extracted. For instance, both the micropipette and the tweezer apply high local
stresses on the cell to deform it, and this affects the linear modulus extracted from
data. Also, the widely accepted micropipette technique and the tweezer method,
which stretch a single cell at a time, are slow measurement processes. So, a hew

method of deforming red blood cells and other cells has been devel oped by us, and
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a different accompanying model created to analyze the structural properties of a
cell subjected to a radiation force on the entire cell. Our set up called the optical
stretcher (Figure 2.1) uses two counter-propagating divergent laser beams to trap
and stretch individual suspended cells placed between them [68], [69]. Thisisa
non-invasive technique, where alarge number of cells can be deformed per hour by
flowing them at a constant rate through a microfluidic channel placed between the
two laser beams. Also, due to the low energy density of the unfocused beams, cells
can be deformed without damage even at high laser powers (200 mW for red blood
cells). Hence, the stretcher is a versatile tool to study the mechanical properties of
cells.

2.2 Modeling Red Blood Cellsin the Optical Stretcher

At first, the fact that a cell gets stretched, and not squeezed, in the optical
stretcher set up seems counter-intuitive. However, the phenomenon of stretching
can be understood once the cell surface stressis determined using geometrical op-
tics. Thisisdone by employing the principle of momentum conservation and cal cu-
lating the momentum transfer to the cell at each point on its surface, due to a light
ray hitting it from each of the two laser beams (the rays from the laser are consid-
ered parallel and only a single reflection at each surface istaken into account). This
calculation, shown in detail in Appendix A.2, proves that the total force on the cell
at every point is outward and normal to the surface [68], [69].

With the aim of validating the cal cul ated stress profile, amodel for red blood
cells deforming in the stretcher has been created. Red blood cells lack a complex

internal structure such as a 3-D cytoskeleton and a nucleus, unlike eukaryotic cells.
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Figure 2.1: Schematic figure of the optical stretcher set up, showing a cell being
deformed by two counter propagating and divergent laser beams

They have a simple structure of a homogeneous liquid interior surrounded by a
thin 2-D cytoskeletal network beneath the plasma membrane. This network, called
spectrin, isthe main structural element of red blood cells. Theratio of the cell radius
to membrane thickness of ared blood cell isapproximately 100. Thered blood cells
are swollen osmotically into a perfect spherical shape for the experimental study.
Due to the above properties, the red blood cell has been modeled by us as a thin
shell (spherical membrane). The linear membrane theory of shells [124] applies
to athin isotropic shell with Young's modulus E, Poisson’s ratio » and thickness
to radius ratio smaller than % Also, in athin shell, there are no normal stresses
and the bending forces are negligible compared to the stretching (membrane) forces
(Appendix A.3). With these assumptions, membrane theory can be used to calculate
the stresses and displacements in a spherical shell under a given state of loading.
Linear theory is used to analyze the structural response of red blood cells, as high
stress |levels are not reached in the experiment (%2 < 2.5 . 107 < 1072 [102]).

The stress acting on the cell, deforming in the stretcher, is rotationally sym-
metric about the laser axis and is perpendicular to the surface of the cell. Figure
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Figure 2.2: Typical stress profile for a red blood cell in the stretcher (laser beams
along z axis) when the half-width of the laser beam at the cell and the cell radiusare
approximately equal. The calculated surface stress on the cell (arrows) is outward
and normal

2.2 shows a typical surface stress profile for a red blood cell. This polar plot is
the functional form closest to our calculation from ray optics - o, = a4 cos*(¢),
where o, isthe radia stress, o, the peak stress along the z-axis and ¢ is the po-
lar angle ([68], Figure 3). Figure 2.3 shows a blood cell deforming in the optical
stretcher beam geometry. The radial displacement resulting in the cell due to the
stressis measured as the laser power isincreased. Cell stretching is observed using
amicroscope; the images of the unstretched and stretched cell are stored in a com-
puter and the stretching of the membrane can be calculated using a fit program on
the images [68]. This experimental result for deformation is then compared with
the prediction from membrane theory, which is described below. Figure 2.4 is a
graphical depiction for ~ 50 cells of the correlation between the experimental and
calculated values of therelative radia displacement in the cell along the beam axis
and perpendicular toit, as afunction of the peak stress (which isrelated to the laser

power). The deformations are plotted for E.h = 3.9 . 10°° Nm ! (Young's mod-
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Figure 2.3: A red blood cell deforming in the optical stretcher beam geometry at
laser powers of 49, 78.5 and 112.5 mW (Courtesy J. Guck). The deformed cell
shapeisdliptical

ulus.Thickness of membrane) and a Poisson’s ratio of 0.5 (the spectrin network is
assumed to be incompressible). The good correl ation between experiment and the-
ory suggests that the red blood cell satisfies the assumptions of athin shell and can

be modeled as a spherical membrane.

The problem of modeling red blood cells as a membrane and calculating
deformations, which can be compared to experiment, lendsitself naturally to spher-
ical coordinates - any point on the spherical membrane is characterized by r, the
distance to the point from the center, ¢, the polar angle and ¢, the azimuthal angle
(Figure A.7, Appendix A.4.). In the case of an non-axisymmetric load on a spher-
ical membrane, there are three displacements: the radial displacement w along the
radial direction, the meridiona displacement v along the polar direction and the
hoop displacement u, along the azimuthal direction. However, for an axisymmetric
loading (about the z axis), only the meridional and radial displacements exist and
they depend on the polar angle ¢ only. From membrane theory, v and w are shown
to be as follows (Appendix A.4).

v(¢) = ﬁ(u,, + A)sing (2.1)
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Figure 2.4: Correlation in radial displacement between experiment and theory of a
cell in the stretcher. The dark lines are the prediction for radial displacement from
linear membrane theory while the dots and squares are experimental data points
[68]. At high laser powers (350 mW), linear membrane theory does not explain the
data

P
w(g) = Eih[vp cosp — (1 + V)W;QS + p o, + A cosd] (2.2
where
1 2 P,
vy = / gl Vo or —Sm;qs)]dqﬁ 2.3)
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¢
P = / o, siny cosy dip (2.4)
0

and o, istheradia stress, p, the radius of the membrane, 5, the shell thickness, F,
Young's modulus and v is the Poisson’sratio.

For the stress distribution, o, = o, cos?¢, acting on ared blood cell trapped
in the stretcher,

v(p) = pEU}S [(1 l/) cos¢ singl (2.5)
and
plog, 1 +v 9 I1+v
w(6) = (Y 4 1)eosts - ) 26)

The constant A in the equations for meridional and radial displacement is evaluated
by using the appropriate boundary conditions: v = 0 a ¢ = 7 for rotationaly
symmetric loading. The equations for the radial and meridional deformation are
now complete. However, only the radial deformation observed experimentally is
compared with membrane theory calculations. The meridional displacement cannot

be measured experimentally in any easy way.

2.3 Shear Modulus Values Extracted from Different Red Blood
Cell Experiments

The shear modulus extracted for red blood cells from the optical stretcher

experiment is 1.3 . 105 N/m. The commonly used micropipette technique mea-
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sures shear moduli valuesin therange 6 — 9 . 10~% N/m [83]. Two different exper-
iments on red blood cells with tweezers obtain very different values for modulus.
Henon et al. [80] report avaueintherangeof 2.1—2.9. 10~ N/m for both discotic
and osmotically-swollen cells, while Sleep et al. [178] report 2 . 10—+ N/m, which
isafactor of hundred higher than Henon’'s value. Electric field deformation of cells
yields a shear modulus of 4 . 1075 N/m [97]. Possible reasons for the variation in
the values measured from different experiments are discussed in the next section.

24 Summary and Implications

This chapter has discussed modeling red blood cellsin the optical stretcher
- asathin shell. The thin shell model has been used to calibrate the stretcher and
extract the shear modulus of red blood cells from experiment. The shear modu-
lus extracted by usfor red blood cellsis compared with that from other experiments
and isespecially close to the highest value extracted from micropipette experiments
[83], the accepted standard in cell deformation. However, thereis avariation in the
modulus values extracted from different red blood cell experiments [5]. This may
be partly due to the different stress state of the cell in each experiment, from a high
local stress in the micropipette experiment and a point force in the tweezer experi-
ment to a more uniform stress in the optical stretcher experiment. Although a point
force is applied at the poles in the tweezer experiment by Henon et al. [80], their
data are taken at polar angle 90°, where the deformations are small and likely to be
in the linear regime. Hence, they suggest that the shear modulus from micropipette
experiments is higher than their value because high local stresses applied by the
micropipette could place the cell in the nonlinear regime. However, the modulus

from the tweezer experiment by Sleep et a. [178] is ten times higher than that
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from micropipette experiments. This result is ascribed by them to the fact that the
micropipette can pull hard enough on the cell to decouple the red blood cell mem-
brane - a measurement of the modulus of the membrane can yield avery low value,
as compared to that of the spectrin polymer network below. From strain hardening
arguments and the stress state of the cell, it may be concluded that the modulusfrom
the stretcher experiment should be the lowest, followed by the tweezer and then the
micropipette. Since the datado not show thistrend, simple arguments such as strain
hardening alone cannot be used to explain the variation in modulus extracted from
different experiments. Other factors such as dynamic cross-linking, complex non-
linearity, internal architecture adaptation, and additional internal ”support”, such
as from actomyosin complexes in network repair, may also play an important role
[26]. For instance, recent atomic force microscopy results for the force-extension
curve of a single spectrin chain reveal its complex nonlinear behavior - the curve
shows an axisymmetric saw tooth pattern, due to the periodic occurrence of a peak
and then a drop in the extension force as the chain elongates. These molecular ef-
fects, including the unfolding of spectrin and the role of the myosin motor proteins
in the spectrin cytoskeleton, are yet to be incorporated in a mechanical model for
red blood cell elasticity [26].

The next chapter deals with modeling eukaryotic cells which have a much
more complex internal cytoskeletal structure than red blood cells - they too exhibit
avariation in the modulus extracted from different experimental techniques for the
same cell type (Table 1.2). However, our experience gained in modeling red blood
cellsis used to create as comprehensive and complete a model as possible for eu-

karyotic cells.
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Chapter 3

Thick Shell Model for a Eukaryotic Cell Deformingin
the Stretcher

3.1 Modeing Eukaryotic Cells

The cytoskeleton of eukaryotic cells spans their whole interior and deter-
mines their structural response. The aim of our study is to understand how the
cell’s structural response can be related to the microscopic polymer properties of
the cytoskeleton. This will enable a quantitative explanation of the stress applied

versus deformation curves observed from our cell deformation experiment.

A modeling framework has been created by us, in order to probe the struc-
tural propertiesof eukaryotic cellsin depth. The previous chapter discussesasimple
thin shell or membrane model created by us for red blood cells [68], [69]. How-
ever, adifferent model is required to account for the extensive 3D cytoskeleton of
eukaryotic cells. So, this chapter discusses a more complex 3D thick shell contin-
uum mechanics model for spherical eukaryotic cellsin suspension, suitablefor cells
deformed in the optical stretcher set up. The present study is concerned with the
structural response of acell only to an external stress(passive elasticity or viscoelas-
ticity) and not to any intracellularly generated force (active response) as discussed
in[196].
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The main assumption of this chapter is that the semiflexible actin polymer
network beneath the cell membrane plays a key role in determining the structural
response of the cell [187], [166], [35], [162], [213]. Therefore, our model is de-
signed for the deformation of a cell in which the actin cortex predominates. This
has been observed in fluorescence images of cancer cells where the actin cortex is
seen as a much thinner ring than in normal cells (Figure 3.1), while the interior
seems to be negligible. The actin cytoskeleton in cancer cellsis altered [154], [12]
and the total actin content is lower than in normal cells [66], [9], [185], [99]. So,
these cells present us with an opportunity to study the actin network in isolation and
to estimate the effect of malignant changes on the structural response of cells. By
modeling the actin cortex as a shell, this chapter performs a parameter study, to un-
derstand the effect of a variation in shell thickness and in actin concentration of the
cortex on the deformation of the shell. Our shell model predicts that the structural
response of the cell amplifies changes in the actin concentration and is a sensitive

parameter to distinguish normal and cancerous cells.

3.2 Modeling a Eukaryotic Cell with a Predominant Actin Cor-
tex Deforming in the Stretcher

Our model for a eukaryotic cell in the stretcher combines the geometry of
the cell with a knowledge of polymer properties from theoretical and experimental
studies, to understand how the structure and properties of cellular polymer net-
works, at amolecular level, relate to macroscopic observable quantities. Therefore,
fundamental polymer quantities such as persistence length, mesh size and filament
length are related to the observed deformation.
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Figure 3.1: Fluorescence image of the actin cortex of anormal (left) and cancerous
fibroblast (right) (Courtesy J. Guck). Image size is 15 um in both cases. The actin
cytoskeleton in cancer cells is atered and the total actin content is lower than in
normal cells

Initially, our model makes this connection by considering only one cy-
toskeletal polymer network - actin - and starts with a eukaryotic cell in which the
actin cortex is the main component and the interior is assumed negligible. A thick
shell (hollow inside) continuum model is used to model such acell and to study its
deformation to an arbitrary surface stress. The thickness of the actin cortex varies
from five percent to twenty percent of the radius of the cell (as seen in fluorescence

images taken in our group).

While the present chapter considers only the actin cortex, the interior net-
work of microtubules and intermediate filamentsis present in most cells and needs
to be considered in our further models (Chapter 5). Experimental evidence [78]
suggests that such cells can be modeled structurally as a three layered solid, with
the three layers being the outermost actin cortex, the interior network of micro-

tubules and intermediate filaments and finally the nucleus. The structural analysis
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of the thick shell model and the three layered solid model can be carried out by
reducing these problemsto the deformation of a solid sphere and a spherical cavity,
both of which are analytically tractable. The radial deformation of a thick shell
(Figure B.1, Appendix B.1.) with ahollow interior is a superposition of the radial
displacement of a solid sphere (radius o) and that of a spherical cavity (radius ry,
which is less than ) [112]. The principle of superposition can be applied, since
linear elastic theory isused throughout the analysis. Theradial deformation for any
axisymmetric stress on the shell is calculated by the method described in Appendix
B.1. and isof theform

A700 _ FG(TOaTla ¢7 V)
To G ’

(3.1)

where G is the shear modulus of the shell material and F{; is the geometric factor
that arises from the spherical geometry of the cell and the effect of the applied stress
onit. So, F; depends on the shell thicknessh (b = rq — 1, where ry and r; arethe
inner and outer shell radii respectively), the Poisson’s ratio v of the shell material
and ¢, the polar angle where it is measured. Hence, the radial deformation is the
product of a factor that contains only the material property (G) and a factor that
contains only the geometry of the cell (Fz). The exact deformation for a given
stressis obtained by eval uating the boundary conditions of the problem, namely the
radial and meridional stresses at the outer surface r, and inner surface r; of the shell

(equations shown in Appendix B.1.).
Before this section describes a parameter study of the radial deformation

AT—ZO asafunction of variablesthat the geometric factor F; and the shear modulus G

depend on (such asthe shell thickness % and the actin concentration p respectively),
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it discusses F; and the calculation of G. To calculate the effect of cell geometry
(F) on the deformation of athick shell, the surface stress acting on a cell needs
to be specified. Our calculations consider the stress acting on a cell in the optical
stretcher set up, which isrotationally symmetric about the laser axis and is perpen-
dicular to the surface of the cell [68]. The surface stress profile depends on theratio
of w, the half width of the laser beam at the cell, to p, the radius of the cell (%).
In this chapter, a structural analysis has been performed for the functional forms
closest to our calculations from ray optics for two typical stress profiles, shown in
Figure 3.2 - 0, = 0y cos’¢ (4 = L.1) and 0, = 0y |cosp|” (2 = 1.5), where
o, i1s the radial stress, oy is the peak stress along the 2 (laser) axis and ¢ is the
polar angle. In order to demonstrate the generality of our model, calculations are
also performed for a point load acting on the cell (example, tweezer experiment on
red blood cells by Henon et al. [80]) by using the stress profile o, = oy cos'%¢,
shownin Figure 3.2. Thefunctional form cos™¢ isused to fit the stress profilesfrom
ray optics calculations, due to the assumed spherical geometry of the cell and the
applied axisymmetric stress. Given any of the above surface stress profiles, the geo-
metric factor Fi; of ashell can be calculated from equations B.2 to B.4 in Appendix
B.1. by setting G = 1.

In order to calculate the structural response of an elastic, actin shell (hollow
inside) of variable thickness, subjected to the different external stresses, an under-
standing of the material property of the actin cortex (G) isalso required. The cortex,
however, displays a time dependent behavior or a viscoelastic modulus G(t). The
el astic-viscoel astic correspondence principle allows us, though, to use the deforma-
tion solution of the elastic shell to calculate the structural response of a viscoelastic
shell (Appendix B.2). If w(t), the time dependent radial displacement, is known

from the optical stretcher experiment, the shear modulus G(¢) of the actin cortex
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Figure 3.2: Different surface stress profiles on a cell in the stretcher set up depend-
ing on the ratio of half width of the laser beam at the cell, w, to the radius of the
cell, p. The stress on the cell islocalized when =<1 and its mathematical formis

approximated by high powers of cos¢ (cos'?¢ for example)
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can be extracted (Appendix B.3). Our approach here is the opposite - to estimate
G(t) from theoretical studies of the polymer physics of actin networks and then
predict w(t). A knowledge of the linear viscoelastic properties of permanently
crosslinked [113] and uncrosslinked actin networks [128], [129] enables us to es-
timate G(¢) and study the sensitivity of w(¢) to a variation in the concentration
(mesh size = (concentration)~/?) of the actin cortex. Applying isotropic actin
network models to the cortex is an approximation, but a starting point to quantify
the cortex’s strength. The implications that this assumption leads to regarding the

cortex’s strength are discussed in the next chapter.

The cortex’s strength is estimated using two models or theories, as limits
to the partially (transiently) crosslinked cortex: a tightly entangled permanently
crosslinked actin network [113] and an uncrosslinked actin network [128], [129].
The strength of a permanently crosslinked network is first considered here - it has
been determined that even a small number of crosslinks in this network leads to
a broad and high elastic plateau in the shear modulus G*(w) at low frequencies.
In the plateau region (<100 Hz), the shear modulus (plateau modulus G ) is time
independent and the network behaves exactly as an elastic solid does. Our analysis
below is concerned with the plateau regime. At frequencies greater than the plateau
region (at frequencies > 200 Hz) is the internal dynamics regime. In the internal
dynamics regime, the shear modulusis time dependent and obeys a scaling law. At
high frequencies (> 1000 Hz), the network’s structural behavior displays a viscous

or loss modulus that is much greater than the elastic or storage modulus.

The plateau modulusis cal culated using parametersthat closely match phys-
iological conditions. This polymer physics cal culation shows from thermodynamic

and scaling laws that the plateau modulus depends on the concentration of the net-
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Figure 3.3: Plateau shear modulus, G, of atightly entangled, crosslinked actin
network [113] asafunction of thetwo parametersit dependson - persistence length,
l,, and actin concentration p. Due to the nonlinear dependence of G, on p, even a
small change in p results in a significant change in G, which is reflected in the
deformation of an actin shell
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work and the persistence length of actin filaments (see Figure 3.3) and is given by

kT2
Gy = p=ti2

suming 10 mg/ml concentration of crosslinked actin, persistence length [, = 17 yum

[113], where k;, is Boltzmann's constant and 7 is temperature. As-

(typical in vivo values), entanglement length /. = 0.875 pm (calculated using /,, and
p), G, is~ 670 N/m?.

With an estimate of G, for an actin network (and a knowledge of F; for a
given stress profile), the radial displacement of athick actin shell can now be deter-
mined for any axisymmetric stress - the deformation is of the form %’5) = AT—ZO =
%. A parameter study is, then, performed to observe the effect and relative im-
portance of cell geometry (Fz which depends on the shell or cortex thickness and
the Poisson’sratio of the shell material) and of material property (G, which depends
on the actin concentration and the persistence length) on the radial deformation, for
different stress profiles. Figures 3.4 and 3.5 depict the variation in the geometric
factor F; with shell thickness and Poisson’s ratio respectively - for a thin shell
and a cos?¢ stress, F; depends inversely on shell thickness - Fg ~ (%)—1, and
weakly on the Poisson's ratio of the material - F; ~ v=%25, The change in de-
formation with shell thickness is shown as a polar plot in Figure 3.6 for the same
surface stress, while Figures 3.7 and 3.8 depict the dependence of deformation on
the concentration and persistence length respectively. These calculations help us
understand the relative contributions of the concentration p, shell thickness % and
persistence length /,, in determining the deformation of the shell. Our study shows
that, in the parameter range studied, changing the concentration by a factor of two
(AT—ZO ~ p~22) is equivalent to changing the shell thickness by a factor of four
(52 ~ (L)~ for athin shell). Varying the persistence length affects the deforma-
tion asl;1~4. However, the persistence length of actin has been measured accurately

in vitro (1,=17 pm) and may not be significantly different in vivo. Hence, of the
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given parameters, the actin concentration is the most sensitive parameter control-
ling the deformation, and varying it appears to be an important way for a cell to
regulate its structural response. The range of concentration used is determined by
the conditions for the network to be in the tightly entangled regime, bounded by the
loosaly entangled and nematic regimes [128], [27]. The effect of various applied
stresses on the cell is now analyzed in Figure 3.9, which shows the deformation
for the three stress profiles on the same plot, using typical values. For example, a
shell thickness of 5 percent, Poisson’s ratio 0.45, stress profile o = 1 cos?¢ yields
arelative radial deformation of 1 percent along the laser axis. For the same total
force (on one hemisphere), the stress profile o = cos'%¢ yields a deformation of

6.5 percent.

At frequencies higher than the plateau regime (internal dynamicsregime), if
the form of the time dependent shear modulus G/(¢) of a crosslinked actin network
is known, the elastic-viscoel astic correspondence principle can be used to find the

viscoelastic deformation of a cell with mainly the actin cortex (Appendix B.2).

An uncrosslinked actin network is our next model for the cortex. The
plateau modulus of such a network (between 0.02 and 100 Hz) is determined by
the curvature and orientational stresses in the deformed network and is given by

G, = 12l 4 3ehT [128], [129], where ] is the filament length. Figure 3.10 shows

the variation of the plateau modulus with persistence length and actin concentra-
tion. With the same parameters used for crosslinked networks, a plateau modulus
calculated for an uncrosslinked network is two magnitudes lower. For such a small
value of the plateau modulus, the linear thick shell theory predicts a very large de-
formation (30 percent relative deformation for athick shell of 20 percent thickness

subjected to a stress o = cos?¢). These large deformations are not observed in
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Figure 3.9: Relative radial displacement, 52, magnified by 10 imposed on a unit
reference sphere, for o = oy cos™(¢) on atightly entangled, crosslinked actin shell,
as afunction of polar angle, ¢, for f—o =0.1,v =0.45, p=10mg/ml and [, = 17
pm. For each stress profile, the total force on one hemisphere is the same, and the
effect of alocal versus global stress on the actin shell can be observed.
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Figure 3.10: Plateau shear modulus, GG, of atightly entangled, uncrosslinked actin
network [128], [129] as afunction of persistence length, /,,, and actin concentration
p. The modulus of the uncrosslinked network depends on actin concentration as

G, ~ p'* - amuch less sensitive dependence than that of a crosslinked network
Gy ~ 172).

experiments which apply similar stresses on cells and suggest that an uncrosslinked
actin network has too low a shear modulus to describe cellular mechanics [24].

However, it is also to be noted that linear elasticity does not hold for such large
deformations.

3.3 Predictions of the Shell M odel

Our study relating the structural response to the geometry of the cell aswell

as polymer properties clearly indicates that the concentration of the actin network
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(Ar—’;o ~ p~22) plays a more important role than the thickness of the actin cortex
(82 ~ ()" for athin shell), in determining the response. It has been observed
in cancer cellsthat both the thickness of the cortex and amount of actin are reduced
[106], [192], [12]. The total actin content in cancer cells can be 35 percent lower
than in their non-cancerous counterparts [66], [185], [9]. Our model predicts that
even asmall change in the actin concentration of cells resultsin alarge changein
their structural properties - hence, the structural response is a good parameter to

characterize normal and cancerous cells.

The above observation is in agreement with previous experimental studies
on cancerous and non-cancerous cells [144], [216]. The micropipette experiments
and work by Paulitschke et al. [144] compare the mechanical properties of white
blood cells from healthy and chronic myeloid leukemic patients. The structural pa-
rameter used in this study is elastic rigidity, defined as %, where AP isthe step
aspiration pressure, Iz, the inner radius of the micropipette tip and L,, the aspi-
rated portion of the white blood cell after one minute. It is found that the elastic
rigidity of white blood cells in the resting phase from chronic myeloid leukemic
patients is much lower than that from healthy donors (~ 60% decrease in rigidity
for lymphocytes and ~ 30% for granulocytes) . Ward et al. [216] have performed
experiments on a panel of nontransformed and malignantly transformed rat fibrob-
lasts and have analyzed their data using a standard solid model. The study reports
that the viscoelastic parameters extracted from their transformed cell data using a
standard solid viscoelastic model are ~ 50% percent lower than those extracted
from their nontransformed cell data and concludes that there exists a direct corre-
lation between an increase in deformability and the progression of tumorigenecity
(metastasis). Recent experiments have been performed to deform normal and can-
cerous fibroblasts with the optical stretcher [169], [221], as discussed further in
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Chapter 5. The data show distinct time regimes in the structural behavior - when
these cells are stretched for approximately a second, they behave elastically at short
time scales (<= 0.2 seconds) and viscoelastic beyond this time. The viscoelastic
parameters extracted from the data using a simple 3 element mechanical model as
well asathick shell model (which incorporates cell geometry) point to a difference
in the structural response of normal and cancerous fibroblasts. In summary, our
model and these experiments suggest that the structural response of cancer cells
reflects the molecular changes in their actin cytoskeleton, such as the concentration
and distribution of actin, and can be used to distinguish normal and cancer cells.

3.4 Summary

Cell deformation experiments require an appropriate accompanying model
to extract and study structural properties. Here, a 3D thick shell model has been
created for a spherical eukaryotic cell, with mainly the actin cortex, for the optical
stretcher experiment. The approach followed has been to calculate the shear mod-
ulus from the polymer physics of isotropic actin networks and to then predict the
mechanical response of the shell to an arbitrary surface stress. Therefore, our model
relates microscopic quantities such as persistence length and mesh size of the actin
polymer network to macroscopic quantities such as the observed deformation. Our
structural analysis studies the individual effect of the geometry of the cell and the
constitutive properties of the actin polymer network on cell deformation. Applied
to cancer cells, it predictsthat the sensitivity of the structural response to changesin
their actin cortex, particularly the actin concentration, can be used to differentiate

them from normal cells.

Our model indicates that the actin cortex may be able to explain the qua-
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sistatic structural properties of cells only under the tight localization of actin and
the actin crosslinking proteinsinto athin shell (Chapter 4). Also, the simple model
does not capture features such as nonlinear structural responses, the withstanding
of much higher stresses by osmotically swollen cells and other effects. In order to
explain these effects, the structural contribution of microtubules and intermediate
filaments [214] in theinterior of the cell needs to be considered. Also, the effect of
interactions among the various cytoskel etal polymersthat are considered important,
for example the actin-microtubule interaction [176], may need to be included.



Chapter 4

The Role of Isotropic Actin Networksin Cells

4.1 |sotropic Actin Networks

The actin cortex, along with its accessory proteins, has long known to be an
important contributor to cytoskeletal structural response [187], [166], [35], [162],
[213]. Thisinvivo (insidethe cell) network’s ability to changeits structural strength
by transitioning from a gel-like (solid) state to a sol-like (liquid) stateisalso crucial
for cell motility [92]. There are many possible mechanisms by which the dynamic
in vivo network can achieve thistransition. One way isto depolymerize actin using
severing, fragmenting and capping proteins such as severin, gelsolin and CapZ. To
better understand these complex processes that govern the structural strength of the
in vivo actin network, there have been experimental and theoretical estimates of the
strength of in vitro actin networks. However, there is no direct estimate of the cor-
tex’sstrength, using in vivo values. This chapter predictsthe cortex’s strength using
theories of uncrosslinked, fully crossiinked and partially (transiently) crosslinked
actin networks with in vivo parameter values, as an approximation to the cortex and
a starting point to quantify its strength. Thisis done by calculating bounds for the
plateau shear modulus of the transiently crosslinked cortex, using the above theo-
ries. The cortex’s contribution to the structural strength of the whole cell is found
here by comparing the calculated plateau shear modulus values to the elastic shear
modulus commonly extracted from whole cell deformation experiments. With these

assumptions for the cortex, our study, using values from the acanthamoeba cell,

55



shows that the calculated plateau shear modulus values of a partialy crosslinked
actin network can vary from 1 Pa (viscous network) to 1 kPa (solid network) de-
pending on the spatial distribution of actin and the crosslinker protein - the modulus
valueis closeto that of cellsunder the condition of tight localization of the in vivo
actininto a cortex of 13 percent thicknessand the crosslinking proteinsinto a cortex
of 5 percent thickness. Hence, our work reveals that transient crosslinking - a dif-
ferent mechanism which does not involve depolymerizing the actin network - can

also achieve the dynamic range of shear moduli observed in eukaryotic cells[3].

The actin cortex isatransiently - crosslinked polymer network and is com-
posed of short, rod-like actin filaments, 0.1 < [ < 3.0 um in length (Table 4.1).
It lies just beneath the cell membrane, as a thick shell-like structure, whose radius
can vary from 5 to 20 percent of the cell radius. Actin is a semiflexible polymer,
whose persistence length (distance over which the filament can bend in two inde-
pendent directions) is 17 xm and whose concentration in various cells differs from
4 mg/ml to 14 mg/ml [151] (Table 4.2). Inside a single cell, the mesh size ( =
(concentration) ~'/2) of the crosslinked cortex increases from 50 nm at the edge of
the cell to 300 nm towards the end of the cortex. The transient crosslinking of
the short filaments in vivo is achieved by various crosslinking proteins such as a-
actinin and filamin. Both a-actinin and filamin form a 3D actin network, instead of

abundle, dueto their large size.

The first step towards understanding the structural strength of this in vivo
actin network (actin cortex) is to study the strength of an in vitro actin network
through rheology, where the network’s strength can be determined by a stress re-
laxation or oscillatory shear experiment. Rheology has been performed on both

uncrosslinked as well as crosslinked actin networks, to obtain values for structural
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strength. Theories have al'so been devel oped to understand the structural properties
of tightly entangled, uncrosslinked and crosslinked isotropic in vitro actin networks
[128], [129], [113]. The filamentsin rheology are typically 2-70 xm in length and
1 mg/ml in concentration, immersed in an artificial cytosol-like environment. Joint
rheology experiments on uncrosslinked networks from the labs of Janmey and Pol-
lard [224] have shown that a 1 mg/ml solution of actin, 6 xm in mean length, has
a plateau shear modulus G’ (low frequency behavior between 0.02 and 100 Hz) of
0.5 Pa(N/m?). The corresponding theoretical prediction for G’ of a1 mg/ml, 4.25
pm network is 0.1 Pa [128], [129]. While both experiment and theory predict a
high frequency dependent behavior (> 200 Hz) of G (w) o (iw)?/*, they differ in
magnitude by afactor of 4 [129], [114]. Rheology experiments have also been per-
formed on actin networks crosslinked with a-actinin or filamin, and the modulus
measured is higher than that of actin networks alone (Table 4.3). However, even for
a high concentration of actin and short filament lengths (96 M actin concentration
and 1.5-2.5 um filament length [233]), the shear modulusisonly 2.5 Pa[233]. The
theoretical prediction of the strength of a1 mg/ml crosslinked actin network is ~5
Pa[113].

The extent of the plateau shear modulus (in frequency space) and its tran-
sition to a frequency dependent behavior in the high frequency internal dynamics
regime are observed to be the same in in vitro actin networks and in cells [117].
However, the homogeneous and isotropic networks of rheology differ from the tran-
siently crosslinked dynamic actin cortex, which can change its properties quickly.
Nevertheless, interpreting the results obtained by using isotropic actin network the-
oriesfor the cortex, with in vivo parameters, is a start to quantify the cortex’s struc-
tural strength, which isimportant for the following reasons. The ability of the cell
to performitsnormal functionsis closely interlinked to the state of its cytoskel eton.
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Hence, cell functioning also reflects the state of the actin cortex and its strength via
crosslinking. For example, cellslacking actin crosslinker proteins are found to dis-
play impaired cortical stability and motility [24], and reduced strength [34]. Also,
tumorigenicity has been correlated to and controlled with the amount of actin [66]
and actin crosslinker protein [59] in the cell. Another in vivo structural property yet
to be understood is the actin cortex’s high modulus of 30,000 Pa at the leading edge
of motile cells such as fibroblasts, which is thirty times the cortex’s strength in the
cell body [118].

4.2 Quantifying the Strength of the Actin Cortex

Our structural study of the cortex considersthree static actin networks as ap-
proximationsto the cortex, and estimates the plateau shear modulus of each network
with in vivo values, to establish bounds for cortex strength. The three networks are:
1. atightly entangled, uncrosslinked actin network 2. a tightly entangled, fully
crosslinked actin network and 3. atightly entangled, partially crosslinked network
[4]. The partially crosslinked network is our most realistic approximation to the
cortex and our calculated results presented here for the numerical range of its shear
modulus use in vivo values of actin, a-actinin concentrations and other parameters
from the acanthamoeba cell. Before studying the strengths of these tightly entan-
gled networks, the phase diagram of an actin network is discussed.

The phase diagram in Figure 4.1 depicts the existence of different phases
of actin depending on its concentration and filament length - the loosely entangled,
tightly entangled, nematic phases and the tightly entangled-nematic coexistence
phase. Our interest lies in the tightly entangled isotropic regime, since the actin

cortex is believed to be isotropic and not nematic [98]. Also, aloosely entangled
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Figure 4.1: Phase diagram for an actin network, showing the loosely entangled
regime, tightly entangled regime [128], nematic regime and coexistence regime of
tightly entangled and nematic phases [27]. The shaded region shows the range of
filament length possible for in vivo concentrations greater than 10 mg/ml
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network provides negligible structural strength. In the tightly entangled regime,
the filament length range becomes narrower and almost monodisperse as the actin
concentration increases till this phase disappears at ~ 27 mg/ml, as seen in the
shaded region for in vivo concentrations higher than 10 mg/ml. Our results for the
strength of the actin network assume that the filament length lies in the entangled
regime for the concentration considered. However, our numerical results which
require a specific actin filament length use 1 xm - in this case, it is assumed that
thereislength control of filamentsin vivo due to the action of severing and capping
proteins.

421 Uncrossinked Actin Network

At frequencies w between 0.02 and 100 Hz, an uncrosslinked, tightly en-
tangled actin network has alow shear modulus (called plateau shear modulus), in-
dependent of time and behaves like a solid. At frequencies w > 200 Hz, the shear
modulusincreases with a power |aw dependence w?/*. This chapter focuses only on
the elastic low frequency plateau regime. For an uncrosslinked network, the plateau
shear modulus is determined by the curvature and orientational stresses. It isgiven
by G’ = Geurve(0) + Gorient(0) = 22T 4+ 22T [129], where k, is Boltzmann's
constant, 7" is temperature, p isthe concentration of the actin network, /., the en-

tanglement length (1. = 2%/31,/*D2/*, with [, the persistence length of actin and
D, itstube diameter) and [, the actin filament length (assumed 1 m) (Figure 4.2).
Figure 4.2 shows that even at actin concentrations similar to those found in vivo -
for example at 4.16 mg/ml (100 M), which is the concentration of polymerized
(filamentous) actin in both an acanthamoeba and neutrophil cell (Table 4.2) - an
uncrosslinked actin network has too low a plateau shear modulus to describe cel-
lular mechanics: as mentioned earlier, crosslinkers are crucial for cell stability and
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Figure 4.2: Plateau shear modulus, G, for uncrosslinked [128], [129] and fully
crossinked [113], tightly entangled actin networks (/, = 17 um, w = 1 Hz), as a
function of filamentous actin concentration

motility [24].
4.2.2 Fully Crosslinked Actin Networ k

A fully crosslinked, tightly entangled actin network has a high plateau shear
modulus at low frequencies < 100 Hz). Here, G’ isgiven by G' = '”’Tl# where
[, isthe typical distance between crosslinks, which is . in this case [113]. Since
lo ~ 1)/° p72/° [128], [129], G’ ultimately depends only on the concentration of the
network and the persistence length of actin filamentsas G’ = k,T',* p3*. Figure4.2
shows the range of shear moduli calculated for a crosslinked network using in vivo

values for concentration and other parameters - 17 um is used for the persistence
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length /,, whilethefilament length is considered to bein the entangled regimefor the
corresponding concentration (the formula does not have any explicit dependence on
filament length). At an in vivo concentration of 4.16 mg/ml, the shear modulus of
acrosslinked network is ~ 100 Pa - this value is compared in the following section

to the moduli extracted for various cells.

4.2.3 Partially Crossiinked Actin Networ k

The transition between an uncrosslinked and a fully crosslinked network is
a partially crosslinked, percolated network [61]. An uncrosslinked polymer net-
work, which isfluid-like, undergoes atransition to a solid-like network at a critical
crosslink density equal to the number of filamentsin the system. Such a network is
a percolated network. For an in vivo actin concentration of 4.16 mg/ml, the number
density is1.6 10 filaments/cm?. Therefore, the number of crosslinkers needed to
achieve the liquid-solid phase transitionis 1.6 10'* crosslinkers/cm?3. According to
percolation theory, the ratio of crosslinkers to filaments needed for the transition to
occur isone [61]. Our calculations for the partially crosslinked network discussed
later in the section are based on the actin crosslinking theory developed by Spiros
et a. [180], which isvalid above the percolation threshold.

Before obtaining a quantitative estimate of the structural strength of a par-
tialy (transiently) crosslinked actin network, this study considers, in Figure 4.3,
the qualitative difference in the structural response of afully crosslinked and a par-
tially crosslinked actin network of the same concentration - Figure 4.3 @) showsthe
relaxational shear modulus G(t) versus time ¢ and Figure 4.3 b) shows the shear
modulus G(w) versus frequency w of the two networks. At very short time scales,
less than the average binding time of the crosslinker, a fully crosslinked and par-
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Figure4.3: Qualitative behavior of the shear modulusof afully and apartialy (tran-
siently) crosslinked, tightly entangled actin network as a function of time (Figure
a) and afunction of frequency (Figure b)

tially crosslinked network show the same structural behavior with a high plateau
modulus after an initial relaxation. However, even beyond the binding time of the
crosslinker, the fully crosslinked network cannot relax its stress, sinceits crosslinks
are permanent, while the partially crosslinked network begins to display the tran-
sient nature of its crosslinks. It, then, behaves structurally like an uncrosslinked
network and displays another plateau, due to the presence of entanglements. This
plateau has alow modulus value and is difficult to measure experimentally. At time
scales beyond the reptation time 7 (the time it takes for a filament to diffuse a
distance equal to its own length), the partially crosslinked network behaves like a
fluid. Figure 4.3 b) shows the structural behavior of the two networks in frequency

space.

In order to finally quantify or calculate the strength of a partialy (tran-
siently) crosslinked actin network in acanthamoeba, atightly entangled, crosslinked

actin network and the number of crosslinking points need to be considered now in
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greater detail. Firstly, from the phase diagram of Figure 4.1, if an actin network
whose filaments are 1 um in length is to be tightly entangled, its concentration
must lie between 7.2 and 12 mg/ml. So, for an in vivo network of 4.16 mg/ml to
be tightly entangled, it has to be concentrated in a much smaller volume of the cell

(into the cortex), to achieve an effective concentration between 7.2 and 12 mg/ml

(Pefr = ((1”32), where (pr)o isthe origina concentration and  is the ratio of the
inner radiusto outer radius of the shell in which the actin network is concentrated).
The plateau modulus of the crosslinked network increases, in this case, by a factor
of ( (1——1><3) )22,

Secondly, a rough estimate of the number of crosslinking proteins per fil-
ament can be computed from experimental data on both in vivo crosslinker and
actin concentrations. This experimental estimate can be compared with the maxi-
mum number of crosslinks per filament from theory [129], which gives us an idea
of whether there is enough crosslinker protein in vivo to achieve the maximum
crosslinking predicted theoretically. From theory, the number of entanglement
points per filament is Round[l/l,] + 1. The number of entanglement points cal-
culated per filament of length 1 m for an actin concentration of 7.2 - 12 mg/ml is
two. Therefore, the maximum number of crosslinking points per filament istwo for
this concentration range. The experimental estimate for the number of crosslinkers
per filament is obtained in Table 4.2 for acanthamoeba and other cells by dividing
thetotal crosslinker number density in vivo by the total number density of actin fila-
mentsin vivo (1 mg/ml = 3.8 10! actin filaments/cm?). To account for the fact that
two filaments are connected by one crosslinker, the calculated crosslinker/filament
ratio can be multiplied by two. The calculation does not consider the probability
for a specific crosslinker to be in the right position and orientation, to connect two

filaments. This estimate is, therefore, an upper bound. The estimate also assumes
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that al the crosslinker protein present is bound, which is not true.

So, the number of bound crosslinkers per filament is now calculated, using
the following formulain terms of the number densities of actin and the crosslinker
[180].

bound crossl?nker _ « @.1)
total actin Ki+ «a

where « is the number density of free crosslinker and K4, the equilibrium disso-
ciation constant of the crosslinker is 2—; where £ _ is the dissociation rate constant
and k. is the association rate constant of the crosslinker. Using the number den-
sity of actin and a-actinin in acanthamoeba and K ; for acanthamoeba a-actinin, an
estimate of ~1 is obtained for the ratio of bound crosslinker to polymerized actin.
This value suggests that unless the in vivo actin crosslinking protein islocalized in
the cell, there is not enough crosslinker protein to achieve maximum crosslinking

(from theory).

However, following Spiros et al. [180], a further improvement in the cal-
culation can be made, by estimating the amount of actin in the filamentous form
and in the network form [3]. Thisalows us not only to calculate the ratio of bound
crosslinker to networked actin, but also to finally estimate the plateau modulus of
a partialy crosslinked network (only the amount of networked actin contributes to
strength). The following calculation to obtain N, the number density of actin in
network form, takes into consideration, in a simple manner, the position and ori-
entation allowed for two filaments to connect, and solves the following coupled
equations numerically.
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dAN/dt = BT (Vg F* + 96 FN — v N) (4.2)

dF/dt = —dN/dt (4.3)

where N is the number density of actin in network form, while F' is the number
density in filamentous form, 7" is the total actin density, v, = ﬂliT, v is the disso-
ciation constant, 5; = k;—;‘ 0 isaconstant = 0.25 and v, is the volume fraction
of crosslinkers in the right position and orientation to bind. Note that both F*(K
convolved with N) and N*(F convolved with K), a measure of crosslinkers in the
right position and orientation to bind [180], are written by us as v,y N F. The di-
mensionless diffusion coefficients of translation and rotation ¢; and e, in Spiros
et al. have been estimated by us with in vivo parameters and are neglected, since
e, ~ 107, Using data from acanthamoeba, Figure 4.4 depicts the volume fraction
of networked actin (vy = %) for different values of v,y and actin concentration,
pr and crosslinker concentration p¢,. The datafrom Figure 4.4 can be used to find
the ratio of bound crosslinker to networked actin, which is a factor ﬁ higher than
the ratio of bound crosslinker to total polymerized actin. v, can aso be used to
estimate the modulus, as discussed below.

The objective of the above calculationsis to understand actin’s contribution

to structural strength quantitatively. An upper bound for the cortex’s strength isthe

plateau shear modulus of a fully crosslinked network (G’ = kﬂ;?’p T, wherel,, the

typical length between crosslinks, is.), which can be compared to the shear mod-
ulus of cells. Table 4.4 shows the shear modulus of atypical cell (fibroblast, which
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Figure 4.4. The fraction of networked actin filaments (in an Acanthamoeba cell)
as a function of the fraction of actin filaments with the appropriate position and
orientation to bind to the network. For a homogeneous distribution of actin and
crosslinking proteins throughout the cell, the maximum networked fraction of actin
filamentsis ~ 19%
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has athick actin cortex) aswell asthe modulus of an epithelial cell, macrophage and
neutrophil. For 4.16 mg/ml of polymerized actin as in the acanthameoba and neu-
trophil cells, the value obtained from a fully crosslinked actin network distributed
homogeneously throughout the cell is ~ 100 Pa. While the shear modulus of an
acanthamoeba cell does not seem to be reported in literature, our calculated value
is close to the shear modulus of a neutrophil of 118 Pa[232]. 100 Pais, however,
much lower than the shear modulus extracted from cell deformation experiments
on fibroblasts. Furthermore, if a partially crosslinked network is considered, the
fraction of networked actin can be used to estimate the effective distance [, be-
tween crosslinks, which increases by a factor of vy (I, = lf—;). The modulus
of the partially crosslinked network, consequently, decreases from that of a fully
crosslinked network, since G’ =v3*G asshownin

partially crosslinked fully crosslinked’

Figure 4.5. If both the effective concentration (p. s = ((l’iT)zg) , due to the spatial dis-

tribution of actin into a cortex) and the fraction of networked actin are considered,

! _ 1 2.2 3 ! H H H
then Gpartially crosslinked — (1*X3) * Uy * Gfully crosslinked (In this case, there is

a change in the modulus from the p dependence as well as from [,). Figure 4.5
shows that a value of 1000 Pa, close to that extracted for fibroblasts, is reached in
acanthamoeba only when all the in vivo actin islocalized into an actin cortex of 13

percent thickness and the crosslinking proteinsinto a cortex of 5 percent thickness.

Finally, the time scale of transient crosslinking of a-actinin = k=" (where
k_ is the dissociation rate constant) is compared in Table 4.5 to other processes
mentioned earlier that can depolymerize the actin network and changeits structural
properties, namely the association of an actin filament with gelsolin, capping pro-
tein or ADF/Cofilin. Thedissociationrate £ isobtained fromin vitro networks and
is assumed to be the same in vivo. Beyond thetime scale, k', the network behaves
like an uncrosslinked network (Xu et al., 2000). For a-actinin, k=" at 25 degreesis
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Figure 4.5: The plateau shear modulus and strain energy potential of an Acan-
thamoeba cell as a function of the volume fraction of actin crosslinking protein.
High values for the plateau shear modulus (1000 Pa) are reached in Acanthamoeba
only at nearly nematic actin and crosslinking protein concentrations
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0.37 secs. Thetime scales of association of an actin filament with gelsolin, capping

protein or ADF/Cofilin can be found approximately by calculating and are

1
kyxconc

0.4, 0.286 and 0.27 secs for gelsolin capping protein, ADF/cofilin respectively. As
can be seen, transient crosslinking occurs on the same time scal e as these other phe-
nomena. Sinceit isjust as fast, it may be an aternative or competing mechanism
which can control the dynamic structural response of cells - it islikely that the cell
has redundant pathways or processes to restructure its actin cytoskel eton.

4.3 Resultsand Discussion

In this work, our knowledge of isotropic actin network models has been
applied to cells, to study their implications to cell strength. Our theoretical calcu-
lations, with in vivo parameter values, suggest that an uncrosslinked network has
too low a plateau shear modulus to explain cellular mechanics. Our calculated
plateau shear modulus value for a homogeneous, fully crosslinked actin network
of 4.16 mg/ml, as found in acanthamoeba and neutrophils, may be able to explain
the modulus value of a neutrophil. However, this calculation for afully crosslinked
network, while already an upper bound, is much lower than the shear modulus of
cells such as fibroblasts, epithelial cells and macrophages - experimental results
from rheology on in vitro crosslinked actin networks, even at a high actin concen-
tration and short lengths (96 M, 1.5-2.5 ym), also yield shear modulus values
much lower than those of cells. When the spatial distribution of the actin network
into a cortex or shell is considered though (which resultsin a high effective concen-
tration of the actin and crosslinker protein), the theoretical values from both fully
and partially crosslinked actin networks are closer to the shear modulus of cells.
Thus, our calculations show that the spatial distribution and transient crosslinking

of actin and crosslinking proteins enable cellsto change the el astic strength of actin
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networks over awide range (1 Pato 1 kPa), from afluid-liketo solid behavior, with-
out using any capping or severing proteins like severin or gelsolin to depolymerize
actin. Our results are supported by experiments on gelsolin-null fibroblasts [220]
and severin-lacking dictyostelium mutants[6] that show cell motility and other nor-
mal cell functions. However, the range of values obtained still cannot explain the
30,000 Pa measured at the leading edge of motile fibroblasts [118]. This observa-
tion and our calculations are in agreement with findings by Yamada et al. [230],
that actin alone is unable to explain lamellar mechanics.

44 Summary

Out of the three cytoskeletal elements, actin is considered to be the most
important contributor to cellular mechanics [187], [164], [35]. Experiments with
cytoskeletal poisons which selectively kill a certain in vivo polymer network lend
evidence that depolymerizing the actin cytoskeleton leads to a drastic reduction in
the structural strength of the cell, while disrupting the microtubule network does
not alter it significantly [162], [213]. Also, the viscoelastic response of in vitro
actin networks, artificial cells [79] and eukaryotic cells (fibroblasts) [117] exhibits
similar characteristics in the plateau regime and in the transition to the internal dy-
namics regime. To quantitatively understand the role and contribution of thein vivo
actin network to cell strength, this study uses isotropic actin network models with
in vivo values to calculate actin’s shear modulus. Our calculations show that the
localization and reconfiguration of actin and actin crosslinking proteins, along with
transient crosslinking, can explain the wide range of shear moduli and viscoelas-
tic behavior witnessed in eukaryotic cells - actin does play an important role in
cell dynamics. However, the high shear moduli measurements at the leading edge

or lamellipodium of fibroblasts cannot be explained by actin alone [118] and the
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effect of other structural elements, from stressfibersin the lamellipodium to micro-
tubules and intermediate filaments in the interior, on the cell’s dynamic response
needs to be investigated. Actin’s contribution is undoubtedly crucial but may still

not be sufficient to explain all of cellular mechanics.
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Table 4.1: Actin Filament Length in Different Cells

Cell Type In vivo Actin Filament Refe-
Length (um) rence
Resting Human 2000 actin filaments [77]
Platelet 1 umlength
Dictyostelium 0.2 um mean length [148]
Discoideum
71 % F-actin mass and
96 % pointed ends
0.22 ;m mean length
14 % F-actin mass and
3 % filaments
1.3 yum mean length
15 % F-actin mass and
0.3 % filaments
13 zm mean length
Polymorpho- 410° actin filaments [17]
nuclear 0.27 ;sm mean length
Leukocytes
Bovine Arteria 3 um for confluent cells [125]
Endothelial Cells | 0.5 um for subconfluent cells
Melanophores 0.2-3um [159]
Macrophages 0.1 um [75]
Cells <1pm [188]
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Table4.2: Concentrations of Actin and Actin Crosslinking Proteinsin Certain Cells

Cell Pactin | PF—actin | PActinin | PArp2/3 | PABP Cross- Refe-
1M 1M 1M 1M uM | linking | rence
sites
per
filament
Human 120! 1 2 [24]
Melanoma
Acanth- 200 100 4 2-4 - 7 [151]
amoeba
Dictyo- 250 90 3 6° 19 [151]
stellium
Platelet 550 330 9 6 3 [151]
Neutro- 400 100 10 [151]
phil
Macro- 300? 43 [186]
phage

! The actin and ABP(280) concentrations in the melanoma cell [24] is reported not
in absolute values but as p App:pactin = 1:120

2 Thetotal actin concentration in the macrophage [186] is reported in absolute val-
ues and theratio of pspp:paciin = 1.7 isaso included.

3 Dictyostellium has only ABP(120) [151].

74



Table 4.3: Rheological Data from Crosslinked Actin Networks. The rheological
constants measured depend on both the actin and crosslinker concentrations and
actin filament length

Crosslinker(CL): Amoeba-a-actinin

Pactin | ACtIN | por, Rheol ogical Frequency | Temp | Refe-
uM | Length | uM Constant Hz °C' | rence
wm N/m?
15 0.1 G*=0.15 310 25 | [208]
G*=0.3 19 101 25
15 0.3 G*=10 101 25 | [209]
G*=30 1 25
24 16 G'=4.7-100 1073 -1 25 | [137]
G"=0.06284-0.1987
24 20 1.8 G*=4 1.610%—-1.6| 23 |[140]
2.4 G*=6-20 1.61072 - 1.6 23
Crosslinker(CL): Chicken-a-actinin
Pactin | ACtiN | por, | Rheological Frequency | Temp | Refe-
uM | Length | pM | Constant Hz °C' | rence
pum N/m?
15 0.1 G*=5 310 25 | [208]
G*=45 19 10!t 25
15 0.3 G*=3 107t 25 | [209]
G*=3 1 25
15 003 | G*=2-3 1074 -1 25 | [225]
G*=4-5 1004 -1 15
24 | 10-15 | 048 | G(t)=2-10 |t=0.01-10sec | 25 | [229]
G(t)=4-10 | t=0.1-100sec | 15
1-3 % strain

1. G(t)= Relaxationa Shear Modulus, G', G”=Storage and Loss modulus, G*

(G”+G")

2. 1 mg/ml of actin =24 M
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Table 4.3 continued

Crosslinker(CL) Actin Binding Protein (ABP)

pactin | ACtin | pcor | Rheological | Frequency | Temp | Refe-
uM | Length | puM Constant Hz °C | rence
pum N/m?

96 | 1.5-25]0.768 G'=25 31072 [233]
38.4 0.28 G'=20 1072 —-10% | 20 |[137]
G"'=0.7-5
10 56 | 0.033 G'=0.3 1 [64]
G'=1
0.1 G'=0.6 1
"=1.2
0.2 G=10 1
"=15

1. G(t)= Relaxationa Shear Modulus, G', G”=Storage and Loss modulus, G*

(G12 + GHZ)

2. 1 mg/ml of actin =24 M
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Table 4.4: Cell Deformation Techniques, Shear Modulus Extracted and the Model
Adjunct. The effective shear modulus extracted for a cell depends on the experi-

mental technique, cell type and the model adjunct

Whole Invivo M easurement Model Refe-
Cdll Structural Technique Adjunct | rence
Constant
Fibroblast G'=300 AFM Modified | [117]
G"=200 Hertz
G=4103 AFM Hertz [161]
stable edge
G <(1000-1666)
leading edge
G=566 Bead Kelvin- [153]
V=410° Microrheology Voigt
G=10? Bead 4 Element | [10Q]
V=103 Microrheology | Mechanical
G=333.33 Microplates | 3 Element | [196]
v=10? Mechanical
Epithelia G=2500-3233 AFM Hertz [109]
Normal cell
G=100-333
Cancer cdll
Macrophage G=343 Magnetic 4 Element | [11]
V=210 Bead Micro- | Mechanica
rheometry
Neutrophil G=118 Cell poker Secant [232]

1. G=shear modulusin Pa, G’ ,G”=storage and loss modulusin Pa and VV=viscosity

inPas

2. The above calculations use a Poisson’s ratio of 0.5 to convert from Young's

modulus to shear modulus.
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Table 4.5: Rate Constants and Time Constants of Key Actin Processes. The time
scale associated with transient crosslinking is ~ ki_ while that associated with

severing or capping is ~ L

kt*pprotein

Protein | Associ- | Dissoci- | Ky =7 | pprotein | ket * Pprotein | REFE-
ation ation Acanth rence
Ratek, | Ratek_ amoeba
pM s st uM st
F-Actin | 1.3 (p)! 08(p) | 0.61 uM 100 [150]
11.6 (b)! | 1.4(b) | 0.12 M 100
Capping 35 310°* [ ~0.1nM 1.0 35 [168]
Protein
Capz
ADF k,=0.037 | 0.035 20 37 [157]
(Cofilin) | pM 257!
k.=130
puM s
Gelsolin 25 1.710* | 0.07nM 1.0 2.5 [173]
excess (imag.)
EGTA?
10.0 1071 0.01 nM 1.0 10.0
presence (imag.)
of Cay
a-actinin 1.0 2.7 2.7 uM 4.0 [209]
Filamin 1.3 0.6 0.46 ;M 1.0 [63]
(or ABP) (imag.)
Arp 2/3 1-10 0.5-5 0.5 uM 2-4 [134]

! p - pointed end of actin filament and b - barbed end of actin filament
2 EGTA condition - 1 mM MgCl,, 100 mM KCI, pH 7.5, 37 degrees C
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Chapter 5

Modelsfor a Eukaryotic Cell in the Stretcher

5.1 Introduction

Chapter 3 discusses a linear thick shell (hollow interior) continuum model
for a cell with a predominant actin cortex, assuming that actin is the main and only
contributor to the structural response of the cell. However, the exact contribution
of an isotropic actin network to cell strength and the conditions under which it
can explain the cell’s entire strength are described quantitatively in Chapter 4. Al-
though Chapter 4 acknowledges the dynamical structural behavior of an isotropic
actin network and itsimportant rolein cell strength, an actin network is not the only
structural element in acell. Hence, this chapter discusses the continuum and finite
element (FEM) structural models created by usfor acell deforming in the stretcher,
in order to incorporate the interior assembly of microtubules, and the nucleus and
study their contribution to the structural response. Our continuum model also in-
cludes to first order the interaction between the actin cortex and the microtubules,

by varying the boundary conditions.

All the above analytical and FEM modelsfor acell in the stretcher are linear
elastic models. If actin is assumed to play a key role in the structural response of
cells, alinear model isvalid aslong as the laser power used in the optical stretcher
experiment does not stretch the cell beyond actin’slinear response. In vitro rheolog-

ical studies on actin filaments have shown that the material nonlinear properties of
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actin (strain hardening) become important at strains greater than 10 percent [141].
Aninvivo actin network may behave non-linearly beyond adifferent value of strain,
but for large deformations, anonlinear model which takesinto account both the ma-
terial nonlinearity and the geometric nonlinearity is required. So, this chapter also
briefly explores how a nonlinear FEM model for a cell with a predominant actin
cortex might be created.

Finally, recent viscoelastic data obtained by deforming normal as well as
cancerousfibroblastsin the optical stretcher are analyzed by uswith athree-element
mechanical model. The structural parameters extracted are then used to gain an
understanding of the polymer properties of the cytoskeleton - in particular, the actin
cytoskeleton. The analysis of structural parameters from the mechanical model
can also be combined with the deformation response of our analytical or FEM cell
models, to incorporate the geometry of the cell. This permitsan extraction of elastic
and viscous parameters from experimental data, which include the effect of cell
geometry.

5.2 Modeling a Eukaryotic Céll in the Optical Stretcher

5.2.1 Linear Elastic Analytical M odel

Our study develops a model for a eukaryotic cell, which takes into account
not just the actin cortex but other structural elementsin the cell as well, to observe
their role in cellular mechanics. Experimental evidence from Heidemann et al. [78]
suggests that one possible structural model for the whole cell is a three-layered
solid, with the three layers being the outer actin cortex, the interior network of mi-

crotubules and intermediate filaments and finally the nucleus (Figure 5.1). Such a
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structural model, thus, assigns effective, homogeneous structural propertiesto each
of the continuum layers. the actin cortex, the interior polymer network and the nu-
cleus. Asin thethick shell model, our continuum cell model (three-layered sphere
model) calculations yield deformationsfor any rotationally symmetric stress acting
on a cell in the stretcher set up. However, the calculations and results presented
here are for only one typical stretcher-induced stress profile on the cell surface -
o = oy cos’¢ (Figure 2.2).

actin cortex

interior network

Figure 5.1: A three layered structural model of a eukaryotic cell, with the three
layers being the actin cortex, the interior assembly of microtubules and finally the
nucleus

The analytical techniques used to obtain the deformation of this model cell
to such astress are very similar to that of the thick hollow shell [112], where the de-
formation is cal culated using legendre polynomial s as the basis and using the princi-
ple of linear superpositiontoo. Here, each layer can betreated individually asaring
(the cortex and the interior network layers) or as a sphere (nucleus), both of which
can be solved analytically. The complexity of this problem lies in dealing with
multiple boundary conditions. For each of the three layers, the boundary conditions

must be satisfied everywhere on the interface. At each interface, no-dlip boundary
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conditions are used if thetwo layers are rigidly attached (non-penetrating). The no-
dlip conditions involve matching the radial and meridional displacements (w and v)
and also the radial and meridional stresses (o, and o,4) on the boundary.

However, in order to create a continuum model which incorporates to first
order the interaction between the actin cortex and the interior assembly of micro-

tubules [74], dlip boundary conditions, written as follows, can be used.
Wa = Wy

(0r); = (0v),

where 1 and 2 are two surfaces with a common boundary.

More realistically, the mixed boundary conditions (combination of slip and
no-slip conditions) given below are used in the problem, to incorporate the actin-

microtubule interaction.
a(o,), = B(ws — wi)
a(org), = Bvz — 1)
(0r); = (0r),

(0r); = (079)s,

where the parameters oz and 3 can be adjusted anywhere between 0 and 1 to obtain

aboundary condition that varies from no-dip to dlip.

Numerical values for the radial deformation of our whole cell continuum

model are now calculated for both the no-dlip and the mixed boundary conditions
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by using representative values. The value used for the Young's modulus of the
actin cortex is 500 Pa, while that used for the microtubules is 50000 Pa. Interme-
diate filaments are believed to play a role in the structural response only at large
deformations [214] and are not considered in our structural model. From Guilak et
a.’swork [72], the Young's modulus of the nucleus is taken to be 1000 Pa. The
Poisson’s ratio used for all the layers is 0.45. The actin cortex is assumed to be
twenty percent of the cell radius, the interior network fifty percent and the nucleus
thirty percent of the cell radius of 10 pm. With the above parameters and a stress
of o = cos®¢ onthecell (oy = 1), the radial deformation obtained from the model
at the outer layer, along the laser axis (¢ = 0) is ~ 4.35 nm with no-slip boundary
conditions and ~ 80 nm with mixed boundary conditions (a=1/2, 5=1/2 for the
actin-microtubule interface), which shows that the boundary conditions used are

important in determining the deformation.

5.2.2 Linear Elastic Finite Element M odel

To incorporate cytoskeletal architecture, numerical FEM models for a cell
have also been created by us, using the commercial FEM package ABAQUS [1].
An ABAQUS program involves specifying the geometry of the model (mesh), the
structural properties of the model’s material, boundary conditions and the distribu-
tion of the applied load. The output of the model that interests usisthe displacement
observed for the prescribed stress.

The linear elastic FEM models created by us include a thick shell model to
study the actin cortex alone, a layered thick shell model (with each layer having
dlightly different structural properties) for the actin cortex, a thick shell and rods
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model for the cortex and microtubules respectively and finally a model for the cor-
tex, microtubules and nucleus. All our FEM models which include microtubules
enable us to model the structure of the microtubules, as hollow rods, more realisti-
cally than in the continuum model. Also, an analytical model for a thick shell with
severa rods does not seem easily solvable and a numerical FEM model seems to
be required. For computational ease, our whole cell model consists of only half
a sphere, with a thick shell for the actin cortex, a small nucleus in the center and
rod-like microtubules that emanate from just above the nucleus to the inner surface
of the actin cortex, as shown in Figure 5.2.

Before discussing our whole cell model, our thick shell FEM model is ex-
plained (Appendix D.2 contains our input file - named vtshell.inp). The shell iscon-
structed using severa twenty-node brick elements (ABAQUS element C3D20R).
The thickness of the shell can be changed by varying the number of layers (of brick
elements) and by varying the size of the brick elements used to construct the shell.
The model consists of only one eighth of a shell, due to the axisymmetry of our
problem (rotationally symmetric stress on a cell in the stretcher). So, the boundary
conditions constrain the nodes in the XY plane to move only in the XY plane (no
motion in the z direction); similar boundary conditions apply to the nodes in the
YZ and XZ planes. Any axisymmetric stress can be applied to the FEM shell with
an ABAQUS subroutine to define the stress on the entire shell. The deformation of
thismodel, on which all our other cell models are based, is quantitatively compared
with that of the analytical continuum thick shell model, detailed in Chapter 3, for
two stress distributions (a uniform pressure of 1 Pa on the cell and a non-uniform
pressure distribution of cos?¢) and for various structural parameters. These results
are shown for different mesh discretizations and layers of the thick shell, along with

error calculations, in Table 5.1. Table 5.1 reveals that the error or difference in de-
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Figure 5.2: Finite element model (FEM) of a cell which includes three structural
components - the actin cortex (red), microtubules (blue) and nucleus (black). The
number of microtubules estimated in vivo is ~ 1500. However, the number of rods
(microtubules) seenin thisfigure is much less (~ 60), for clarity

formation predicted by the analytical model and the FEM model is very small even
for the coarsest mesh discretization used (12 squares seen on the surface of one-
eight of ashell). Thiserror decreases as the mesh is made finer but at successively
smaller rates, while the computational time increases significantly for finer meshes
with more layers. Hence, the mesh chosen depends on the accuracy required of
the solution (for instance, in the optical stretcher experiment, there is a minimum
detection error in the deformation of 1 pixel or ~ 0.6% for a 100X magnification
objective, which is much greater than the error of our FEM model). The high accu-
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racy of our FEM thick shell model, as seen from Table 5.1, enables usto build upon

it, to create more complex models such as awhole cell model.

In our whole cell FEM model, the actin shell is created as before with
twenty-node brick elements. The nucleus is modeled as a sphere using twenty-
node brick elements, while the microtubules are modeled as hollow rods with an
outer radius of 12 nms and a thickness of 5 nms (ABAQUS element B31, which
is a Timoshenko beam that can be used as a slender or thick beam and can carry
transverse shear). All the rods have two nodes, with a common node located at the
top of the nucleus and another node on the inner surface of the thick shell. The
moduli and sizes of the cortex, microtubules and nucleus are the same as those used
in the continuum model. With these parameters and the stress o = cos2¢ on the
model, the radial deformation along the laser axis can be obtained. This deforma
tion, however, also depends on the number of rods (microtubules) in the model. So,
the number of microtubules in vivo has been estimated by us, with a knowledge
of the amount of tubulin found in vivo [138] and the microtubule structure and is
found to be ~ 1500. A cell model with athick shell and ~ 1500 microtubules, then,
yields an extension of 65 nm along the laser axis. The observed deformation from
our model with the cortex and microtubules can be used to get an idea of the con-
tribution of microtubulesto the entire structural response of the cell - by comparing
it to the deformation from our model with the cortex alone (thick shell model) and
attributing the response in each case to that of a homogeneous sphere. For a model
with a twenty percent thick actin shell of Young's modulus 500 Pa and Poisson’'s
ratio 0.45 and microtubules of Young's modulus 50000 Pa, the contribution of the
microtubules to cell strength is estimated to be 20 percent but isonly 5 percent for
a cortex of modulus 3000 Pa (Figure 5.3).
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microtubules
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Figure 5.3: Contribution of actin to cell strength from studies with the FEM model
with the actin cortex and microtubules, assuming E,;crotubutes = 50000 Pa

The numerical model has also been used to study the effect of an increase
in microtubules from 0 to 1500 (Figure 5.4, with E,,;crotubuies = 50,000 Pa) and
a change in their modulus (Figure 5.5, for 1500 microtubules) on the observed
deformation. A model with a thick shell, nucleus and 2000 microtubules (the in
vivo microtubul e estimate increases due to the space occupied by the nucleus) also
results in an extension of ~ 65 nm aong the laser axis. Both our analytical and
numerical calculationsimply that a peak stress o, much higher than 1 N/m? needs
to be applied to a normal cell in the stretcher, for the radial extension to be easily

detectable or measurable - the extension must be > 1 pixel, whichis ~ 130 nmsfor
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the 100X magnification objective used in the experiment.
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Figure 5.4: Anincrease in the number of microtubulesleadsto alower deformation
or stiffening of the model cell (thick shell and microtubules) along and perpendicu-
lar to the laser axis

Another effect studied by us in our whole cell FEM model (with half a
sphere), which would be very difficult to study in an analytical model, is the effect
of asymmetry of the nucleus. Many images of cells show (J. Guck, unpublished
data) that the nucleusis not situated symmetrically (right in the center) in the cell.
Our whole cell FEM model allows us to displace the nucleus anywhere in the XY
plane. The results obtained suggest that the effect of the asymmetry on structural

response is not significant.
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Figure 5.5: An increase in the microtubule modulus leads to a lower deformation

or stiffening of a model cell (thick shell and microtubules), subjected to a stress
2
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5.2.3 Nonlinear Thick Shell Finite Element M odél

Asthe laser power in the stretcher isincreased, the cell’s structural elements
may respond nonlinearly - as mentioned earlier, actin displaysastrain hardening be-
havior at high strains (> 10 percent). Therefore, at these strains, a nonlinear thick
shell model for the cortex, with a strain-hardening stress-strain behavior isrequired.
Creating an analytical nonlinear model to analyze deformations is extremely diffi-
cult, since the principle of linear superposition, relied on to solve the linear problem

analytically, does not hold any longer. Therefore, a numerical FEM model using
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ABAQUS has been created. ABAQUS has available certain potentials (derivative
of potential with respect to strain is stress) that satisfy this condition - for exam-
ple, the Mooney-Rivlin, Odgen and Arruda-Boyce potentials are strain-hardening
at high strains. The main reason for using the Arruda-Boyce isitsinherent stability.

The Arruda Boyce potential has the form

1 1, 1, 19
U = /L(2(Il 3) + 20)\2(11 9) + 1050%([1 27) + 7000)\6(11 81)
519 1,J3-1
— (I — 24 L)+ == —nJ, 5.1

where A, 1 and D are the three material (fit) parameters in the potential, which are
calculated by the program, once the stress-strain data are given asinput. 7, isthe
first deviatoric strain invariant, while J¢ is the elastic volume ratio. The nonlinear
model also takes into account geometric nonlinearities at high strain. Figure 5.6
shows that the deformation obtained from the nonlinear model at ¢ = 0 is 1.75

percent lower than that from the linear model.

However, the nonlinear model and the potential considered may not be re-
aistic for a cell model. Also, the potential used is perturbative - the modulus ex-
tracted from it at small strains is the same as the linear modulus, while at higher
strains, there are positive higher order corrections to the modulus. At high strains,
though, if the brownian fluctuations of the network are overcome and the filaments
straightened, the network becomes extremely rigid (like stiff rods). Due to these
limitations, the nonlinear model proposed here mainly gives an idea of how such a
model might be created and solved using numerical FEM techniques.
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Figure 5.6: Preliminary results from a nonlinear thick (actin) shell model (Arruda
Boyce potential) for a cell in the stretcher - Radial deformation versus polar angle
of athick shell of Young's Modulus 500 Pa, Poisson’sratio 0.45 and shell thickness
20%, subjected to a stress of o = 10 cos?¢. The deformation at ¢ = 0 is 1.75
percent lower than that from the linear model

5.3 Extraction of Structural Parametersfrom the Stretcher Ex-
periment Using Viscoelastic M odels

5.3.1 Extraction of Viscoelastic Parameters without Incorporating Cell Ge-
ometry

The previous chapters and sections have discussed the deformation and
other predictions of our cell models, based on our knowledge of the structural prop-
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erties of the cytoskeletal polymer networks, with an emphasison actin. This section
analyzes the viscoelastic experimental data from the optical stretcher experiment
[169], [221], to extract structural parameters using the models devel oped by us and
to gain an understanding of the behavior of the in vivo cytoskeletal polymer net-
works. Normal NIH-3T3 and BALB-3T3 fibroblasts as well as cancerous SV-T2
fibroblasts (fifty cells of each type) have been deformed for approximately one sec-
ond in the stretcher with 1.7 Watts in each laser beam. The peak stress on the cell
depends on the laser power as well as other factors and experimental conditions
such as the cell size and the distance between the fiber ends. However, an average
estimate of the peak stress on the cell for the laser power used is 10-13 Pa.

Asthefirst step to understanding the data and the difference in the structural
response of the three cell types, the average maximum deformation (of the fifty
cells) of each cell typeis plotted (Figure 5.7). Figure 5.7 shows that the cancerous
SV-T2 fibroblasts have a higher average deformation than the normal NIH-3T3 and
BALB-3T3 fibroblasts. To extract structural parameters from the data for a prelim-
inary estimate of cell strength, the cell is modeled as a homogeneous elastic sphere
- the model yields the following mean shear moduli for the normal and cancerous
cells: G = 36+10 Pafor the NIH fibroblasts, G = 334+-19 Pafor the BALB fibrob-
lastsand G = 18+4.5 Pafor the SV-T2 fibroblasts. However, more data are required
to reduce the error or variability in measurement and help clearly differentiate the
normal and cancerous cell types. Hence, presently, work is underway to automate

the stretcher experiment, to acquire alarge amount of datain ashort period of time.

The structural analysis above with the homogeneous sphere model assumes
an elastic behavior of the cells, while the observed behavior of the cells to the
applied step stress is viscoelastic. The cells show a sharp increase in deformation
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Figure 5.7: The average deformation of NIH, BALB and SV-T2 fibroblasts de-
formed in the stretcher [221], [169]. The average deformation of the SV-T2 cancer-
ous cellsis higher than that of the normal NIH and BALB cells

along the laser axis due to the applied stress, for approximately 0.2 seconds after
the laser is switched on and then display a slower increase or viscous behavior
for the remaining time that the laser is on. Deformation data are aso taken along
the laser axis for one second or more after the laser is switched off, to study the
relaxation behavior of the cell. Such viscoelastic dataare commonly analyzed using
a mechanical model, which is a combination of springs and dashpots. Different
mechanical models can be tried, in order to fit the data; a Voigt model (model with
aspring and dashpot in parallel) with adashpot in series (Figure 5.8) isthe simplest
model found to fit the observed viscoelastic behavior. The additional dashpot is
used since the cell does not relax fully even after several seconds, when the laser is
off. Figures 5.9 and 5.10 show the model’sfit (line) to the experimental data (dots)
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of arepresentative normal cell and a cancerous cell. The exact mathematical form
of the model equations used to fit our cell deformation data and extract elastic and
viscous parametersis as follows.

t—1
_ %(1 - ef(tfto)E/Tll) + M fOT to < t < tl (52)

r 12

Arl (t) — @(1 o ef(tlfto)E/T]l)ef(tftl)E/T]l 4 0o (tl - t()) fO?n t > tl (53)

r E 2
where A’T(t) is the relative deformation, E is the elasticity of the spring, n; and 7,
the viscosities of the two dashpots, ¢, isthe timethe laser isswitched on (o = 0 in

our experiment) and ¢, isthetime the laser is switched off.

Our evaluation of the stretcher data using macroscopic mechanical models,
such as the modified Voigt model, is now explained in detail. A total of three elas-
tic constants and two viscous constants are extracted from the data, to describe the
deformation and relaxation behavior of the fibroblast cells. As mentioned earlier,
the cells show an eastic behavior for the first 0.2 seconds of stretch. This elas-
ticity arises, most likely, from the fact that the actin filaments in the cortex are
crosslinked on thistime scale, and this allows the network to behave like an elastic,
permanently crosslinked gel - the binding time of known actin crosslinkers, such as
a-actinin, ABP/filamin and the Arp 2/3 complex, is >0.2 seconds. So, a spring of
elasticity E,jq5. 1S Used by usto model the cell’s behavior in the first 0.2 seconds.
Beyond this time scale, the transient nature of the crosslinks comes into play; as
the crosslinkers begin to unbind from the actin filaments, the cell starts to display

a viscous behavior. This viscoelastic deformation or creep is seen in Figures 5.9
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Figure 5.8: @) Mechanical model - Voigt element with a dashpot in series - used
to fit the viscoel astic data from the stretcher experiment b) The structural response
curve (strain) of thismodel for a step stress. The strain does not decay to zero even
at longer times due to the response of the dashpot

and 5.10 and is fit with Equation 5.2 of the modified Voigt model (red line). The
modulus of the spring, E, obtained from thefit iscloseto E.;.s;., because a stress
applied to the model first extends the spring, and then acts on the dashpots. In ad-
dition to F, the fit yields the viscosities n, and 7, of the dashpots. The relaxation
behavior of the cell after the laser is switched off can be seenin Figures5.9 and 5.10
and can also be modeled using the modified Voigt model (Equation 5.3). However,
it is found that Equation 5.3 fits the relaxation phase of the behavior, only if the
elasticity of the spring in the model is changed from FE, to F; (the dashpot values
are still held at ny and 7;). A possible explanation for the change in elasticity after
the deformation is the effect of the deformation itself on the structural state of the
cell. The values of E. 4., Eo and E; and aso 7y and 7, for the three cell types
(NIH, BALB and SV-T2 fibroblasts) obtained with the models are summarized in
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Figure 5.9: Experimental data points and fit using the voigt model with a dashpot
in series for arepresentative NIH fibroblast being deformed in the stretcher

the tables below.

Cell Type Eelastic EO El
Pa Pa Pa

NIH 414.89 + 395 | 421.12+ 3518 | 433+ 7.34
BALB | 366.16 + 47.14 | 333.48 + 38.32 | 37.01 + 855
SV-T2 228.6 +17.87 | 216.13 + 19.99 | 13.24 + 5.47

Cell Type o m
Pas Pas

NIH 31.6 +4.86 | 1645.75 + 337.22
BALB 33.67 £ 6.08 | 1734.98 + 411.78
SV-T2 15.89 + 1.39 | 971.73 + 134.59

The above numerical values for elasticity (of fibroblasts), extracted from

the mechanical model, are now understood from the polymer physics or molecular
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Figure 5.10: Experimental data points and fit using the voigt model with a dashpot
in series for arepresentative SV-T2 fibroblast being deformed in the stretcher

properties of the cytoskeleton - specifically the actin cytoskeleton, with the par-
tially (transiently) crosslinked actin network model developed in Chapter 4. The
network model is employed to find arealistic parameter set of actin and crosslinker
concentrations and cortex (shell) thickness that can explain the stretcher data. In
conjunction with an assumed actin concentration that is physiologically relevant
(between 8.4 and 11.3 mg/ml for fibroblasts - see Table 1.1) and a given elasticity,
the model yields an estimate for the actin crosslinker concentrationinvivo. Anactin
concentration of 10 mg/ml is postulated for the NIH cells, since the elasticity, Fy,
extracted from the stretcher data is the highest for this cell type, while a concen-
tration of 9.5 mg/ml is assumed for the BALB fibroblasts (since their elasticity is
dlightly lower than that of the NIH cells). Finally, an actin concentration of 9 mg/ml
is used for the SV-T2 cells, which show the lowest elasticity. A corresponding actin
crosslinker concentration is, then, calculated for each cell type, from the partially
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crosslinked network model, and the values obtained for crosslinker concentration
are found to be physiologically relevant. Also, if both NIH and BALB cells are
inferred to have a cortex thickness of ~20 %, from fluorescence images of these
cells taken in our group, then the shell (cortex) thickness of SV-T2 cells is com-
puted by considering the total actin content in cancerous fibroblasts to be ~35%
lower than in their normal counterparts. So, if the presumed actin concentration of
9 mg/ml in the SV-T2 cellsis integrated over the shell, the shell thickness of 13%
obtained for these cellsis smaller that that of the normal fibroblasts. By obtaining a
realistic parameter set that explainsthe data, our analysis suggests that the transient
crosslinking of actin networks controls the deformation response of cells. Thetable

below summarizes the parameter set obtained from our analysis.

NIH BALB SV-T2
Pactin 10mg/ml | 9.5 mg/ml | 9 mg/ml
pcr, corresponding | 10.01 M | 9.75uM | 8.7 uM
to Ey
pcr, corresponding | 3.62 uM | 3.66 uM | 2.49 uM
to E;
Shell thickness 20% 20% 13%

5.3.2 Extraction of Viscoelastic Parameters I ncorporating Cell Geometry

The material constants extracted from the stretcher data with mechanical
models do not consider the geometry of the cell. Although this study does not
present final values for these structural parameters, that incorporate cell geome-
try, it proposes a method to approach the problem. Our analysis here assumes,
for simplicity, that the modified Voigt model can be used to fit the stretcher data
with the same value for the elasticity of the spring, E, in the deformation and
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relaxation phases. In this case, only three material constants are required to de-
scribe the data, namely, E, n, and ;. An equation for the relaxational modu-
lus G(t) can, then, be obtained, by inverting the strain or deformation equation
(Equation 5.2), to relate the stress of the model to an applied unit step strain (since
LIG(t)]L[J(t)] = m where L is the Laplace Transform, J(t) is the time
dependent creep or unit strain and v, the Poisson’s ratio of the material [105]). For
our model, the relaxational modulus calculated is the following.

o E 6";3'71752 m 5(t)
= 2(1+v)(1 4 2) - 2(1+v)(1+2) (54)

Since our study uses the modified Voigt element to model the cytoskeleton,
Equation 5.4 for G(t) provides insight into the material property or relaxational
modulus of the in vivo cytoskeletal polymer network. However, to incorporate the
spherical geometry of the cell, the structural response of one of our cell models,
such as the thick shell model, the three-layered sphere model or the FEM model,
needs to be considered. If the thick shell model is considered (for simplicity), its
geometric effect along the laser axis (geometric factor F;) can be obtained from
Figure 3.3. Figure 3.3 shows that the geometric factor Fi; (along the laser axis)
for a given stress profile depends on the shell thickness and Poisson’s ratio (for
a homogeneous sphere, F; ~ 0.58 aong the laser axis for a cos?¢ stress and a
Poisson’sratio of 0.45). From our knowledge of the linear elastic-viscoel astic cor-
respondence principle (Appendix C.3), a material property function (equation for
G(t)) that incorporates both viscoelasticity and geometry is then equal to the ex-
pression derived for G(¢) from the mechanical model (Equation 5.4) multiplied by
the geometric factor Fi;, or mathematically, it is
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FgEenzi’IiZ FG m 5(t)

21+ v)(1 + g_;)? * 2(1+v)(1+ 1)

G(t) = (5.5)

The above calculation shows that, if a structural response function for the
material or data can be determined, then the effect of material geometry can bein-
corporated by multiplying each viscoelastic parameter extracted (£, n; and ;) by
the geometric factor Fy;. It isdifficult to deduce such an equation for the stretcher
data, since the elasticity of the spring £ in the modified Voigt model is found to
change on cell deformation; so, no further analysis of the data has been carried
out to relate the observed deformation to the molecular properties of the actin cy-
toskeleton (such as actin and crosslinker concentrations, cortex thickness), by in-
cluding cell geometry. However, the above exampleillustrates how a mathematical
function that incorporates viscoelasticity and geometry can be derived and used to
differentiate the structural response of the normal and cancerous cells. For exam-
ple, the geometric factor of the cancer cellsisdifferent than that of the normal cells,
if they have a thinner cortex (shell) or are smaller in size. Also, Figures 5.9 and
5.10 indicate that the viscoelastic response itself (model fit) of the normal and can-
cer cellsisdifferent. Hence, it is possible to use the viscoelastic response alone or
the combined material property behavior (linear viscoelasticity and geometry) as a
signature to distinguish these cell types. However, if the cancer cells deform be-
yond the linear regime (say >10 percent), a nonlinear equation for their structural
response will have to be developed and used. The difference between the nonlinear
response equation for the cancer cells and the linear equation for the normal cells
(whose smaller deformations are more likely to be in the linear regime) may clearly

separate the two cell types.
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5.4 Resaultsand Discussions

Our three-layered continuum model for a cell shows that the boundary con-
ditions used in the analysis are important in determining the deformation. 1f mixed
boundary conditions are used at the actin-microtubul e interface in the three-layered
model, the value obtained for the radial deformation is not much lower than the
value obtained with athick shell model for the actin cortex alone. The deformation
results of our thick shell FEM model show alow percent error, when compared with
the analytical thick shell results (Table 5.1). This model has been tested for vari-
ous stress distributions on the shell, mesh discretizations and number of layers and
hence can be used as a basis for creating more complex FEM models. Our whole
cell FEM model incorporates observed cytoskeletal architecture such astherod-like
microtubules and a displaced nucleus. This numerical model shows quantitatively
(Figures 5.4, 5.5) how the addition of microtubules results in a stiffening behavior
or a smaller observed deformation, but no analytical result or scaling law for how
the stiffening of the structure depends on the number of rods (microtubules) in the
model has been established here. However, for afixed number of microtubules, an
estimate can be obtained of the contribution of microtubulesto cell strength, which
showsthat their contribution diminishesas the cortex strength or modulusincreases.
In our model, the nucleus can be placed asymmetrically about the origin and this
is found to have an insignificant effect on the structural response. Our analytical
and numerical models show that only a much higher peak stress o, than 1 N/m?
on a normal cell results in a deformation that can be easily detected or measured.
In the case of the optical stretcher experiment, this implies the use of higher laser
powers (greater than 1.5 Watts in each beam) while stretching fibroblasts and other
eukaryotic cells.
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Our experimentsin the stretcher on deforming normal and cancerous fibrob-
lasts by applying a step stress with 1.7 Watts in each laser beam shed light on the
viscoelastic behavior of cells. To enable a quantitative understanding of the ob-
served structural response, our study extracts elastic and viscous material constants
from the stretcher data, using a mechanical model. With the help of such viscoelas-
tic parameters, our work is beginning to shed light on the molecular properties of
the in vivo cytoskeletal polymer network of these different cell types; it suggests
that the transient crosslinking of actin can help explain the dynamic behavior ob-
served in the stretcher data and is a sensitive parameter controlling the strength of
cells. Our preliminary results also indicate that these material constants can be used

to differentiate normal and cancerous cells.

55 Summary

By combining both analytical and numerical techniques, it has been possible
for usto create a variety of modelsfor a eukaryotic cell that take into account both
itsgeometry (spherical shape) and architecture (rod-like microtubules and nucleus).
Using these models, the effect of different cellular features has been studied - these
range from afirst order model for the interaction between the cytoskeletal polymers
incorporated in our continuum model to the asymmetry of the nucleus studied with
our FEM model. A study of these effects, in conjunction with our study of the
cytoskeletal polymers, enables us to create a comprehensive structural model of a
cell and to begin relating the structural properties of the individual in vivo polymer
assemblies and their interactions to the macroscopic deformation of the whole cell.
So, the model has then been used to predict or quantify the observed deformation of
acell inthe optical stretcher subjected to an arbitrary, rotationally symmetric stress.
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From the experimental side, it has also been possible to extract and analyze struc-
tural parametersfrom the optical stretcher data on normal and cancerous fibroblasts.
These viscoelastic parameters, which reflect the state of the cytoskeleton, may be
the key to distinguishing cell types, such as normal and cancerous cells, at an early

stage.
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Table 5.1: Results from the Numerica Thick Shell FEM Model

Discretization of the thick shell mesh

Thickness of shell = 20 %

Young's modulus of shell =

Uniform Stress

Mesh

in thick

4by4

6 by 6

8by8

10 by 10

12 by 12

Analytical
Result

No of Deformation

layers
shell

5
10
15
20

5
10
15
20

5
10
15
20

5
10
15
20

5
10
15
20

500 Pa

nms
$=90

19.272
19.261
19.258
19.257

19.289
19.280
19.277
19.275

19.301
19.295
19.292
19.290

19.307
19.303
19.300
19.299

19.309
19.307
19.305
19.304

19.311

Error %

-0.2020
-0.2589
-0.2745
-0.2796

-0.1139
-0.1605
-0.1761
-0.1864

-0.0518
-0.0829
-0.0984
-0.1087

-0.0207
-0.0414
-0.0570
-0.0621

-0.0104
-0.0207
-0.0311
-0.0362

Deformation
nms
$=0

19.257
19.247
19.245
19.245

19.286
19.275
19.272
19.271

19.301
19.293
19.290
19.288

19.306
19.302
19.299
19.297

19.309
19.306
19.304
19.303

19.311

104

Thickness of shell = 10 %
Young's modulus of shell =

3000 Pa
Deformation
nms
Error %  $=90 Error %
-0.2796 7.7380 0.0918
-0.3314 7.7370 0.0789
-0.3418 7.7367 0.0750
-0.3418 7.7364 0.0711
-0.1295 7.7294 -0.0194
-0.1864 7.7286 -0.0298
-0.2020 7.7284 -0.0323
-0.2071 7.7283 -0.0336
-0.0518 7.7294 -0.0194
-0.0932 7.7286 -0.0298
-0.1087 7.7283 -0.0336
-0.1191 7.7282 -0.0349
-0.0259 7.7299 -0.0129
-0.0466 7.7293 -0.0207
-0.0621 7.7290 -0.0246
-0.0725 7.7289 -0.0259
-0.0104 7.7303 -0.0078
-0.0259 7.7299 -0.0129
-0.0362 7.7296 -0.0168
-0.0414 7.7295 -0.0181
7.7309

Deformation
nms
¢=0

7.7340
7.7334
7.7333
7.7333

7.7282
7.7274
7.7273
7.7273

7.7289
7.7280
7.7278
7.7276

7.7298
7.7290
7.7287
7.7286

7.7303
7.7297
7.7294
7.7293

7.7309

Error %

0.0401
0.0323
0.0310
0.0310

-0.0349
-0.0453
-0.0466
-0.0466

-0.0259
-0.0375
-0.0401
-0.0427

-0.0142
-0.0246
-0.0285
-0.0298

-0.0078
-0.0155
-0.0194
-0.0207



Thickness of shell =20 % Thickness of shell = 10 %
Young's modulus of shell = Young's modulus of shell =
500 Pa 3000 Pa

2
cos“¢ stress

Mesh  No of Deformation Deformation Deformation Deformation
layers nms nms nms nms
in thick $=0 Error % $=90 Error % $=0 Error %  ¢=90 Error %
shell

4 by 4 5 82.967 0.0434 -31.862 0.1666 31.143 0.0900 -11.711 0.1625
10 83.005 0.0892 -31.887 0.2452 31.151 0.1157 -11.716 0.2053
15 83.026 0.1146 -31.899 0.2829 31.154 0.1253 -11.717 0.2138
20 83.037 0.1278 -31.905 0.3018 31.156 0.1318 -11.717 0.2138

6 by 6 5 82.901 -0.0362 -31.810 0.0031 31.116 0.0032 -11.696 0.0342
10 82.900 -0.0374 -31.815 0.0189 31.118 0.0096 -11.697 0.0428
15 82.904 -0.0326 -31.818 0.0283 31.119 0.0129 -11.698 0.0513
20 82.907  -0.0289 -31.821 0.0377 31.120 0.0161 -11.698 0.0513

8 by 8 5 82909 -0.0265 -31.805 -0.0126 31.112 -0.0096 -11.692 0.0000
10 82.903  -0.0338 -31.806 -0.0094 31.112 -0.0096 -11.693 0.0086
15 82.902 -0.0350 -31.807 -0.0063 31.113 -0.0064 -11.693 0.0086
20 82902 -0.0350 -31.808 -0.0031 31.113 -0.0064 -11.693 0.0086

10by10 5 82.918  -0.0157 -31.806 -0.0094 31.113 -0.0064 -11.692 0.0000
10 82913  -0.0217 -31.806 -0.0094 31.112 -0.0096 -11.692 0.0000
15 82910  -0.0253 -31.806 -0.0094 31.112 -0.0096 -11.692 0.0000
20 82.909 -0.0265 -31.806 -0.0094 31.112 -0.0096 -11.692 0.0000

12by12 5 82.923  -0.0096 -31.807 -0.0063 31.113 -0.0064 -11.692 0.0000
10 82919  -0.0145 -31.807 -0.0063 31.113 -0.0064 -11.692 0.0000
15 82917  -0.0169 -31.806 -0.0094 31.113 -0.0064 -11.692 0.0000
20 82916  -0.0181 -31.806 -0.0094 31.113 -0.0064 -11.692 0.0000

Analytical 82.931 -31.809 31.115 -11.692
Result

'Effective Cell'

From the error analysis above, a 8 by 8 mesh with 5 layers for a thick shell seems

a reasonable model.

To take into account the effect of the rods and nucleus, the thick shell of 20% would have to have
an effective Young's modulus of 625 Pa (25% change), while the thick shell of 10% percent
would have to have an effective modulus of 3300 Pa (10% change)
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Chapter 6

Conclusions and Future Wor k

In this thesis, a detailed structural model of a eukaryotic cell has been cre-
ated, by incorporating the molecular properties as well as the architecture of the
cytoskeletal polymers, namely the actin cortex and the microtubules. Our modeling
work starts with creating athick shell continuum model for acell in which the actin
cortex predominates and goes on to more complex models (numerical finite element
models) that incorporate the rod-like microtubules and the nucleus. These models
have been used to study the individual contribution of the polymer assemblies to
the entire structural response of the cell and to obtain the deformation of the model
cell to an arbitrary rotationally symmetric surface stress, as in our cell deformation

experiment - the optical stretcher.

Our model cell allows us to extract structural parameters for different cells
such as normal and cancer cells and show theoretically that the strength obtained
depends sensitively on cytoskeletal polymer properties such as actin concentration
and cortex thickness - hence, the structural response of cancer cells versus nor-
mal cells is a good parameter to distinguish them. Experimental evidence from
the stretcher and other experiments indicates that the structural response of normal
and cancerous cells differs considerably, due to the altered cytoskeleton of cancer
cells. This observation has been quantified in our study by extracting elastic and

viscous parameters from the optical stretcher data on normal and cancerous fibrob-
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lasts. Our preliminary analysis of these viscoelastic parameters in various time
regimes shows that they can be used to differentiate normal and cancer cells. An
attempt is then made to relate the structural constants extracted to the molecular
properties of the actin cytoskeleton of these two cell types - specifically the actin
and crosslinker concentrations and the cortex thickness. Our results suggest that the
transient crosslinking of actin can help explain the dynamic (viscoel astic) behavior
seen in the stretcher data and is a sensitive parameter controlling the strength of
cells. With such a mathematical approach, the structural properties of the in vivo
polymer assemblies and their individual contribution to the structural response of a

cell are just beginning to be understood from the data.

Our study of the cytoskeletal polymers suggests that the actin cortex can
account for the structural properties of the cell, only under tight localization of the
actin in the cell and its crosslinking proteins. The shear modulus of cells is much
higher than our estimate for the modulus of a fully crosslinked actin network of
cellular concentration, distributed homogeneously through the cell. However, when
al theinvivo actin in acanthamoeba (assuming homogeneous filaments one micron
long) isin a cortex of 13 percent thickness and the crosslinking protein in a shell
of 5 percent thickness, the cortex has a modulus of ~ 1000 Pa, close to the shear
modulusof fibroblasts. The addition of the rod-like microtubulesto our FEM model
results in a stiffening of the cell structure. However, the addition of microtubules
alone may not be enough to account for the versatile structural properties of cells.

The intermediate filament network has not been studied in thisthesis.

Hence, possible future directions to this work, include a structural study of
intermediate filaments and its subsequent incorporation into our model. Another

important step is an experimental as well as a theoretical study (through polymer
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physics, and not simple boundary conditions) of the structural contribution of cy-
toskeletal interactions. There is sufficient experimental evidence [176] for the in-
teraction of actin filaments and microtubules via MAPS (microtubule associated
proteins) and other proteins and hence the actin-microtubule interaction could be
a starting point for the study. First, an in vitro rheology experiment could be per-
formed to obtain the strength of a mixture of actin and microtubules. The value ob-
tained could be compared to the strength of an actin or microtubule network alone
from rheology, to estimate the effect of interaction. In order to study the actin-
microtubul e interaction theoretically, aform of the interaction potential is required
- either experimentally or otherwise. It is then possible to calculate stress, strain,
and modulus from the potential and hence its effect on the structural strength. The
next step would be to study the interaction in vivo, but this seems a huge challenge.
The other interactions (actin-intermediate filaments, microtubule-intermediate fila-
ments) could also be studied similarly. A different interaction not captured in our
model is that between polymer filaments and active motor proteins - for example
between actin filaments and myosin motors. The influence of these motor proteins
on the structural response of the cell could be investigated in further models.

Further modifications and improvements can be made to our model too, al-
though our thick shell analytical model and finite element models are quite versatile
and accurate. The thickness of the shell in our hollow, 3D thick shell model can be
varied. So, it can be used to model a red blood cell with a thin 2D cytoskeleton
as well as a fibroblast and other eukaryotic cells with a much more extensive 3D
cytoskeleton. When the shell is very thin, the deformation of the shell model is
exactly that of a thin shell or membrane, and when it is very thick (inner radius
amost zero), the deformation is the same as that of a solid sphere. Also, the de-

formation of our finite element thick shell model compares very accurately to that

108



of our analytical thick shell model. However, all these models are linear, elastic
models and no detailed non linear model for a cell undergoing large deformation
has been presented in this thesis. Such a model may be required for the stretcher
experiment on cancer cells, since their average radial deformation is greater than
that of normal cells. In addition, we have modeled the viscoelasticity of cells with
a simple mechanical model. It is possible, though, to create a more sophisticated
viscoelastic FEM model of a cell. The structural elements of the cell such as the
actin cortex and the microtubules could be assigned viscoel astic properties and the
interior of the cell could be filled with a viscoel astic medium.

An extension to modeling a spherical suspended cell is to model the me-
chanics of an attached cell (which has a non regular shape), including the effect of
the actin stress fibers. As opposed to the isotropic actin cortex, the stress fibers are
anisotropic, long, actin bundles. Modeling the mechanics of these anisotropic bun-
dlesis one step in acomplex model for an attached cell. Our work on the structural
response of single cells could also be extended to studying the structural response
of two interacting cells. It could then be used as the basis for multicellular studies,
to understand the mechanical properties of tissue. Another application of our cell
model isin tumor growth and its dynamics. The damaging effect of atumor arises
when its hard elastic spherical interior pushes on the surrounding polymer network
- the results of our single cell model could be valuable in creating a suitable tumor
growth model. Hence, the extensions and applications of our cell model and stud-
ies on polymer networks to other problems in this new field of modeling complex

biophysical phenomena are numerous, varied and exciting.
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Appendix A

Appendix for Red Blood Cells

A.1 Extraction of Structural Parametersfrom Some Red Blood
Cell Experiments

Thisappendix discusses how the model s created to accompany different red
blood cell deformation experiments are used to extract structural parameters.

A.1.1 Micropipette Aspiration of Cells

There are cells which behave structurally like a solid, while others can be
modeled as a liquid surrounded by an elastic cortical shell. For example, neu-
trophils and red blood cells are considered to be soft cells, while chondrocytes and
endothelial cellsare morerigid. Therefore, the model for a cell being aspirated into
amicropipette, depends on the type of cell.

Extraction of the cortical shear modulus ;1 and the cytoplasmic viscosity 7
(N/m?) for a Red Blood Cell

A red blood cell ismodeled asa Newtonian liquid of viscosity 7 surrounded
by an elastic shell or membrane, which is defined by a cortical shear modulus, p
(where , = Gt, where G is the conventional shear modulus (N/m?) and ¢ is the

shell thickness (mm)) and Poisson’s ratio, v. In order to analyze the deformation
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of ared blood cell aspirated in a pipette and extract structural parameters from
experiment, amodel of an infinite plane membrane being sucked into a cylindrical
pipette is used (Figure A.1). The model also assumes that the deformation takes
place at a constant surface area, which resultsin the following equation relating the
aspiration pressure and the observed deformation [37], [22], [217].

APR, = 2.45&, (A.2)
H R,

where ]L%—z > 1, AP isthe negative pressure drop within the pipette, associated with
aspiration, L, isthe net axial extension into the pipette and R, is the radius of the
pipette. Experimentally, aplot of AP versus L, yields .

_

_HEMISPHERICAL CAP
L

=
e

_—

7] - MICROPIPETTE
e

DEFORMED MEMBRANE

Figure A.1: A hemispherical cap model for an infinite plane membrane being
sucked into a cylindrical pipette of radius R, taken from [22]. The problem is
analyzed in terms of cylindrical coordinates
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The viscosity, n is given by

_ RAP
AR R

dt

(A.2)

where m isaconstant obtained from theory (x 6 for red blood cells), R istheinitial

radius of the cell and % istheinitial rate of cell extension into the pipette.
A.1.2 Electric Field Deformation of Cells

The deforming force on a cell stretched by a high frequency electric field
arises due to the polarization of the cell [97], [36]. The elongation of the cell is
proportional to the square of the electric field, for small deformations. The shear
modulusof ared blood cell isextracted using thin shell theory to cal cul ate the defor-
mation [36] of a sphere into an ellipse, under an axisymmetric stress (Figure A.2).
The shear modulusis given by 1 = 1.38A2[‘fi—(q]]2, where U is the applied voltage
and ¢ istheratio of thelong axisto the short axis of the deformed ellipse. A isgiven
by A% = 2.25 € ¢y 15/ 5%, wherer, isradius of the spherical cell, ¢ isthe permittivity
of the medium in which the cell is present and s is a constant of the instrument,
which can be calculated (s=1.1 in Engelhardt et. al.s experiment). Therefore, by
calculating the initial slope of the U versus ¢ data plot and by calculating A, ;. can
be determined.

In order to calculate the viscosity, jump experiments are performed, which

relate ¢ and ¢, from which the response time of the cellular deformation 7 can be

found. The viscosity  isthen given by . .
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axis of
axisymmetric
electric field

Y

undeformed cell deformed cell

Figure A.2: Thin shell model for the deformation (v and w - meridional and radial
deformations) of ared blood cell deforming in an axisymmetric electric field

A.1.3 Optical Tweezer

Henon et a. [80] use an optical tweezer to deform swollen as well as dis-
coid, unswollen red blood cells and extract structural parameters from their experi-

ment with the following models.

An osmotically swollen red blood cell is modeled as a spherical thin shell
(Figure A.3). In an optical tweezer, two silica beads, placed at the poles, are each
pulled by a point force F'; the deformation of a thin shell in the direction perpen-

dicular to these point forces is given by
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F

where D isthe equatorial diameter of the stretched cell, Dy, the original diameter,
F, the applied force and 1 is the shear modulusin N/m. The slope of the graph of
the deformed cell diameter, D, versusthe applied force, F', gives .

Figure A.3: Elastic thin shell model for an osmotically swollen, spherical red blood
cell in atweezer, deforming under diametrically-opposed loads at the poles, taken
from [80]

A discotic, unswollen red blood cell of diameter D, is modeled by two
paralel discs (Figure A.4). The deformation of the discs is calculated under the
action of two opposing forces F' at two ends of the disc diameter. The deformation

perpendicular to F' isgiven by

D:DO—QL(IJr(l— (A.4)

T

DX
==
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where D isthe stretched diameter, D, the original diameter, F' isthe applied force,
p is the shear modulusin N/m and K is the area compressibility modulus. For a
red blood cell, 1 < K, and so

F

The slope of the graph of deformed cell diameter, D, versus applied force, F', gives
.

L _¥ | DEFORMED
UNDEFORMED

Figure A.4: Membrane model for an unswollen, discoid red blood cell deforming
in a tweezer, taken from [80]. The membrane thickness is assumed to be constant
and the problem is purely two dimensional
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A.1.4 Flicker Spectroscopy in Red Blood Cells

A measurement of the flicker phenomenon of red blood cells, measured at
two points (correlation function), can be used to estimate the area compressibility
modulus of ared blood cell [14], [189], [238]. The correlation function is charac-
terized by alength scale \,,, which isafunction of frequency w and can be obtained
experimentally. In order to relate \,, to the curvature modulus K, Brochard et al.
[14] model the red blood cell as two thin membranes separated by a distance d,
which is filled with a Newtonian fluid of viscosity n at velocity v (Figure A.5). A
detailed analysis of this model gives us the following relation

Kd?

1/6 A
)" (A6)

A = (

Therefore, a knowledge of d, n and A at a particular w leads to a determination of
K.

~Membrane 1

-
\'

----------------------------- *Membrane 2

N
>

A

Figure A.5: Membrane model of ared blood cell to analyze its flicker phenomenon
or thickness fluctuations
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A.2 Ray OpticsCalculationsto Deter minethe Surface Stresson
a Cdll in the Stretcher Set up

reflected

incident .

e

Figure A.6: Ray optics is used to calculate the surface stress on a cell in the
stretcher. Shown here is the path of a beam from the laser, on the left side, hit-
ting acell a an angle o

Since the cell size (microns) is much greater than the wavelength of light
used in the experiment (785 nms), ray optics is used to explain the normal, out-
ward, stretching force experienced by a cell placed between two counter propagat-
ing laser beams [68], [69]. The physicsliesin the net outward momentum transfer
that occurs when a beam of laser light both enters and leaves the cell. The initia
momentum of the beam p; isp; = E/c, where E isitsenergy and c is the velocity
of light. If it hitsthe cell at an angle o (Figure A.6), it will be refracted according

to Snell’s law, nsina = nysinf, where n, is the refractive index of the medium
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surrounding the cell, n, isthe refractiveindex of thecell (n = 72) and 5 istheangle
of the transmitted ray. The momentum of the initial ray changes in magnitude and
direction, upon hitting the cell. Due to the conservation of momentum, the differ-
ence in momentum Ap between the incident ray and the reflected and transmitted

rays (Ap = p; + p» — p;) IS experienced by the cell asa surface force F' = %.

The momentum Ap transferred to the cell can be decomposed into a parallel

and perpendicular (perp) component as follows:

Aphromi™ = c0s(0) = R cos(m — 2a) = n (1 — R) cos(2m — o+ 3)

= 1+ R(a) cos(2a) —n (1 — R(«)) cos(a — )
= Apfront(Oé) COS¢ (A7)

and

Aploms = sin(0) = R sin(m —2a) —n (1 — R) sin(21 — a + )

= R(a) sin(2a) +n (1 — R(«)) sin(a — )
= Apfront(O‘) sing (A8)

where ¢ is the angle between the beam axis and the direction of momentum trans-
7‘2 o] 7‘2 o]

ferred, R(«), the reflection coefficient is calculated as R(a) = M -7

and r, are the reflection coefficients for TE and TM fields when interacting with

surfaces.

Similarly, for the back surface, the following equations are obtained for the mo-

mentum components.
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Appae = (1= R(a)) [n cos(a — f)
+n R(B)cos(38 — a) — (1 — R(B)) cos(2a — 2[)]
— Aper(a)cose (A9)

and

Appaer, = (1= R()) [-n sin(a = f)
+n R(B) sin(38 —a) — (1 — R(B)) sin(2a — 23)]
= Appacs(a) sing (A.10)

The total magnitude of the transferred momentum is now given by

ADfrontack (@) = /(AP )2 4 (AP )?) (AD)

whileitsdirection is given by

AP ront bac
¢front/back (a) = arCtan(farialt/;;k) (A12)
Apy

ront/back

Using the above equation for ¢(«), it can be shown mathematically that Ap(«a) is
aways normal to both the front and back surfaces and outward for every incident

angle a.

Finally, the surface stress on the cell, as afunction of theincident angle v is
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11 AP frontpack () I (@
& pront (@) = L1 t/z k(@)]() (A13)

where the light intensity I(a) = —2L<¢~2"sin*(@)/*(2) P jsthe laser power, w, the

Tw2(z)

beam waist of a gaussian beam and p, the radius of the cell.

Thus, the cell surface stress considered above due to a single laser beam
depends on the ratio  and n. Thereis anet force on the cell due to asingle laser
beam, which accelerates the cell. However, if the cell is hit by two equal counter
propagating beams, the surface stresses are additive, while the net force on the cell
is zero. Hence the cell remains stationary or stably trapped and the axisymmetric,

normal surface stress deforms the cell.

A.3 Bending and Membrane Energy of a Thin Shell

As mentioned in Chapter 2, membrane theory assumes that the bending
forces are negligible compared to the membrane forces. This is valid when the
changes in curvature of the shell are small and the moment terms in the equations
for equilibrium are considered to be unimportant. The formulae for the bending
energy U, and membrane energy U,,, of athin shell are as follows [206].

The Bending Energy U, is given by

Ue = g/ /A[(X<z> +x0)” = 2(1 = V) (xoX0 — Xgp)]drdy (A.14)
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Using spherical coordinates, due to the the geometry of the problem (Figure A.7),
the governing equations for axisymmetrical loading are

d dw
X¢ = ?(d_¢(v+%)) (A.15)

dw . cotp

xo = (v+ %) 7 (A.16)
E n?
= B (A.17)

where x4 and x, are the changes in curvature in the ¢ and 6 (polar and azimuthal)
directions respectively, x4 is zero and v, w are the meridional and radial displace-
mentsrespectively. Also, as before, E isthe membrane’s Young’'s modulus, v isthe
material’s Poisson ratio, p, the shell radius and A its thickness.

The Membrane Energy U, is given by

Eh , -
Un = m/ /A[(Gqs +€9)” — 2(1 — v)(epep — 1%9) |dzdy  (A.18)

The relevant equations in spherical coordinates for axisymmetric loading
are thefollowing.

€p = _(d_gb — w) (A.19)



€9 = %(U cotdp — w) (A.20)

where ¢, and ¢, are the strains in the ¢ and 6 directions respectively and vy, the

shear strain, is zero.

The equations for the bending and membrane energy of athin shell are now
used to calculate their ratio explicitly for the stress profile o, = oy cos?¢. The

meridional and radial deformationsfor this stress profile are

o(g) =" ;‘;“ (A1) cosg sing] (A.21)
and
w(@) = ";7;’[(1 1) coso - ! =) (A.22)

and theratio g—:; is proportional to % whichis~ 10~ for red blood cells.

A.4 Deformation Equationsfor a Thin Shell

The total energy of a thin shell subjected to an axisymmetric radia stress
o, consists of the membrane energy and the work done due to o,.. Neglecting the
bending energy, the total energy isthen given by [124], [206]

Eh .
V = 27p? /[m[eg5 + €5 + 2veseg] — 0, w]sing do, (A.23)
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where F isthe Young's modulus of the thin shell, v is the material’s Poisson ratio,
p, the shell radius and £ its thickness. The strain in the polar or ¢ direction ¢, and
the strain in the azimuthal or 6 direction ¢, due to the applied stress can both be
expressed in terms of the meridional and radial displacements (v and w) of the shell

asfollows.

1.d
€y = ;(d—z —w) (A.24)
€ = %(v cotdp — w). (A.25)

If the variational principle (Euler’s equations) is used to extremize the total
energy V" with respect to v and w, the two equations obtained are

1ddF dF

e A.26

pdodv'  dv 0 ( )

1ddF dF

el ) A.27

pdodw'  dw ’ (A-21)
where F isthe integrand of the energy functional V', v’ = %Z—Z and w' = %%

The differential equations obtained intermsof v and w and their derivatives,
when the form of F' is substituted, are given below.

2
_02(1 —
Z—;+Ucot¢—2w:%hy) (A.28)
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d? d d
dT;%—cowd—;—(1+1/)d—w—vcot2¢—l/v:0. (A.29)

These coupled differential equations can be solved for v and w. Note that the form
of the equations from membrane theory (Equations 2.1 and 2.2) used by usto solve
for v and w are different. They are obtained from the two stress equilibrium equa-
tions. If the equilibrium equations are combined with the stress-strain relations,
the equations obtained are the same as the equations derived from the variational
principle (Equations A.28 and A.29).

€g V
laser axis <

Figure A.7: The deformation of ared blood cell in the stretcher ismodeled asathin
shell under an axisymmetric stress, where €, and ¢, are the meridional and radial
strains respectively and v and w are the meridional and radial displacements
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Appendix B

Appendix for Thick Shell M odel of a Eukaryotic Cell
Deforming in the Stretcher

B.1 Deformation Equationsfor a Thick Shell

A thick spherical shell of outer radiusr, and inner radiusr; (hollow interior)
subjected to an axisymmetric load displaysaradia deformation w and ameridional
deformation v, as shown in Figure B.1. The radial deformation is considered here,
since it alone can be observed experimentally. The general expression for the radial

deformation due to an axisymmetric stressis[112]

w = [Ar"t(n+1)(n — 2+ 4v) + Br" 'n]P,(cos¢)
+ [Tgnn(n +3—4v) — %]Pn(cosqﬁ) (B.1)

where r istheradia distance from the center of the sphere, v, the Poisson’sratio of
the material and ¢ isthe polar angle. For an axisymmetric stress, the solution does

not depend on the azimuthal angle 6.

To obtain w for a specific problem, the external radial stress applied at the
outer surface r, and the internal internal radial stress applied at the inner surface
r1 IS written as a linear combination of Legendre polynomials P,,, which form a
complete basis. In the optical stretcher set up, only an external axisymmetric radial
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stress is applied. The applied shear stress is written in terms of the derivatives of
the Legendre polynomials, but is zero in the optical stretcher experiment. The total
radial displacement w isasummation over n, where n is the order of the Legendre
polynomial in the nonzero coefficients of the radial stress expansion. The constants
A, B, C, D are solved for every n by evaluating four equations - the radial and
meridional stresses, o, and o, 4 respectively, at r = r, and r = r;. These are given
below.

%U,« = [A(n+1)(n* —n —2—2v)r" + Bn(n — 1)r""?|P,(cos¢)
o 30 =20+ 2D (oss) - (82
i0 [A(n* +2n — 14 2v)r" + B(n — 1)7""’2]iP (coso)
2G"? do "
C D d
+ [T"+1 (n® —242v) — %]%Pn(cosd)) (B.3)

Here, below the meridiona deformation v is also included, for the sake of com-

pleteness and for its use in our continuum modelsin Chapter 5.

dP,(cos)
de

+ [%(—n +4—4dv)+ WZQ] dp"g;fsd))

v = [Ar"T(n+5—4v)+ Br"l

(B.4)
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laser axis <

Y

Vam axisymmetric stress

Figure B.1: A eukaryotic cell with a predominant actin cortex deforming in the
stretcher ismodeled as a thick shell. The axisymmetric deformation of athick shell
of outer radius o and inner radius r; is shown. w isthe radial deformation and v,
the meridional, while ¢ isthe polar angle and 6, the azimuthal angle

The thick shell deformation equations developed in this appendix for any
axisymmetric stress are implemented in the mathematica program below, to extract

structural parameters from experimental data.

Mathematica Program to Extract the Shear Modulus of a Thick Shell from

Experimental Data

Clear[’Global* x|
SetDirectory[”C : defaultdirectory”];
peakdata = ReadList]”data.dat”,

{Number, Number, Number, Number, Number, Number, Number}];
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rO = radius of cell in[m],

rl =inner radius of cell/shell (I consider a hollow shell) 10-20% thickness of actual
diameter,

m=1/v, where v isthe poisson’sratio,

X = polar angle,

G = shear modulus,

ytot = deformation at every point on the shell,

ytl = deformation at the pole/ along the laser axis

obsdefper = experimentally observed deformation in percent

peakstress = peak stress calculated from program ” stress profile (dimension likein
"stress profile”)

X = exponent for cos (gotten with stressprofilecurrentfib.m)

r0 =1;

r =r0;

potenz = Table[{peakdata[[j, 5|}, {j, 1, Length|peakdata)}];

con0 = Table[{ f_ll Legendre P[0, Cos[z]]CosPten#lill[z]dCos[x]},

{4, 1, Length[peakdata]}}];

ytot = Table[{(con0[[1]]/ (2 + G)) (ot + sttty ) )

{j, 1, Length[peakdata]}];

For[n=2,n<=100,n =n+ 2,

con = Table[{ (252) [, LegendrePln, Cos|z]]CosP*"*ll[z]dCos[x]},
{j, 1, Length[peakdata]}];

r10 = (r1/r0);

rOn = r0™;

r10n = (r10)™;

one =a(n+1) (N —n—2—2)r10n + b(n)(n — 1)(r10n)(r10)=2

-c(n) (n® +3n— 2) /(rl0nr10) 4+ d(n + 1)(n + 2)/(r10n (r10)%);
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two = a (n*+2n — 14 2) r10n + b(n — 1)(r10n)(r10)
+c ((n* =2+ 2) /(r10nr10) — d(n +2)/(r10n (r10)?)
three=a(n+1) (n* —n—2—2) +b(n)(n — 1) — c(n)(n® + 3n — 2)+
din+1)(n+2)—1;
four=a(n®*+2n—1+2)+bn—1)+c(n* =2+ 2) —d(n+2);

abed = Solve[{one == 0, two == 0, three == 0, four == 0}, {a, b, ¢, d}];
aa = First|(a/r0n)/.abed];

bb = First[(br0?/rOn)/.abed);

cc = First](c r0 rOn)/.abed;

dd = First[(d r03 rOn)/.abed);

Yy = ((n +1)(n—2+4/m)aa r™ +bbn " + "(”+3;&4/m))” — d%ﬁ;”) /
(2 G);

ytot = Table[{ytot[[j]] + con[[j]] * yy(LegendreP|n,Cos|x]])},

{j, 1, Length[peakdata]}];

]

yt1 = Table[{100ytot[[j]]/r0/.{G— > 1,r1— > 0.01 x 10,

m— > 2.2222222, x— > 0}},{j, 1, Length[peakdata]}];

(yt1 multiplied with peak stressis what we need)

peakstress = Table[peakdatal[j, 4]],{Jj, 1, Length[peakdata]}];

obsde fper = Table|peakdatal(j, 3], {j, 1, Length|peakdatal};

G = Table[{j, peakdatal[j, 5]], peakstress[[j]] * yt1[[j]]/obsdefper[[j]]},

{j, 1, Length[peakdata]}];

OutputForm|[TableForm|[G]] >> youngmodulusnih.dat

-2

Y
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B.2 TheElastic-Viscoelastic Correspondence Principle

When the Laplace transform of the linear viscoel astic boundary value prob-
lem (stress-strain relation, strain-displacement relation, momentum conservation
equations and boundary conditions constitute a boundary value problem) is consid-
ered, it takes the same form as that of the linear elastic boundary value problem

under the following replacements [105]
1. L[viscoelastic variable] = elastic variable (where L[g] isthe Laplace transform).
2. SL[G(9)] = Gejastic (Shear modulus)

SLIK(9)] = Kepastic (bulk modulus) and similarly for other structural parameters.

Thus, the Laplace transformed solution to the viscoelastic boundary value prob-
lem can be obtained from the solution to the corresponding elastic boundary value
problem. The fina viscoelastic solution is obtained by taking the inverse Laplace
transform.

If, for example, the elastic solution for the radial displacement, w, of an
object isafunction of G, v and o, the surface stress, the corresponding viscoel astic
solution w(t) can be found by taking the Laplace transform of the equation for
radial displacement. Also, as noted above, G is replaced by sL[G], v by sL[v] and
o by L]o]. Itisassumed here that the time dependencies of GG, v and o, and hence
their Laplace transforms, are known, as the equation must be expressed in terms
of known structural quantities. The final result for w(t) is obtained by taking the
inverse transform.

The viscoelastic response of a cell with mainly the actin cortex (assume a

crosslinked network) can be calculated similarly from the elastic solution, when
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G(t) is known. The correspondence principle can be applied to an entangled actin
network in its linear viscoelastic regime - the network is found to be linearly vis-
coelastic till a strain of 10 percent at a concentration of 1 mg / ml (uncrosslinked
network [141]). Hence, our linear viscoelastic shell model for the cell isappropriate
aslong asthe strain or deformation in our stretcher experiment is in this regime.

In the internal dynamics regime, for high frequencies, G(w) = a; (iw)®/*.
G/(t) can be obtained by using Abel’s Theorem, which states that

1
—1r/: —z1 z—1
where H () is the heaviside step function; the result is G(t) = at~3/*. The corre-
spondence principle then yields the following in the internal dynamics regime; the
time dependent radial displacement of acell with mainly the actin cortex, subjected

to an axisymmetric stressis of the form

w(t)

To

- a30—0t3/4FG(Va r, ¢7 1, 740) (B6)

where a1, a, and a3 are constants and Fg (v, r, ¢, r1,10) IS known from the cor-
responding elastic solution. The solution above for w(t) is vaid only for small ¢
(t < 0.001 sec), as the form of G(w) used to calculate it is valid for large w. At
intermediate time scales (0.001 < ¢ < 0.01 sec), arecent theoretical derivation for
G(t) of asolution of relatively stiff actin filaments (L < L,) (Pasquali et al., 2001)
showsthat G'(t) ~ t~°/*. The radial displacement, w(t), at intermediate times can
be obtained with an analysis similar to that in the internal dynamics regime. At
alonger time (t > 0.01 sec), the structural response of the actin shell is elastic,

as G has no time dependence in the plateau region. Hence, the deformation of a
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crosslinked actin shell is predicted to be dominantly elastic. Finaly, it is impor-
tant to note that although AFM data reveal that the extent of the rubber plateau
and the transition to the internal dynamics regime are the same in both cells and in
vitro actin networks[117], there are additional factorsthat create adifferenceinthe
viscoelastic response of a cell and an actin shell [230].

B.3 Extraction of Structural Parametersfrom our Defor mation
Experiment - the Optical Stretcher

The correspondence principle described in Appendix B.2 can be used to
extract structural parameters from the stretcher experiment, for any form of the
stress profile (generaly, the relaxation modulus G(t) is obtained only under con-
stant strain conditions, but this method enables us to obtain G(t) for any stress
profile). Consider the elastic solution for w, the radial displacement of athick shell
subjected to astress profile o = o cos?(¢), whichis of the form

o
7“_0 = EOFG(V,T, ¢,7“1,7“0)- (B.7)

Here, 0, the peak applied stress can be time dependent and F (v, r, ¢, 11, 10), the
geometric factor, isafunction of r, theradia distance from the center of the sphere,
¢, the polar angle, r, the inner radius of the shell, r, the outer radius of the shell
and v, the Poisson’sratio.

The Laplace transform of the above equation is performed to obtain the
following viscoel astic solution.
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Lloy]

Ll =T

SL[FG(V? T, ¢7 7"1,7"[))]. (BS)

This Laplace eguation can be used to obtain G asfollows. L[w(t)] is known from
the optical stretcher experiment, and so is o, the peak stress applied. Also, if v
is constant, L[v] = “. Hence, the above equation can be inverted to extract the

structural parameter G/(t).

B.4 Extraction of Structural Parameters from Other Cell De-
formation Experiments

Many experimental techniques have been developed to deform cells. This
section describes how the models created to accompany different experiments are

used to extract structural parameters.
B.4.1 Cell Poker

The cell poker experiment [232] is an older version of the AFM experiment
and consists of a poker of radius a, which probes a cell of radius R. In order to
obtain force-indentation curves, two models are considered: a liquid drop model
(Figure B.2) and a neo-hookean model (Figure B.3). An analysis of the two mod-
els leads to a dimensionless force indentation curve which is, for the liquid-drop
model % versus -, where F' is the indenting force, 7" is the tension, and for the
neo-hookean model, % versus ¢, where F' is the applied force and 1. is the shear
modulus. The force applied is calculated by multiplying a typical indentation with
the stiffness, which isthe initial slope of the experimental force-indentation curve.

Hence, a knowledge of the force applied and the force-indentation curves of the
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neo-hookean model enables an estimation of the shear modulus .

Figure B.2: A liquid drop with constant surface tension being deformed by arigid
indentor, as amodel for acell probed by the cell poker tip, taken from [232]

B.4.2 Atomic Force Microscopy (AFM)

The Hertz model or a variation of it has been commonly used for an AFM
tip probing a cell to study its structural properties[117], [152], [109], [160], [161].
As shown in Figure B.4, the Hertz model comprises an elastic half-space being
indented by a hard axisymmetric indentor. The cell surface is approximated as an
elastic half space, under the assumption that the indentation depth is much lessthan
the radius of the cell. Thetip is modeled as a paraboloid of radius R at the contact
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Figure B.3: An incompressible hyperelatic (neo-hookean) sphere being deformed
by arigid indentor, as a model for a cell probed by the cell poker tip, taken from
[232]. It is assumed that the contact between the poker, sphere and substrate is
smooth

point. From the analysis of thismodel, the relation that emerges for the indentation
o versusthe applied force F' is

4
F = §R0.561.5El, (Bg)

where R is the radius of the tip and E’ is the effective Young's modulus given by
F' = e where v, isthe Poisson’s ratio of the cytoskeleton. Therefore, the
cell

indentation versus force curve allows an estimation of the effective modulus (and

hence the Young's modulus of the cell).
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Rigid, Axisymmetric

Indentor or Tip A /

13

Infinite Plane

Figure B.4: The Hertz model - arigid axisymmetric identor exerting a force F on
an infinite plane, causing an indentation ¢ - for an atomic force microscope (AFM)
tip probing a cell

B.4.3 Microplate Manipulation

The microplate experiment by Thoumine et al. [196] uses a 3 element me-
chanical model to extract two elastic moduli and a viscosity from their traction ex-
perimental data and oscillatory tests. They use a Kelvin model, as shown in Figure
B.5, with one spring of elasticity ko (in N/m?) in paralel with a series combina-
tion of a second spring of elasticity k£, and a dashpot of viscosity ;.. The slope of
the stress-strain curve from traction data gives the sum &, + £, of the two elastic
constants, while the stress relaxation curve gives givesthe time constant 7 (7 = kﬁl)

and the spring constant k. kg, k; and i can aso be extracted from oscillation data.

B.4.4 Magnetic Bead Microrheometry

In order to extract structural parameters from their magnetic microbead mi-
crorheometry data, Bausch et al. [10] use the 4-element mechanical model (Kelvin
model with a dashpot in series) shown in Figure B.6 a). The viscoelastic response

of the cell can be characterized by three parameters, by reducing the four parame-
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o(t)

Ko e(t)

S

Figure B.5: Three-element mechanical model for a cell being deformed by two
parallel microplates

ters of the mechanical moddl: an effective elastic constant k£ = & + &, arelaxation

nirori) (,’:;’,jl k) and a viscosity . These viscoelastic parameters are obtained

by analyzing the experimental creep response and relaxation curves. To relate £,

timer =

7 and v, to the viscoelastic moduli of the cell, the cell membrane and actin cor-
tex together are modeled as a thin elastic plate of shear modulus .+ coupled to the
cytoplasm, which is modeled as a viscoelastic layer (viscosity 7.) fixed to a solid
support on the opposite side (Figure B.6 b). . is obtained from the displacement
of the magnetic beads and the effective elasticity & of the viscoelastic model. The
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3D shear modulus of the cell envelope is then related to o+ by ;o = 4-, where h is
the thickness of the membrane and cortex. The viscosity of the cytoplasm is con-
nected to the mechanical model parameter v, by the relation ., = Z;ﬁs, where R is
the radius of the contact area between membrane and bead and d.. is the thickness

of the viscous medium the bead movesin (cytoplasm).

a) o(t)

|

Y1

ki g(t)

b)
composite actin cortex of top membrane N\
membrane (1t*) 4 lipid bilayer
dg bulk cytoskeleton (1)
Y lipid bilayer

actin cortex of bottom membrane

solid substrate

Figure B.6: a) 4-element mechanical model of a cell used to analyze magnetic
bead microrheometry data. b) Cell model used to relate the viscoel astic parameters
obtained from the mechanical model to those of the cell
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B.45 Micropipette Aspiration of Cells

There are cells which behave structurally like a solid; for example chondro-
cytes and endothelial cells are more rigid [96], [194]. Therefore, the model for a
cell being aspirated in a pipette, depends on the type of cell.

Extraction of £ (Young's modulus) and n for a Chondrocyte or Endothelial
cell

A solid cell being aspirated in a micropipette is modeled as an infinite half
space [194]. The loading due to the micropipette of inner radius a is represented
as a constant pressure in acircular region (of radius a) on the half-space, while the
contact between the cell and the micropipetteisrepresented asastressin theannular
regiona > r > b (b — a isthe micropipette thickness), as shown in Figure B.7. The
model uses two boundary conditions in the annular contact regiona > r > b
(force model and punch model) but gives the following identical relation between
the suction pressure AP and the extension of the cell into the pipette L, in both

these cases.

o EL,®
Ap =2 (B.10)
3 R,

where E isthe Young's modulus and & depends on the ratio of pipette wall thick-
nessto radius of the pipette (atypical valueof ® is2.1 and so @ is4.4). Theslope
of AP versus f%—;’ divided by 4.4 gives E. The calculation assumes that both the
radius and thickness of the micropipette are smaller than the thickness of the cell or

half space.
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To obtain viscosity, 7, d(ftp is measured from experiment. An analysis of the

half-space model along with the standard viscoelastic model yields .

2
Sz =
b™-a

or u,=0(PUNCHMOCEL)

|
i |
|
|

) Ap (FORCEMODEL)

b

H_\TT\L____Ja /./—5““g

////////////’

I
-

2

Figure B.7: The half-space model with the boundary conditions used to represent
asolid cell being aspirated in a micropipette, taken from [194]. Q is the half-space
representing the cell and I1 is the boundary of €2. s,, and s,, are the stresses in
cylindrical coordinates (r,z), while u, is the displacement along the = axis. a and b
are theinner and outer radius of the pipette.

B.4.6 Microstructural Models of the Cytoskeleton for Adherent Cells
B.4.6.1 Open Cel Foam Networks

The open cell foam network depicts the actin cytoskeleton as a network of
interconnected struts, asshownin Figure B.8[182]. The contribution of the network

to the structural response of the cell is calculated by considering the bending of the
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struts to an applied force on the cell and is as follows[182]

E* = CE¢?, (B.11)

where C' is a constant approximately equal to 1, F is the Young's modulus of an
individual actin filament, £* isthe effective Young’'smodulusand ¢ = "7 theratio
of the mass density of the actin network to that of the individual filament.

Figure B.8: Microstructural unit of an open cell foam as a model for the elastic
properties of the actin cytoskeleton, taken from [182]
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B.4.6.2 Prestressed Cable Nets

In the prestressed cable net model, the initial tension in the actin filaments
determines the overall mechanica response of the cell. The actin filaments are
thought to be cables, which carry a prestress, due to the actomyosin function, os-
motic pressure and cell spreading. Thisprestressisbalanced partly by other cellular
structures such as microtubules and the nucleus. Taking into consideration the pre-
stress or the normal force transmitted by the cables across a unit area, an expression

for the Young's modulus E* can be found and is as follows.

F¢
E* > B.12
where F' isthe uniform tensile force in the cables, r is the filament radius and ¢ is

the volumetric fraction of actin in the cells.

The tensegrity structure, shown in Figure B.9, is a special form of the pre-
stressed cable structure, where the cable tension is initially balanced entirely by
the local compression of the supporting struts. For a model in which six struts are
interconnected with 24 cables by frictionless pin joints, and in which the struts are
elastic and buckle beyond the critical value of compression force, E* is calculated

asfollows

_ 5.85F(1 + 4e)

B = 2(1412¢) (B.13)

where F' is the initial cable tension, [ is the initial length of an individual cable

and e istheinitia cable strain. Thisformula highlightsthe importance of the initial
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tension and microstructural geometry of the actin network. The abovetwo formulae
can be used to calculate bounds for E*.

Another way of expressing £* is as follows.

*

 6.4P(1 + 4e)

O L2(1412¢) (B.19

where L istheinitia strut length and P istheinitial compression in the cable. This

formula highlights the importance of buckling of compression bearing elements.

Figure B.9: Six-strut tensegrity model to represent cytoskeletal mechanics, taken
from [182]. The cables - shown asthin lines- carry atensileforceinitially whichis
balanced by compression in the struts - gray columns
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Appendix C

Appendix for the Role of Isotropic Actin Networksin
Cedlls

C.1 A Network of Actin Filamentsand Bundles

Here, the strength or shear modulus of an isotropic network of a mixture of
actin filaments and bundles is estimated by us [4], by modifying existing isotropic
polymer network theories for the strength of an isotropic, permanently crosslinked
actin network of filaments [113], [103]. Our calculation for the strength of a net-
work of actin filaments is based, as before, on MacKintosh et al.’s theory of a per-
manently crosslinked network [113], which estimates the entropic elasticity of an
actin network by considering the force-extension relation of a filament segment
‘pinned’ between two entanglement points. Their assumption that the applied force
is paralel to the filament length seems reasonable in vivo, where the short actin
filaments (whose lengths | are of the order of their entanglement length /,) can
align themselves continuously along the load direction, when crosslinked by flex-
ible crosslinkers such as a-actinin and ABP. In order to calculate the strength of a
network of actin bundles, our study modifies Kroy et al.'s theory of a permanently
crosslinked network (Kroy et a., 1996). Thistheory generalizesMacKintoshet al.’s
work and considers a variable angle between the applied load and filament length
and hence (in addition to entropic elasticity) the bending of long filaments (I > [.)
‘clamped’ at their entanglement points - the Kroy et a. model reduces to the MacK -
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intosh et al. moddl, if the variable angle 6 between the filament and load in the Kroy
model is assumed to be 0. Thus, the Kroy et al. model seems more appropriate for
abundle of long filaments than MacKintosh et a.'s model, due to the joint stiffness
of the bundles. Our strength calculation differs from Kroy et a.'s theory as each
filament is considered to be a bundle - a continuum approach is used to model each
bundle as a cylinder of radius R. Hence, the number of filaments in each bundle
depends on the value of the bundle size R, which can be varied. The parametersthat
change for a network of bundles, from Kroy’stheory for anetwork of filaments, are
the mesh size and persistence length which become R*mesh size of a network of
filaments and R**times persistence length of a filament in a network of filaments.
The total strength (shear modulus &) of this network of a mixture of filaments and

bundlesisthen given by

Gtotal = Gfilament + Gbundles + 5 * Gfilament * Gbundles

1127 + lpl
24.8 {%1 le310  24.8 (47r/3) (§m1/2)3 le1 10

Gtotal = + 5 * Gfilament * Gbundles

(C.2)

where the mesh size of the network of filamentsisé&,, = (p (1 — z)) ", the mesh
size of the networks of bundlesis ¢,,; = R(p x)~%5, where p is the actin concen-
tration and (1 — z) isthe fraction of tota actin in the network of filamentsand = is
the fraction in the network of bundles. The entanglement length for the network of
filamentsis i, = 5.37671 £);° 0% (I, = 17) and that of the network of bundlesis
let = 5.37671 &)} 072 (I, = 17 R*). Also, 3 is a parameter that characterizes the
interaction between filaments and bundles.

Figures C.1, C.2 and C.3 show our results for the total shear modulus G’

of a network of filaments and bundles for different values of R, the bundle size,
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and for different values of the interaction parameter /3, as a function of the fraction
of total actin that forms the network of bundles (z). The total concentration of
actin (in the network of filaments and the network of bundles) is assumed to be 10
mg/ml in our calculations. Our results show that if there is no interaction between
the network of filaments and bundles, the modulus of a network of filaments alone
is always greater than the modulus of a network of filaments and bundles. As the
bundle size R increases, the bundles sap the actin filaments and degrade the strength
of the network of filaments. Although the strength of the network of filaments and
bundles increases beyond a certain fraction of bundled network (x > z; (say)), the
rapid decrease in strength before x; cannot be overcome, even when the network
is made of bundles aone (z = 1) - bundled networks are not inherently stronger
than filament networks. Now, if there is an interaction between the filaments and
bundles, thereisapossibility that the strength of a network of filaments and bundles
is greater than that of a network of filaments alone. The graph with 5 = 0.01 is not
very different from thegraph with 5 = 0 (no interaction). However, when 5 = 0.05,
and R = 15,3 and 5, there is alocal maximum in the strength of the network, for
dightly different values of the fraction of bundled network x in each case.
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Appendix D

Appendix for Modelsfor Eukaryotic Cells

D.1 Buckling of Microtubules

Thisappendix dealswith asimple calculation to estimate the deformation of
acell inthe stretcher which can cause the in vivo microtubulesto buckle. Assuming
the microtubul e to be athin beam, the deformation 6 .,.;;..; a which a beam buckles

is obtained from Euler’s bucking criterion and is given by

Elr

5criica: , D.1
ot = T GEY

where FT isthe flexura rigidity of the beam (microtubule), L its length and r is
radius. Substituting the values for microtubules of ET = 2.2 10723 Nm [55], L
=8 pm and r = 12.5 nm [16], the formula above yields d.,ijca; Of 1 um. The
maximum compression, and likelihood of buckling, of amicrotubulein acell being
deformed in the stretcher occurs at the equator (perpendicular to the laser axis). The
compression at the equator of a cell subjected to astress o = cos?¢ is of the order
of afew tens of nms from our analytical model (without the microtubules) and our
FEM modéel (with the microtubules). So, the buckling limit of microtubulesis not

reached for linear deformations of a cell in the stretcher.
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Figure D.1: Schematic figure to depict the possible buckling of a microtubule in
our cell model (thick shell and microtubules) or in the optical stretcher experiment

D.2 An ABAQUS Program or Finite Element M odel of a Thick
Shell Subjected to a Uniform Stress

*HEADING

SPHERICAL CAVITY, C3D20R, R=1,2,4,8, FX, 1-1-11-4
*PREPRINT,ECHO=NO,MODEL=NO,HISTORY=NO
*RESTART, WRITE, FREQUENCY =1
*NODE,SYSTEM=SNSET=IN

1,18E-6,0.,90.

25,18E-6,90.,0.
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601,18E-6,0.,0.
613,18E-6,45.,0.
313,18E-6,45.,35.26439
325,18E-6,45.,0.
*NODE,SYSTEM=SNSET=0UT
14001,20.E-6,0.,90.
14025,20.E-6,90.,0.
14601,20.E-6,0.,0.
14613,20.E-6,45.,0.
14313,20.E-6,45.,35.26439
14325,20.E-6,45.,0.
*NGEN,LINE=C,NSET=IN
1,251

1,601,25

25,325,25

601,613,1

13,313,25

313,325,1

26,38,1

51,63,1

76,88,1

101,113,1
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126,138,1
151,163,1
176,188,1
201,213,1
226,238,1
251,263,1
276,288,1
301,313,1
302,602,25
303,603,25
304,604,25
305,605,25
306,606,25
307,607,25
308,608,25
309,609,25
310,610,25
311,611,25
312,612,25
38,50,1
63,75,1

88,100,1
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113,125,1
138,150,1
163,175,1
188,200,1
213,225,1
238,250,1
263,275,1

288,300,1

*NGEN,LINE=C,NSET=0UT

14001,14025,1
14001,14601,25
14025,14325,25
14601,14613,1
14013,14313,25
14313,14325,1
14026,14038,1
14051,14063,1
14076,14088,1
14101,14113,1
14126,14138,1
14151,14163,1

14176,14188,1
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14201,14213,1
14226,14238,1
14251,14263,1
14276,14288,1
14301,14313,1
14302,14602,25
14303,14603,25
14304,14604,25
14305,14605,25
14306,14606,25
14307,14607,25
14308,14608,25
14309,14609,25
14310,14610,25
14311,14611,25
14312,14612,25
14038,14050,1
14063,14075,1
14088,14100,1
14113,14125,1
14138,14150,1

14163,14175,1
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14188,14200,1
14213,14225,1
14238,14250,1
14263,14275,1
14288,14300,1
*NFILL
IN,OUT,20,700
*NSET,NSET=XSYM,GENERATE
1,251
701,725,1
1401,1425,1
2101,2125,1
2801,2825,1
3501,3525,1
4201,4225,1
4901,4925,1
5601,5625,1
6301,6325,1
7001,7025,1
7701,7725,1
8401,8425,1

9101,9125,1
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9801,9825,1

10501,10525,1
11201,11225,1
11901,11925,1
12601,12625,1
13301,13325,1

14001,14025,1

*NSET,NSET=Y SYM,GENERATE

1,601,25
701,1301,25
1401,2001,25
2101,2701,25
2801,3401,25
3501,4101,25
4201,4801,25
4901,5501,25
5601,6201,25
6301,6901,25
7001,7601,25
7701,8301,25
8401,9001,25

9101,9701,25
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9801,10401,25
10501,11101,25
11201,11801,25
11901,12501,25
12601,13201,25
13301,13901,25
14001,14601,25
*NSET,NSET=2SYM,GENERATE
25,325,25
725,1025,25
1425,1725,25
2125,2425,25
2825,3125,25
3525,3825,25
4225,4525,25
4925,5225,25
5625,5925,25
6325,6625,25
7025,7325,25
7725,8025,25
8425,8725,25

9125,9425,25
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9825,10125,25
10525,10825,25
11225,11525,25
11925,12225,25
12625,12925,25
13325,13625,25
14025,14325,25
601,613,1
1301,1313,1
2001,2013,1
2701,2713,1
3401,3413,1
4101,4113,1
4801,4813,1
5501,5513,1
6201,6213,1
6901,6913,1
7601,7613,1
8301,8313,1
9001,9013,1
9701,9713,1

10401,10413,1
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11101,11113,1

11801,11813,1

12501,12513,1

13201,13213,1

13901,13913,1

14601,14613,1

*NSET,NSET=0UT1
14001,14026,14051,14076,14101,14126,14151,14176,14201,14226,14251,14276,
14301,14326,14351,14376,14401,14426,14451,14476,14501,14526,14551,14576,
14601

*ELEMENT,TYPE=C3D20R,ELSET=ALL
1,1,51,53,3,1401,1451,1453,1403,26,52,28,2,1426,1452,1428,
1402,701,751,753,703
2,3,53,55,5,1403,1453,1455,1405,28,54,30,4,1428,1454,1430,
1404,703,753,755,705
3,5,55,57,7,1405,1455,1457,1407,30,56,32,6,1430,1456,1432,
1406,705,755,757,707
4,7,57,59,9,1407,1457,1459,1409,32,58,34,8,1432,1458,1434,
1408,707,757,759,709
5,9,59,61,11,1409,1459,1461,1411,34,60,36,8,1434,1460,1436,
1408,709,759,761,711
78,311,361,315,313,1711,1761,1715,1713,336,362,314,312,
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1736,1762,1714,1712,1011,1061,1015,1013
90,361,411,317,315,1761,1811,1717,1715,386,412,316,362,
1786,1812,1716,1762,1061,1111,1017,1015
102,411,461,319,317,1811,1861,1719,1717,436,462,318,412,
1836,1862,1718,1812,1111,1161,1019,1017
114,461,511,321,319,1861,1911,1721,1719,486,512,320,462,
1886,1912,1720,1862,1161,1211,1021,1019
126,511,561,323,321,1911,1961,1723,1721,536,562,322,512,
1936,1962,1722,1912,1211,1261,1023,1021
138,561,611,325,323,1961,2011,1725,1723,586,612,324,562,
1986,2012,1724,1962,1261,1311,1025,1023
*ELGEN,ELSET=ALL

1,12,2,1,6,50,12,10,1400,200

1,12,50,12,10,1400,200

2,12,50,12,10,1400,200

3,12,50,12,10,1400,200

4,12,50,12,10,1400,200

5,12,50,12,10,1400,200

78,10,1400,200

90,10,1400,200

102,10,1400,200

114,10,1400,200
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126,10,1400,200

138,10,1400,200
*ELSET,ELSET=INEL ,GENERATE
1,721

73,78,1

85,90,1

97,102,1

109,114,1

121,126,1

133,138,1
*ELSET,ELSET=0OUTEL,GENERATE
1801,1872,1

1873,1878,1

1885,1890,1

1897,1902,1

1909,1914,1

1921,1926,1

1933,1938,1

*SOLID SECTION,ELSET=ALL,MATERIAL=ONE
*MATERIAL,NAME=ONE
*ELASTIC

1000,0.4
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*BOUNDARY

XSYM,1

YSYM,2

ZS5YM,3

*STEP

*STATIC

*DLOAD

OUTEL,P2,-1.0

*NODE PRINT,NSET=0UT1
U, COORD

*END STEP
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