BRNO UNIVERSITY OF TECHNOLOGY

VYSOKE UCENI TECHNICKE V BRNE

FACULTY OF MECHANICAL ENGINEERING

FAKULTA STROJNIHO INZENYRSTVI

INSTITUTE OF SOLID MECHANICS, MECHATRONICS AND
BIOMECHANICS

USTAV MECHANIKY TELES, MECHATRONIKY A BIOMECHANIKY

COMPUTATIONAL MODELLING OF MECHANICAL TESTS
OF ANIMAL CELL

VYPOCTOVE MODELOVANI MECHANICKYCH ZKOUSEK ZIVOCISNE BUNKY

MASTER'S THESIS
DIPLOMOVA PRACE

AUTHOR Bc. Lucie Orlova
AUTOR PRACE
SUPERVISOR prof. Ing. Jifi Bursa, Ph.D.

VEDOUCI PRACE

BRNO 2021






BRNO FACULTY

UNIVERSITY OF MECHANICAL
OF TECHNOLOGY ENGINEERING

Assignment Master's Thesis

Institut: Institute of Solid Mechanics, Mechatronics and Biomechanics
Student: Bc. Lucie Orlova

Degree programm: Applied Sciences in Engineering

Branch: Engineering Mechanics and Biomechanics

Supervisor: prof. Ing. Jifi Bursa, Ph.D.

Academic year: 2020/21

As provided for by the Act No. 111/98 Coll. on higher education institutions and the BUT Study and
Examination Regulations, the director of the Institute hereby assigns the following topic of Master's
Thesis:

Computational modelling of mechanical tests of animal cell

Brief Description:

On the basis of a comprehensive FE model created in the previous research, some simulations of
mechanical tests with cells should be carried out. The candidate will get acquainted with structure of
a living cell and possibilities of its computational modelling. It should bring her experience in
applications of both continuous and discrete finite element models under large deformations.

Master's Thesis goals:

1. To get acquainted with structure of animal cell, especially of its cytoskeleton, with focus on
endothelial cells in blood vessels.

2. To get acquainted with finite element modelling of prestressed tensegrity structures under large
deformations.

3. To simulate a chosen mechanical test of isolated animal cell using FE model.

Recommended bibliography:
ETHIER, C. R. and SIMMONS C. A.: Introductory Biomechanics. Cambridge University Press, 2007.

BANSOD, Y. Computational simulation of mechanical tests of isolated animal cells. VUT v Brng,
disertacni prace, 2016.

Faculty of Mechanical Engineering, Brno University of Technology / Technicka 2896/2 / 616 69 / Brno



Deadline for submission Master's Thesis is given by the Schedule of the Academic year 2020/21

In Brno,

L.S.

prof. Ing. Jindfich Petruska, CSc. doc. Ing. Jaroslav Katolicky, Ph.D.
Director of the Institute FME dean

Faculty of Mechanical Engineering, Brno University of Technology / Technicka 2896/2 / 616 69 / Brno



Summary

The presented Master’s thesis deals with the structural arrangement of living animal
cells and their mechanical behavior under loading. The generalized aim is to describe
mechanical responses of cells under either physiological or pathological conditions.

A highly interdisciplinary approach interconnecting the computational methods of
solid mechanics (finite element method in particular) with medical research is an
inseparable part of the problem solution. A crucial step in proposing a computational
model for approximation of a living cell behavior under loading conditions is to establish
mechanically significant components to be incorporated into the calculation and to
identify their material parameters. A presented computational model incorporates
continuum entities such as the nucleus, membrane, and cytoplasm interconnected with a
discrete mitochondrial network. This results in a novel hybrid model which is validated
through comparison with experimental data and serves as a means to estimate the
mitochondrial impact on overall cell stiffness.

Abstrakt

Predkladana diplomova préce se zabyva stavbou zivych zivoc¢isnych bunék a jejich odezvou
na mechanické zatézovani. Zobecnénym zamérenim prace je popis mechanického chovani
bunky nejenom ve fyziologickém, ale i v patologickém stavu.

Vychozim predpokladem pro tspésné reseni zadané tlohy je vysoce interdisciplinarni
pristup kombinujici vypoctové pristupy mechaniky téles (v tomto pripadé metodu
koneénych prvkia) s lékarskym vyzkumem. Nejdilezitéjsim bodem pri tvorbé
vypoctového modelu, pomoci néhoz je mozné aproximovat chovani zivé bunky pfi
zatizeni, je zejména identifikace mechanicky vyznamnych komponent a jejich
materidlovych parametri. V tomto pripadé jsou jako mechanicky vyznacné
identifikovany spojité soucasti jadro, membrana a cytoplazma, které jsou nové propojeny
s prvky diskrétnimi (mitochondridlni siti) v hybridnim modelu, jehoz platnost je ovérena
pomoci experimentalnich dat. Tento model slouzi jako podklad k vyhodnoceni miry
vlivu mitochondrii na celkovou tuhost burnky.

Keywords
mitochondria, structural cell model, mechanical response, indentation test, AFM,
computational modeling, cancer cell, pathology
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Rozsitreny abstrakt

Predkladana diplomova prace pojednava o moznostech vypoctového modelovani
zivoc¢isné bunky z hlediska mechaniky pevnych latek.  Hlavnim cilem je popis
charakteristického chovani bunky v reakci na vnéjsi zatizeni a néavrh strukturniho
modelu pro simulaci odezvy pomoci metody konecnych prvkia na specificky typ zatizeni
(charakteristicky pro indentacni zkousku).

V tvodnich kapitolach je v literature vyhledana a néasledné predstavena vnitini
struktura zivocisné bunky z biologického pohledu s kratkym popisem rozmérove
nejvyznamnéjsich komponent, ktery obsahuje informace ohledné jejich rozmeért,
rozlozeni a funkce v ramci individudlni bunky. Déle prace predklada kratké shrnuti
procest probihajicich uvnitt jednotlivych bunék a v navaznosti také pojednava
o vybranych patologickych procesech, jejichz vyzkum je jednou z hlavnich motivaci pro
zpracovavani tohoto tématu.

Uvodni kapitoly jsou doplnény o shrnuti metod vhodnych pro zobrazovéni vnitin
struktury bunék a o prehled metod pouzivanych pro testovani mechanické odezvy bunék
na vnéjsi zatizeni. Pozornost je vénovana zejména vypracovani detailniho rozboru
indentacni zkousky, ktera je uskutecnovana pomoci vtlacovani hroti rtznych tvaru do
bunky a pomoci citlivych senzorti urcéuje odezvu na takovéto zatizeni. Tato zkouska byla
zvolena jako prostiedek pro verifikaci predkladaného modelu. Vsechny experimentalni
pristupy jsou vsak interdisciplindrné zajimavé nejenom z hlediska mechanického, ale
i pro své vyuziti v lékarském vyzkumu, se kterym toto téma velice izce souvisi.

Na poznatky o biologické stavbé bunék navazuje kapitola pojednéavajici o aktudlnich
moznostech a aplikovanych postupech pri vypoctovém modelovani mechaniky bunky.
Piiklady praci zabyvajicich se mechanikou buiiky lze nalézt zejména na Ustavu
mechaniky téles, mechatroniky a biomechaniky (UMTMB), ale i jinde ve svété.

Jednotlivé pristupy lze rozdélit do nékolika skupin dle charakteru modelovani
vnittniho usporadani. Konkrétné lze rozliSovat mezi modely kontinudlnimi, které do
vypoctového modelovani vkladaji vysokou miru nepfesnosti tim, Zze at uz zcela nebo
castecné zanedbavaji vyraznou heterogenitu bunky, a modely hybridnimi, které do
spojitych ¢asti (mezi néz se vétsinou radi jadro, membréna a cytoplazma) zaclenuji
diskrétni prvky jako napriklad cytoskelet.

Soucasti reSeni zadané tlohy je také identifikace mechanicky vyznamnych komponent
a zvazeni miry vyznamnosti jejich vlivu ve vztahu k celkové tuhosti bunky. Jelikoz je
tloha definovana v Zadani diplomové prace zejména tlohou o identifikaci materidlovych
parametri  jednotlivych  komponent zaclenénych do predkladaného modelu
a konstitutivnich modeli vhodnych pro jejich popis, vénuje se cast prace vyhledani
téchto charakteristik v literatufe a vytvoreni jejich strué¢ného prehledu, ktery je tak
vychozim bodem pro modelovani metodou konec¢nych prvka. Zde je vzhledem k velkému
rozptylu materidlovych parametrii poukazano na vyhodné vyuziti kontinudlnich modela
pro snadnou a cCasové nenaro¢nou manipulaci, a tedy vhodnou volbu a verifikaci
materidlovych parametri pro aktualni nastaveni ulohy.

Vétsina hybridnich modelt predstavenych v predchozich vyzkumnych pracich se
zameéruje na mechaniku opérné soustavy bunky: cytoskeletu, ktera je zodpovédna za
vétsinu tuhostnich charakteristik bunky. Dtivodem je, ze vlakna tvorici cytoskelet, jsou
nejtuzsim prvkem ze soustavy bunécnych komponent a jejich usporadani je zodpovédné
za vyznamné deformacni zpevnéni, které bunka pti experimentalnich mérenich vykazuje.
Modely cytoskeletu vétsinou vyuzivaji tzv. tensegritnich  (tedy uzavienych



samonosnych) struktur, které jsou v textu nejenom definovany, ale navic je popsan jejich
vyznam v ramci mechaniky bunky.

Jedinec¢nost této diplomové prace v oboru a jeji prispévek k dalsimu vyzkumu
spociva v charakteru diskrétnich prvka zaclenénych do struktury navrzeného modelu.
Na zékladé poznatkl vyzkumu na Masarykové univerzité je vyslovena domnénka, ze
kromé vyznamného vlivu jadra, cytoplazmy, bunééné membrany a cytoskeletu na
mechanickou odezvu bunky, mohou i mitochondrie prispivat k celkové tuhosti bunky.
Konkrétnéji byla pozorovdna reorganizace (v podobé rozpojovani a TFidnuti)
mitochondridlni sité v bunkach ovlivnénych rakovinou, pri které je paralelné ovlivnéna
celkova tuhost bunky. K ovéreni domnénky, ze mitochondrie mohou ovliviiovat celkovou
tuhost bunky nezavisle na dalsich zménach ve struktufe bunky, je posléze vyuzito
nového hybridniho modelu zahrnujiciho realistickou mitochondrialni sif.

Platnost predkladaného modelu je na zavér ovérena pomoci simulace zatizeni, které
odpovida indentacni zkousSce sférickym hrotem, a porovnanim vypoctové odezvy
s experimentalnimi daty. Celkova tuhost bunky predkladaného modelu je
vyhodnocovana jako reakcni sila pusobici na indentacni hrot v nékolika indentacnich
bodech podobnym zptisobem, jako pfi experimentalnim ovérovani.

Vypocty provedené v ramci této diplomové prace naznacuji, ze mitochondridlni sif
ovliviiuje mechanickou odezvu bunky pomérné vyznamnym zpusobem. Z toho vyplyva,
ze zménénd (at uz zvysend ¢i snizend) tuhost rakovinovych bunék muze byt kromé jiného
uzce spjata s reorganizaci mitochondridlniho systému.
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1. Introduction

The complexity of the cell which is a basic unit of every living tissue is astonishing. The
cell structure is highly heterogeneous: it is composed of several components that influence
its mechanical response to loading conditions making the description and subsequent
evaluation of isolated cell mechanical behavior a complex research chapter requiring an
interdisciplinary approach.

The inner structure enables the cell to undergo long-term as well as temporal loading
by constant adaptation so the load is transferred through the cell without damaging the
vital parts. The important part about maintaining the internal force balance is that the
mechanical stimuli are converted to biochemical signals [3] causing a variety of processes
to initiate.

With increasing imaging resolution it is feasible to observe and assess the geometry
of a variety of those reinforcing cell components thoroughly and even incorporate them
subsequently into a complex computational model to determine the impact of such
components and their arrangement on overall cell response. Understanding the cell’s
inner structure could one day result in explaining pathological processes occurring
within cells which would lead to discovering means of preventing undesirable cell
changes (usually caused by a disease such as atherosclerosis [6], cancer [21], etc.). The
undesirable effects can be triggered either by whole tissue structural changes or, at a
smaller scale level, changes in cell architecture (e.g. components rearrangement) [34].
The systematic assessment of the cell stiffness can serve not only as a mean of
deteriorated cell identification but also as an indicator of treatment success rate [20].

One of the complications accompanying computational simulation of whole-cell
behavior is fairly complicated data acquisition. Even though it is already possible to
assess the cell mechanical behavior by a number of experimental methods measuring its
overall response when subjected to compression, tension, or shear [3], the assessment of
the behavior of individual cell components, especially in wvivo, still comes as quite a
challenge due to the small dimensions and cell components overlap inside the living cell.

1.1. Motivation

The research conducted at the Faculty of Mechanical Engineering of BUT proposed
several eukaryotic cell models with diverse topology, geometry and/or material
properties which were validated through comparison of a cell test simulation with
experimental data measured using the methods known in the field. The previous
research provided important information to serve as a base ground for new model
formulation. The general objective of this thesis is similar to the topics already
elaborated: to investigate the mechanism of cell response to mechanical stimuli.
However, a new, updated concept is proposed due to the new ascertained facts that
arose during the past few years. Additionally, new cooperation between the Institute of
Solid Mechanics, Mechatronics and Biomechanics at BUT and the Department of
Pathophysiology at MUNI has been established providing entirely new possibilities for
acquiring tailored data on cell morphometry and mechanics.



1. INTRODUCTION

Problem definition

The generalized aim of this thesis is to formulate a hybrid cell computational
model based on the present state of the art and perform its validation using
indentation test simulation. Utilize the proposed model to evaluate the
mitochondria related difference in the cell stiffness in physiological and
pathological state.

1.2. Problem-solving and goal setting

Simulating the cell behavior based on previously unknown/undetermined parameters
such as material properties is an inverse problem. The following milestones leading to a
successful solution to the problem are established as follows:

1.

2.

Perform a literature overview about the inner structure of a eukaryotic cell.

Research and summarize experimental methods used for measuring overall cell
mechanical response available from the literature.

Research and summarize available information on the mechanical properties of cell
structural components available from the literature.

Get acquainted with finite element (FE) methods used for mimicking cellular
mechanics focusing on pre-stressed tensegrity structures under large deformations.

Formulate the computational model using the knowledge acquired from literature or
other sources. Additionally, based on the information acquired by medical research,
incorporate a mitochondrial system into the design with the aim to evaluate its
impact on overall cell response to mechanical stimuli.

Simulate an indentation test of an isolated cell using the proposed FE model,
evaluate and assess the validity of assigned mechanical properties.

As for the choice of software processing tools, they can be divided into separate groups:
experimental data processing tools and finite element calculation tools. The former is
discussed in detail further in the text. From the variety of ANSYS tools for FEM analysis,
the Ansys Mechanical APDL is to be utilized since it allows for greater input parameters
control and makes scripting an inseparable part of the calculation setup in comparison
with the other packages which is advantageous for adjustment of the model parameters.



2. General background

The cell is a complex living self-sufficient and self-supporting system that allows for
every higher living organism to exist. The prokaryotic cells (being separate living
organisms such as bacteria) and eukaryotic cells can be distinguished. The eukaryotes
are generally characterized by the existence of one or several nuclei at the center of the
cell body and they can be found in animals, plants, or fungi (each characterized by
unique inner arrangement) [18]. Since the prokaryotes are not subjected to any
significant loading, usually dispersed in their environment and not formulating more
complex units, only the eukaryotic cells will be discussed. The individual eukaryotic
cells formulate clusters (tissues in animal cells) that are capable of complying with
diverse functions such as reinforcing, building, or providing nutrition for other systems.

Generally, the free shape of the cell is supposed to be spherical when floating in a
liquid environment, but as the tissues comply with different functions, the cell shape
differs accordingly. For example, the blood cells with a diameter of several micrometers
have a round biconcave shape due to fluid flow (shear) loading [9]. On the other hand,
the shape of the arterial wall cell is significantly elongated with a length of a few
hundred micrometers which can be explained by predominant tensile loading of the
tissue [34]. Nevertheless, the non-specified cells can be classified as round entities of tens
of micrometers in diameter which have been observed at cells immersed in a liquid
solution. The above-mentioned is illustrated in Figure 2.1
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Figure 2.1: Cell shape and dimensions comparison according to their type (function).
The red blood cells (A) in comparison with elongated smooth muscle cell (B) and epithelial
cell image from AFM contact point map (top view) to illustrate general dimensions of
round cells cultivated in a liquid solutions in the adherent state (C). Modified from [9].



2. GENERAL BACKGROUND
2.1. Celular components

The intracellular space covers a variety of usually membrane-type cell organelles each
with its own designation and function in a similar manner to cells themselves. The
schema 2.2 below illustrates the complexity of cell inner structure in sectional view and
is supplemented by the list introducing the most significant organelles of a micro- to
nano-level (listed according to their size in descending order).

Membranes

Usually described as a phospholipid double-layer forming a wall enclosing the organelles
and thus defining their shape and differentiating them from their surroundings [18].
However it does not separate the components impermeably, the nutrients and other
substances are able to pass through the membrane.

The plasma membrane (or cell membrane) is the most significant representative. It
is covering the cell body and contributes to cell shape formation. It is approximately
5 to 10 nm thick [3] and serves as an interface for interaction with the surroundings and
substance exchange with extracellular space [12]. Since it is not able to withstand
significant loading or large deformation, reinforcing layers in the form of the cell
endoskeleton (actin cortex) and exoskeleton [25] lay directly beneath and above
respectively.

Protoplasm

This term covers all of the entities filling in the space within the cell membrane, i.e. all
of the organelles filling the intracellular space including the nucleus. More commonly,

Mitochondria
Intermediate
filament Plasma
membrane
Ribosomes
Microtubule

Rough endoplasmic
reticulum

\

l. -/ \
A%
a7 \\
Nucleus / d" \ — Centrosome
A
[ 7 1
Nucleolus W ; Microfilament

Chromatin ——

Lysosome

Golgi I ——
apparatus (\\ / N . / Smooth endoplasmic
> / g O k ' reticulum
e s
N A ) Secretory vesicle
Golgi vesicle “ )

Cytoplasm Vacuole

Figure 2.2: Schematics of the cell inner structure in a sectional view, adapted from [12].



2.1. CELULAR COMPONENTS

the inner space of the cell is referred to as cytoplasm which is perceived similarly to
protoplasm however nucleus is exempted from the term. The most significant members
of cytoplasm are the endoplasmatic reticulum (ER), mitochondria, cytoskeleton, and last
but not least cytosol which is a viscous fluid comprising mainly water [45] where other
organelles float.

Nucleus

The largest of the cell organelles is formed by its own membrane and nucleoplasm with a
diameter up to 20 pm (meaning it occupies a major part of the volume) and is responsible
for a significant part of the total mass of the cell [34]. Its function is mainly gene-bearing
and chemical response generating and is often associated with the term cell’s control
center [18].

Endoplasmatic reticulum (ER)

The ER is an organelle composed mainly of interconnected membranes that are responsible
for cell metabolism.

Mitochondria

Mitochondria are highly dynamic organelles distributed through all of the cytoplasmatic
volume (as illustrated in Figure 2.3) that serves as a “powerhouse” of the cell. Their
shape is usually round or oval with a thickness of hundreds of nanometers covered in
two membranes as sketched in Figure 2.2. This semi-autonomic organelle is capable of
transforming chemical compounds such as glucose [18] into energy resources that are
stored in a compound known as ATP (Adenosine Triphosphate) [21]. The energy
generated by the mitochondria is used either for cell motion, the molecular exchange
with extracellular space, or for chemical reactions (e.g. synthesis of molecules [18]).

Figure 2.3: A thresholded image of mitochondria distribution in cancer cells (derived
from human prostate adenocarcinoma).



2. GENERAL BACKGROUND

Even though mitochondria are reported to occupy only around 10% of the cell
volume, they are capable of rapid movement along microtubules and thus traveling
through almost the entire cell volume in several minutes [36] in comparison with other
organelles such as nucleus which is almost motionlessly fixed to a certain position by a
network of microtubules.

Cytoskeleton

Cytoskeleton serves as a reinforcing structure (or a framework [18]) providing the cell with
stiffness [39], i.e. active responsive mechanical behavior, and the movement capability by
dynamic connection and separation of the fibers. Some of the intracellular components
were observed to attach themselves to the cytoskeleton [36], especially to microtubules
that serve as a transporting railway. Thus, the cytoskeleton also defines the arrangement
of other components.

The cytoskeleton comprises of hundreds of ultrathin protein fibers [18, 41] with the
diameter in the order of several nanometers, for comparison approximately 10 times
thinner than mitochondria. They can be distinguished into separate groups according to
their allocation, state, and mainly their different function: actin filaments, microtubules,
and intermediate filaments. In a similar manner to the mitochondrial system, the
cytoskeletal filaments are evenly occupying the cytoplasm [3], as illustrated in
microscopy images in Figures 2.4 and 2.5. Note, that the colors of the filaments are not
consistent through the sources due to different staining agent choices.

AFs AFs+MTs

Normal

Stretched

Figure 2.4: Fluorescence microscopy images of cytoskeleton in unloaded state and their
adaptation to cycling loading (2 hours of cyclic loading in the marked direction). F-actin
(left), microtubules (centre), joined fluorescent image of actin filaments, microtubules and
nucleus (right), adapted from [37].



2.2. MECHANOTRANSDUCTION

Actin filaments composed of polarized F-actin and G-actin fibers [18] with a
thickness of around 5 to 8 nm, usually appear straight (or rather stretched) in the cell
body. The static stability of the cell is then generated by pre-stress present in these
fibers and the movement capability is dependent on the actin-microtubular network [41].

F-actin fibers are also concentrated around the cell periphery forming a 0.1-1 pm thick
layer, i.e. cortical actin or actin cortex [11] and thus supporting the cell membrane [3].
Furthermore, to mechanically interact with the extracellular matrix, the actin forms a
complex protein bond with a group of integrins that pass through the plasma membrane
[18]. Such bonds are called focal adhesions.

Microtubules are hollow tubes with outer diameter of 25 nm comprising of «-tubulin
and pB-tubulin [18]. Due to their interaction with actin filaments, they are usually present
in a curved state (refer to Figure 2.5) that are growing from and remain attached to
an organelle in the proximity of the nucleus called centrosome [34]. Microtubules are,
similarly to actin filaments, polarized: the positive end is capable of fast growth while the
negative end is attached to the centrosome [41].

Intermediate filaments provide a supporting network for cell stability and ensure
nucleus position within the cytoplasm. In a simplified way, intermediate filaments (or
IFs) can be visualized as unloaded or wavy fibers that work as safety agents ensuring the
cell stability in a loaded state (i.e. they activate under a specific deformation).

Microfilaments (AFs) Intermediate filaments (IFs) Microtubules (MTs)
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Figure 2.5: The three cytoskeletal filament types, their composition and distribution in
cell, adapted from a figure created by J. V. Small [41].

2.2. Mechanotransduction

Mechanotransduction is a process of transforming mechanical stimulus detected at
mechanoreceptors (sensory receptors reacting to external stimuli) to the corresponding
biochemical response generated by target activation and by its means controlling the cell
behavior [18]. It can be perceived as a complex system composed of intracellular
components’ interaction and chemical reactions occurring within the organelles or on
the intracellular matrix compounds such as proteins.

An altered cell environment (including changes in loading conditions as well as
chemical disequilibrium) can initiate cell remodeling and therefore probably lays in the
center of the pathological processes [34].
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2. GENERAL BACKGROUND
2.3. Cell pathophysiology

An important incentive for examining the cell mechanical response lays in explaining
the pathological processes occurring in individual cells leading to a global tissue loss or
changes in their attributes. Atherosclerosis and cancer can be established as the two main
pathologies widely described and investigated.

2.3.1. Cancer

During cancer progression the cell is being reprogrammed, for example, by a piece of
genetic information to initiate changes concerning not only its size but also a rapid
uncontrolled division [17] (also known as primary tumor formation). Additionally, the
cells are able to relocate from a primary to a secondary site. Cancer cells are therefore
subjected to various types of loading and energetically demanding processes during
cancer progression [21] which result in comprehensive changes in the affected cell’s
structure.

Apart from a devastating overall impact of cancer on the tissues, it is viable to study
the impact of tumor progression on a basis of cellular level or even at a nanolevel of
cellular components. It was observed that cancer impacts cytoskeletal architecture [21]
as well as its connections to other components, for example, the nucleus as reported in
Denais [13]. Other intracellular compartments also reorganize to comply with the altered
cellular environment and function.

The changes described above and other possible (not yet described) impacts of cancer
processes generally result in varying mechanical properties of cancer cells. It was observed
and the primary tumors are softer than the tissue in its physiological state and stiffer in
their secondary stages [38].

2.3.2. Atherosclerosis

Atherosclerosis is a disease influencing blood flow in arteries. The substances such as fat
or calcium [45] attach to the arterial wall (frequently e.g. in the proximity of arterial
bifurcation) and thus block the blood flow. An alteration of loading conditions is
augmented by the pulse loading in the blood system and the tissue cells remodel
themselves to adapt to such conditions. As a result, the tissue becomes fragile, and
affected arteries are susceptible to rupture.
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3. Cell-related data acquisition

There are many challenges concerning the study of cell mechanical behavior. The
most obvious and significant problem is the scale of dimensions of the object which
require high-precision measuring devices as well as high-resolution imaging tools capable
of distinguishing not only a cell body as a whole but also the inner structures within it.

The cell commonly undergoes various loading conditions, for example, tension or
compression in muscle cells (cells capable of changing the shape by their contraction or
relaxation), or shear when subjected to the bloodstream.

Overall, the complexity of cell interaction with various external forces due to its
inner structures and processes taking place within the cell body (such as
mechanotransduction which is still not completely described) make the interdisciplinary
approach utilizing as much of the previous findings as possible the only viable method
for expanding the knowledge in the field. Experimental data extraction from a living
cell performed in medical laboratories combined with subsequent computational
modeling can be used as an example of such collaboration.

The methods designed and utilized for individual cell mechanics testing and
possibilities for imaging its inner structure are summarized in the following sections.

3.1. Measuring the cell mechanics

Two types of experimental methods regarding cell examination can be distinguished: cell
population testing and single-cell examination [34]. With regard to the Assignment, the
cell population tests are not covered in the following summary and only the individual
cell tests will be discussed further.

AFM indentation Magnetic twisting cytometry

=

Microplate manipulation Micropipette aspiration

Fluid flow

Figure 3.1: Illustrations of various cell testing methods, top row: local methods utilizing
probes for the response evaluation, mid and bottom: methods for assessing cell at a macro-
level, adapted from [3, 33].
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3. CELL-RELATED DATA ACQUISITION

The individual cell testing can be performed by several methods each designed for
various types of mechanical loading, either on a global level (e.g. fluid flow, twisting
and stretching) or local level, imposing local loading conditions such as point loading [3]
aiming at observing the global response to such local deformation [34]. Selected cell testing
methods are illustrated in Figure 3.1. Using the methods approaching cell mechanical
behavior, a force in the range of several piconewtons to micronewtons [3] or deformation
in order of nano- to micrometers (before reaching the value resulting in disrupting the
cell body) is applied to the cell body. Such methods are therefore referred to as active
methods. The cell can be subjected to dynamic loading as well as static forces mimicking
the loading conditions of the cell in a living organism [34], either common in physiology
state or possibly occurring during tissue changes.

Nevertheless, all of those approaches focus only on a given part of cell mechanical
behavior (resulting from the test load character) which makes finding the universal
material model or more specifically, establishing the link between the cell’s inner
structure and its overall mechanical response, fairly difficult.

Commonly, the desired results to be obtained for a generalized description of the
mechanical response are elastic modulus or stiffness of the tested cell (or cell culture).
Those are derived indirectly from the force-deformation dependency [28]. Apart from
significant variability of the measured reaction force values in different cell cultures, the
large deviation of the characteristics measured using different methods aggravates the
conclusion-making [3]. A detailed overview of whole-cell mechanical parameters measured
derived using different experimental methods can be found in [34].

The Atomic Force Microscopy will be described in more detail in Section 3.1.1 for
obvious reasons: it was previously selected as a means for confirming the validity of the
proposed computational model. This choice can be further justified by experimental data
availability.

3.1.1. Atomic Force Microscopy

The Atomic Force Microscopy (called also AFM, indentation test, nanoindentation test, or
else, depending on the publication) is a local method based on the atomic forces between
the probe and the examined body that are developed as one body moves closer to the
other. It is characterized by extraordinary resolution in comparison with other methods
[25]. It utilizes tips, or rather indentors, of various shapes attached to a highly flexible
cantilever (the amount of flexibility directly influences the resolution) to probe the surface
of the examined body in a vertical direction [3]. The force that acts as a response to the
indentation is determined from the cantilever deflection measured by a laser beam (as
illustrated in Figure 3.2). The raw (unprocessed) output is in the form of position vs.
cantilever deflection curve (see Figure 3.3).

The method was initially designed for observing the general surface or whole-body
specifications of solids [25] and apart from utilization for assessing elasticity and viscosity,
it is being used also for a surface topography [28], etc. Thanks to the design of the
measuring device transcending from general application to utilizing the method in the
micro- and nano- environment of the cell does not require much of an adjustment. Its
most significant advantage can be found in the possibility to explore the behavior of cell’s
inner structures (and thus the cell stiffness heterogeneity [20]) by observing as the applied
load transfers through the cell body.
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Figure 3.2: Schematics of topography measurement using AFM method, published at
Semilab, Germany.
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Figure 3.3: The cantilever deflection at an approach phase (blue line) and at withdrawal
(red line). Note that the adhesion forces deflect the withdrawing cantilever significantly
before its separation from the sample (d), adapted from [20].

Advantageously, the silicon indenters are utilized for the cell indentation since they
do not cause excessive mechanotransduction [21] and thus allow for common multi-point
data acquisition for a single cell while its response remains consistent meaning the cell
does not initiate remodeling processes on a large scale during the test run. The only effect
of the indentation is that the components and their cross-links stretch (at most up to the
point of breaking) having small to none impact on another indentation site.

Not all of the cell testing methods enable incorporating high-resolution imaging during
the test run. This is another advantage of the AFM (implied already in the denomination
of the method Atomic Force Microscopy), it can be combined with fluorescence and/or
electron microscopy (as illustrated in Figure 3.4) to link the inner structure of the currently
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3. CELL-RELATED DATA ACQUISITION

10000

Figure 3.4: Cross-linking the cell inner structure with its point-wise modulus, (a)
a microscopy image of a fibroblast injected with a protein highlighting intermediate
filaments, (b) a stiffness map extracted by AFM indentation from a fibroblast [20].

examined cell with the possible local stiffness changes [28]. This makes it the most viable
high-resolution, high-accuracy method to the day.

Apart from the numerous advantages, it is necessary to mention and specify the
limitations of the method. Utilizing the inappropriately set value of loading force can
result in damaging the cell as a whole object (by ripping it apart or otherwise damaging
its integrity) and thus prematurely terminating the test run.  Moreover, if the
indentation at a single point is set too large, the evaluated cell stiffness can be affected
by remodelation processes initiated within the cell even if the pliable indentors are used
[20]. The measurement also provides only with data at a single point at a time [3]. The
method is therefore quite time-consuming as the data for one indentation point takes
several tens of minutes to extract [21]. This implies that careful design and thorough
premeditation of the experiment are essential for obtaining viable results.

The evaluation of the data acquired using the indentation method is based on a simple
Hertz theory and its modifications e.g. for adhesive bodies (commonly used for conical
indenters) [3] or Sneddon theory for spherical indenters [24], which is being also referred to
as the combined Hertz-Sneddon theory. Concisely, the approximations commonly utilized
in AFM data evaluation are based solely on fitting a polynomial based on a theoretical
formula.

The main disadvantage is that the methods generally do not take into account the
cell heterogeneity nor anisotropy and therefore do not allow assessing individual cell
components by default. A possible solution to eliminate this deficiency to assess the
membrane-underlying structures is illustrated in Figure 3.5. Additionally, most formulas
assume the sample thickness being multiple times greater than the indentation depth
which is, however, of the same magnitude in cell testing [16]. The assumption is based
on the impact of the underlying substrate on the measurement that cannot be neglected,
for example, the article by T. Gawain [20] reports noticeable substrate effect from
indentation 10% of sample height.
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Figure 3.5: The application of the AFM in cell components elasticity measurement. Left:
determining the overall cell response by fitting the data by Sneddon’s model (where « is a
half-angle of the indentor tip, other values as usual), right: the individual cell components
affecting the experimental curve at separate regions that can usually be observed as an
experimental curve slope change where the approximation by one of the methods is no
longer universally valid [28].

3.1.2. Tensile or compression testing

The tensile or compression testing of the cell is usually performed by a pair of micro-
pipettes (only for tension) or micro-plates (for tension and compression), which the cell
is attached to by adhesion forces [3] or adhesives [25]. One of the probes is fixed and the
second one is movable, i.e. actively loads the cell through its movement. The response
is measured by a force sensor located on the probes. Thus, the cell is subjected to
approximately uniaxial loading.

The micro-plate manipulation is a more universal method of the two that serves as a
means to load the cell commonly with compression but it can be also adjusted to shear
loading by moving the microplates in transversal direction [25]. The advantage of the
micro-plate manipulation is its versability: apart from static loading conditions either by
gravitational or other mechanical force, it is possible to apply cycling loading. However,
its usage is limited by the cell’s capability of creating adhesion forces with the plate.
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3. CELL-RELATED DATA ACQUISITION

3.1.3. Magnetic twisting cytometry

This method utilizes the magnetic field generated in a microsphere (bead) embedded in
a surface of the cell [20]. The bead is exposed to a torsional magnetic field which causes
it to rotate and therefore deform the cell [4].

3.1.4. Micropipette aspiration

This method utilizes micropipettes similarly to the tension test, however, the micropipette
is a hollow tube and the cell is being sucked into its opening, that is, by applying negative
pressure to the cell membrane studying the elasticity and viscosity of the cell [20, 34].

3.1.5. Fluid flow

During the test run, the cell body is loaded by flowing liquid exposing the cell body to
shear [34]. A common purpose of testing cell response under fluid flow is to characterize
biochemical processes occurring within the cell.

3.2. Cell imaging

It is desirable to link the cell behavior with the inner arrangement to possibly justify the
irregularities in the mechanical behavior. For cell inner structure imaging to be possible,
methods incorporating microscopes with large zoom and resolution are required. Since the
list of methods that meet resolution requirements is lengthy and new ones are developing
rapidly, and furthermore characterizing them is not a constituent part of the researched
topic, only those considered relevant, commonly used, or in any way utilized in data
acquisition are briefly described. Some of the methods can be even combined to obtain
better results (such as confocal microscopy with fluorescent-protein staining).

The methods all have one thing in common, that is, their full potential can be
appreciated especially when aided by computer processing tools (machine learning
algorithms) eliminating human-induced error while evaluating the acquired datasets
[21]. However, the focus of the imaging is the deciding factor when choosing which
technique to select. The two main branches are optical microscopy and electron
microscopy that vary substantially, especially by resolution. The optical microscopy is
described in detail below in Section 3.2.1. The electron microscopes utilize a beam of
electrons instead of light. They can zoom in up to a nanometer, whereas optical
microscopes differentiate in tenths of micrometers [29, 48].

3.2.1. Optical (or light) microscopy
This technique is based on the magnification of the object using the light reflected or

passing through. As indicated above in Section 3.2, the resolution is sufficient to image
only large compartments such as the nucleus or larger mitochondria.

Fluorescence imaging

Using the fluorescence imaging method, it is possible to perform the differentiation
between structures is possible by the light of specified wavelength exciting response in
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proteins which emit light of a different wavelength than the source light [48]. In the
particular application of cell imaging, the highlight is performed artificially by an
infusion of fluorescent protein into the cell body to highlight certain structures within
the cell (with identical chemical composition), for example microtubules; nucleus, or
actin fibers in a controlled manner [23]. It is even possible to combine various
fluorescent proteins within one imaging (to highlight multiple entities at once). The
question of whether and at what rate it influences cell mechanical behavior arises
20, 23].

Confocal microscopy

Confocal microscopy utilizes the concentrated light beam which is advantageous due to
higher resolution when compared with conventional fluorescence microscopes. The
indisputable advantage of confocal microscopy is the ability to create not only slices as
in fluorescence imaging but also three-dimensional representations [29]. The images can
be acquired continuously, i.e. over a larger time scope, thus creating time-lapses and
enabling observation of changes in cell structure over time. To be noted, the image per
second frequency is too long to capture the dynamic nature of molecular processes and
it is not possible to improve it significantly since it depends on light speed [48].

Phase contrast imaging

One of the most recent methods bearing a great potential for further use when researching
the topic of cell mechanics is Quantitative Phase Imaging (or QPI) [21]. It is based on
measuring light phase shift after passing through the object.
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4. Present state of art

During the years of research at the Institute of Solid Mechanics of BUT focusing on
cell mechanics, the field of finite element modeling advanced rapidly and its possibilities
became much broader. Various non-structural as well as structural models have been
created and validated there, for further details on proposed models refer to the
publications themselves [2, 3, 5, 25, 27, 31, 34, 45]. The following chapters are
elaborated with the main reference to those originating at the Institute, even though
this does not mean the advances did not occur elsewhere as well.

The cell computational modeling aims to simulate mechanical response and discover
all of the factors having an influence over it. Once again, it is to be noted, that most of
the computational models built on the ground of experimental data are designed for a
particular data set measured by one particular experimental method. The adjustment for
different cell measurements is usually possible by changing the parameters of the model,
however, the validity of the model for a different experimental method is not always
proved.

Some of the important attributes of the cell as a complex unit are listed below. The
computational models attempt at capturing them all to a certain extent or including some
of them while neglecting others (commented in the following sections).

 Strain stiffening: the cell stiffness depends on the stress intensity [3].

o Cell structural heterogeneity: the cell comprises of sub-structures with different
material properties (continuum approaches neglect the cell heterogeneity whereas
microstructural approaches include it).

o« Complexity of material behavior such as viscoelasticity, adhesiveness, and
significant non-linearity [25].

The base steps of computational model definition can be established as significant
components identification, material properties assignment, the definition of a
computational model and the simulation itself (by subjecting the model to external
loading conditions), and finally a comparison of the simulated results with experimental
measurements and possible adjustment of the model eventually leading to the validation
of the proposed model [25]. The following sections are arranged in the order stated
above.

4.1. Mechanically significant components

The identification of the components significantly contributing to the overall mechanical
response is a crucial step while establishing the cell computational models. As already
implied in the previous chapters, cell nucleus, membrane, cytoplasm, and cytoskeleton
with tensegrity structure character (refer to Section 4.3.1 for further details) are usually
assumed to play a vital role in cell mechanical response either due to their important
dimensions and reinforcing or shape-maintaining function.
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4.1. MECHANICALLY SIGNIFICANT COMPONENTS

4.1.1. Assumptions and hypothesis

Respecting all of the research made in modeling cell response, the mitochondrial network
is being added to the list of entities that influence the cell behavior on the background that
cell stiffness and mitochondrial system changes were observed in cancer-affected cells. The
changes in mitochondrial network in fibroblasts were observed during ongoing research
at the Department of Pathophysiology, Faculty of Medicine MUNI. Cancer cells are also
showing to have different stiffness than healthy cells which has been always associated
with rearrangement of cytoskeleton [21].

Nevertheless, mitochondrial images show, that the mitochondrial system undergoes
noticeable geometry rearrangement. This simple observation resulted in a series of
experiments on living cells trying to prove whether or not can this change lead to cell
softening or hardening [21, 38]. To this day, the mitochondrial changes and cell
stiffening have not been correlated yet by a manner of simulation, calculation, or any
other method. A possible approach is proposed herein.

The assumption, that mitochondria influence the whole-cell behavior while no other
change in cell structure is performed was therefore introduced and it is attempted in the
following pages to express inclination towards confirmation or disproval.

4.1.2. Mechanical properties of given components

Even though nowadays it is possible to cultivate and separate different cultures of cells
in a physiological and pathological state, measuring mechanical properties (particularly
those of individual cell’s morphological components) still comes as quite the challenge and
the results are often biased due to manual evaluation, i.e. human error [21].

Experimentally determined elastic parameters introduced in the sources differ
significantly with the measuring method (see Section 3.1), the method’s accuracy, as
well as the type of the cell culture assessed and the size of the statistic sample. It is
almost impossible to exactly replicate the experimental results as well as it is difficult to
subsequently suggest a computational model valid for a wider range of cell cultures.

As already mentioned, assessing the mechanical properties of individual components
in wvivo is particularly complicated and only a few to none sources introduce an
experimental method that does not include separation of the component from the living
cell body which, mainly due to rapid deterioration, induces a significant error [21]. The
evaluation of the component behavior within the cell body is important due to the
constantly changing dynamic nature of the inner arrangement [37, 41|, which is
disrupted by whichever separation.

Additionally, an indirect approach leading to a determination of mechanical
properties, i.e. extracting the results of individual components from global cell response
[34], introduces errors in the order of the value itself which needs to be accounted for
when evaluating and utilizing such results. Preferably, an equilibrium between the level
of uncertainty and a possibility of living cell disruption needs to be achieved in order to
obtain viable results.

In Table 4.1, examples of mechanical properties available from literature focusing
mainly on the elastic modulus of the three volume-significant components are
demonstrated. Since numerous computational models estimating and evaluating the
material properties are already available, the summary also includes such mechanical
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properties herein perceived in a broader sense as material model parameters that
appeared in one of the proposed models. All of the values are introduced in a unified
manner as Young’s modulus (some minor calculations may have been performed to unify
the values), so the values can be subsequently directly applied for the following model
definition.

The cytoskeletal components are commonly described as elastic isotropic
homogeneous material due to the lack of detailed information about their individual
behavior. Advantageously, the Neo-Hooke material model is often associated with
continuous components since only two parameters (elastic modulus and Poisson’s ratio)
need to be assigned. The constitutive models suitable for cell mechanical behavior study
will be discussed further in detail.

Nucleus | Membrane | Cytoplasm Source
1-10 x 0.1-2.5 Caille [10]

1 10 0.25 Lebis [34]
1 30 1 Holata [26]
8.25 7.5 3 Slomka [42]
5 1000 0.5 Bansod [3]

Table 4.1: A literature summary on elastic modulus values (in kPa) determined
component-wisely. The data are organised according to their publication date. The values
reported differ with calculation method (by a mere estimation and iterative verification
or a more complex calculation). Refer to the source publications for more details.

Focusing additionally on the mechanical properties of the mitochondrial system, more
publications need to be researched. As a way of example, the range 0.096-0.115 MPa is
reported in [32] which is in an almost perfect agreement with the values reported recently
by [28] increasing the range to 0.01-0.2 MPa.

Epithelial vs. endothelial cells

It needs to be noted that most of the research focuses on endothelial cells forming closed-
type body systems [9]. The research performed at the Institute refers to cells of the blood
circulatory system with atherosclerotic arterial wall [6] with the aim to understand the
pathophysiology on a micro-level.

Nevertheless, all of the experimental data obtained from the Department of
Pathophysiology research are extracted from human epithelial cells [38] and thus, the
difference needs to be assessed. Epithelial cells can be found in tissues connected to the
outer surroundings [9] such as skin but even the respiratory system, liver, kidney, and
intestines. The cells of epithelium are tightly bound to each other as illustrated in
Figure 4.1 which is in contradiction to the arrangement of endothelial cells that are
surrounded by extracellular matrix, e.g. by collagen fibers. The closely-bound epithelial
cells interact mainly with other cell bodies therefore their loading conditions are
supposedly somehow different.

As for the particular evaluation of the difference between the mechanical properties
of endo- or epithelial cells, other experimental studies agree with the validity of similar
overall elastic moduli for both types of cells. To confirm this statement, mean values
of whole-cell elastic modulus for the PC-3 (the abbreviation stands for prostate cancer)
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Figure 4.1: Left: Stratified epithelium formed by multiple layers of cells that can be
found for example in mucous membranes, right: connective tissue with significant amount
of inter-cellular matrix such as collagen fibers, adapted from [9].

cell line were established using a variety of experimental methods by the Department of
Pathophysiology representing the epithelial cells:

1. AFM, pyramidal tip [3§]
E = 1210Pa

2. AFM, spherical tip with radius 5 pm
E =900Pa

3. real-time deformability cytometry

E =925Pa

which is in good agreement with whole-cell modulus reported for example in [47],
where the reported value “0.714+0.16 kPa in HUVEC and 0.9440.06 kPa in SC cells”
(both endothelial cell types). The higher value derived from sharp-tip indentation is
observed and can be justified by the varying method resolution, different indentation
depths (commonly higher values in pyramidal tip indentation [16]) and cell’s interaction
with different loading conditions (namely, the higher values of conical tip AFM are
possibly explained by cell actin cortex behavior [47]). Note that the magnitude of
whole-cell elastic modulus is of the same order as the modulus established for the cell
nucleus (see Table 4.1). Since only a few sources aim at the comparison of the
mechanical properties in the two types of cells, the difference will not be discussed
further.

As the general base ground for computational modeling was summarized in sufficient
detail, the different approaches utilizing those previously stated pieces of information will
be presented further. The following sections aim at briefly introducing the computational
models characterized by various levels of simplification of the inner cell structure (ranging
from the simplest continuum-based models to sophisticated hybrid approaches) [2].
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4.2. Continuum models

Continuum models can be characterized by incorporating only continuous components,
i.e. the regularly distributed components that can be described using simplistic material
models, linear or more frequently non-linear [34], most commonly homogeneous isotropic
continuum assessing cell elasticity [25] or viscoelastic models for evaluating response to
time-varying stimuli, e.g. creep [2, 30]. Generally, the continuum models serve for
studying the macroscopic properties of the cell. The approximation of the cell
components with the continuum approach enables two-dimensional axisymmetrical
modeling and serves as an initial step for advanced modeling by identifying the basic
parameters for further usage.

Those models can be divided further into structural and non-structural models [25].
Structural models are described in further detail in Section 4.2.1. Non-structural models
aim at describing cell mechanical response by assigning only one material model to the
whole cell body completely neglecting the inner arrangement and the reinforcing
character of the cell components. Overall, the non-structural and structural model
should be complementary, i.e. indicating the same stiffness when adjusted for the same
experimental data. The continuum-based approaches available from literature are
demonstrated in Figure 4.2, additional sources can be found in [2, 34, 33, 42]
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Figure 4.2: Continuum-based models introduced in literature. Left: a continuum
model utilized for deriving viscoelastic response to magnetic twisting cytometry loading
conditions [30], right: continuum simulation of tensile testing [34].
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4.2.1. Heterogeneous models

Structural continuum models already incorporate some of the cell structural components
(namely the cell nucleus, membrane, and cytoplasm can be classified as continuum
components). Even though it can still be marked insufficient for advanced simulation, it
provides fair initial results. An example of heterogeneous continuum-based modeling for
assessing the cell heterogeneity in comparison with experimental data, namely AFM
force maps, can be found in publication from Tang [46] (refer to Figure 4.3).

4

EM simulation

Figure 4.3: Evaluation of cell heterogeneity using a comparison between continuum-
based heterogeneous model response with AFM force maps, adapted from [46].

A similar modeling approach is to be utilized in subsequent parts of the thesis to
initial definition of the model geometry, validation, and adjustment of the material model
parameters introduced in the literature overview.

4.3. Discrete compartments

Discrete element modeling is often used for including spaced, irregular components
residing within the cell volume into the calculation. To be more specific, the discrete
models describe the spatially irregular organelles mostly in the form of beams, trusses,
or links with rope-like behavior. Such arrangement results in model heterogeneity [3]
and thus describes the cell complex behavior in a more accurate manner than
continuum-based models.

The specific structural arrangement that serves for maintaining the cell shape and is
responsible for its stability is mainly generated specifically in cytoskeletal components.
The details and definitions are introduced in the following section.
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4.3.1. Tensegrity

Tensegrity (tensional integrity) defining the cell shape is a geometry structural
arrangement, also more generally observed and utilized used phenomenon in solid
mechanics, e.g. arrangements in civil engineering applications such as self-stabilizing
bridges.

As the definitions and terminology vary with each author and depend namely on the
field of application, it is to be noted, that even though other applications are certainly
interesting, this section provides further details on ‘biotensegrity’, i.e. the tensegrity
structures in living organisms [40].

The stability and self-supporting character of a tensegrity structure is based on the
force equilibrium within the network of pre-stressed tension-only elements and
compression elements which form a complex interconnected system that transfers loads
applied to the structure [25, 34]. This is contradictory to classic mechanical
arrangements, such as temple domes, where the stability is generated by continuous
compression forces developed as a reaction to gravitational force [26].

The constituent elements can be differentiated by their character as tension-only
elements and compression elements [18]:

1. Tension-only elements: a continuous pre-stressed web of cables transferring only
tension, and

2. Compression elements: elements that are subjected to tension and compression
and are not able to transfer loads between individual compression elements (they
are connected just to tension-only elements).

The corresponding assignment of the cytoskeletal components with their tensegrity
characteristics and function in context of the cell is enclosed below in Table 4.2 for
clarification.

Cytoskeletal component | Function Tensegrity character
Actin filaments Reinforcing & movement Tension-only
Microtubules Transport Compression
Intermediate filaments Interconnecting & spatially | None*

stabilizing nucleus

Table 4.2: Cytoskeletal components and their characteristics with respect to tensegrity
structure [3, 26]. *Intermediate filaments are not a part of the tensegrity structure
arrangement even thought they fulfill the reinforcing function of the cytoskeleton.

The tensegrity is often associated with important wording “continuous tension and
discontinuous compression” [34] which characterizes the inner load distribution precisely
as demonstrated in Figure 4.4. Another integral part of the tensegrity definition is the
pre-stress. Generally, the stiffness of the structure almost linearly depends on the amount
of pre-stress present [3] which is briefly demonstrated further in Section 5.3.

The tensegrity structure is generally capable of responding to local loading conditions
on a global level. However, when the stability of the structural arrangement within a
living cell is disrupted, it is capable of a reorganization (e.g. when subjected to varying
loading conditions) and thus redistributes the load between the individual components to
adapt to immediate loads.
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Figure 4.4: The basic tensegrity: six-strut structure as defined in [44], tension element
highlighted by red, compression element in blue.

Apart from the material non-linearity (hyperelasticity) of continuous components, the
linearly elastic discrete tensegrity structures present at the intracellular space are the
main cause of cell non-linear behavior (usually referred to as geometrical non-linearity or
generally strain stiffening observed during experimental cell testing [25]).

Bendotensegrity

While tensegrity structure generally incorporates straight bars or struts connected by
ropes, fibers, or cables and its load response character is sufficient for initial cell
computational models, bendotensegrity supplements the straight compression elements
with bending (or flexural) load character, i.e. comprises of curved beams that are in
equilibrium with their straight connections [3] which is in better agreement with inner
structure reported in Section 2.1. Thus, bendotensegrity structures can be proclaimed a
more precise approximation of the inner arrangement in the cell cytoskeleton, the
difference between the arrangement in the straight-strut tensegrity model and
bendotensegrity model is illustrated in Figure 4.5.

4.4. Hybrid models

It is advantageous to incorporate discrete elements into the previously established
continuous model. The computational models incorporating continuous, as well as
discrete elements, are commonly called hybrid models.
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B Actin filaments AC'tin filaments
Microtubules B Microtubules
B Intermediate filaments Intermediate filaments
W Nucleus

Figure 4.5: Comparison of tensegrity model form Bauer [5] incorporating inner nuclear
cytoskeleton on the left with bendotensegrity model proposed in Bansod [3] on the right.

5. Multi-scale modeling

The model that is introduced in the following pages is being based on computational
models proposed at BUT in previous years of dedication to the research that was briefly
introduced above (see Chapter 4). Adopting all of the prior knowledge in the field and
previously-made findings is an almost impossible task however the research bears a great
potential when possibly combined into a comprehensive solution.

The new concept with the inclusion of mitochondrial network into the cancer cell
structure has never been published before at the Institute of Solid Mechanics,
Mechatronics and Biomechanics and its purpose is to evaluate the impact of
mitochondrial system inclusion and its degree of coupling in the cytoplasmic volume on
overall cell mechanics.

The cell structure and its properties are defined on a variety of experimental
measurements of cells such as confocal microscopy (often in combination with
fluorescence imaging) and the AFM indentation method. In cooperation with Dr.
Gumulec at the Department of Pathophysiology the decision to perform a generalized
assumption test on one culture of the cancer-affected cells has been made. Since the
studied cancer cells extracted from human caucasian prostate adenocarcinoma are
cultivated in an adherent state, only an adherent computational model is introduced
herein in contrast with other research at the Institute, such as [3, 27, 34].
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5.1. INPUT PARAMETERS
5.1. Input parameters

Comprehensive datasets concerned with the cell’s inner structure as well as experimental
measurements of its response have been provided. The novel concept is therefore being
introduced with an aim to disrespect as few of the data-related facts as possible (e.g.
the haphazard arrangement of the mitochondria, etc.) and the data are utilized as
advantageously as possible.

5.1.1. Cell morphometry parametres

The cell morphometry parameters such as whole-cell height or nucleus shape dimensions
(see Table 5.1) have been derived as a middle value from experimental measurements
performed on hundreds of cells of the same prostate cancer cell line (PC-3) using
tomographic or confocal microscopes. These dimensions are utilized further for the
whole-cell model definition and as such, the volume is to be filled with mitochondria in
particular. In future research, the volume of the cell could be gradually filled with
whichever component, for example with cytoskeleton as identified in Section 4.1.

Whole cell dimensions [pm]
Long axis a (xz plane) | 40.4
Short axis b (xz plane) | 20.3
Height ¢ (y axis) 9.09
Nucleus dimensions [pm)]
Long axis a (xz plane) | 16.7
Short axis b (xz plane) | 10.6

Height ¢ (y axis) 4.61
Actin cortex [pm]
Thickness | 0.270%

Table 5.1: Summary of the cell morphometry parametres for PC-3 cell culture, data
obtained in collaboration with Department of Pathophysiology.

The membrane thickness presented in Table 5.1 was assessed using the thickness of
the actin cortex (which, as already mentioned, is forming the membrane reinforcing
endoskeleton and is responsible for what is called the cell membrane stiffness).
Nonetheless, even the thicker actin cortex thickness is at the limit of the microscope
resolution and provides no valuable information about the membrane thickness itself.
For future reference, this parameter was set 0.1-1 pm according to the range available
from literature [11] and supplemented with the membrane thickness 5-10 nm available
from literature overview [3, 18].

5.1.2. Experimental force vs. indentation curve

Validation of the proposed computational model is to be performed by a comparison of
the simulated force-indentation curve with an experimentally derived curve. The data
sets are an invaluable contribution even for a future topic elaboration. Two data sets
(partially published in [38]) have been provided by the Department of Pathophysiology
on request. The round adherent cell shape of the PC-3 cells is advantageous for further
implementation into the simplified cell model.
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Figure 5.1: The recorded data from a single indentation point [24]. An approach phase
(purple) and withdrawal (green) can be distinguished.
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Figure 5.2: The point-wise modulus determined indirectly from the experimental data
[24], resulting (mean) value is displayed in red.
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Figure 5.3: The raw data displayed as green dots and their interpolation (red curve)
using the Derjaguin, Muller & Toporov (DMT) theory of adhesion in AtomicJ tool [24].

More advantageously, the data which are enclosed in Figure 5.1 do not need further
processing other than the processing utilizing the integrated calculations built-in the
Atomic] tool, documented in [24]. The tool is dedicated to atomic force microscopy
data evaluation and is capable of performing the approximation of the data and using a
chosen methodology (such as DMT theory based on Hertz theory adjusted for spherical
indenters and adherent-state cell on a rigid surface [1]), calculate the point-wise
modulus (see Figure 5.2), and create various maps such as force map, etc. [24].

The interpolation may naturally result in the information loss as is apparent in Figure
5.3, where the interpolated curve corresponds with the overall cell stiffness, however, the
information about the underlying structures is lost (can be observed as the waviness of
the indentation data).

5.1.3. Material properties estimation

Due to the lack of experimental data available on the mechanical properties such as
elastic modulus F, Poisson’s ratio p or shear modulus G of individual cell components of
the PC-3 culture, the input data need to be supplemented by values from the literature
overview (see Tables 5.2 and 5.3) where the most recent publications originating at the
Institute [3, 27] serve as the main reference (see Section 4.1.2). In agreement with those
models, discrete elements were considered an isotropic linear elastic material, and Neo-
Hookean material is being assigned to the continuous elements [3]. As most of the sources
incline towards Poisson’s ratio equal to 0.5, the compressibility factor is not included
as the indentation depths do not reach the level of compressibility having a significant
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impact on cell behavior. This additionally means that the mixed u-P formulation (pure
displacement) is used in all of the simulations.

Cell component | Elastic modulus | Shear modulus
E [MPa] G [MPa]
Plasma membrane 1.0 0.33
Nucleus 5.0 x 1073 1.7 x 1073
Cytoplasm 5.0 x 1074 1.7 x 107%

Table 5.2: Initial estimation of hyperelastic properties of continuous components based
on the literature overview [3, 10]. All of the components are considered incompressible,
therefore the Poisson’s ratio n= 0.5.

Cell component Elastic modulus E [MPa]
Actin filaments 2.60 x 10°
Microtubules 1.20 x 10°
Intermediate filaments 7.60
Mitochondria 0.100

Table 5.3: Estimation of elastic properties of discrete elements based on the
literature overview. Parameters of cytoskeletal components adapted mainly from [3, 10],
mitochondrial elastic modulus reported in [28, 32].

5.2. Continuum-based approach

Even though the cell as a whole unit is heterogeneous, some of its components can be
described as homogeneous isotropic hyperelastic continuum [3]. This knowledge is
advantageously utilized for continuum-components-only model preparation aiming at
determining the material model parameters to be used for hybrid modeling (discrete
elements incorporated into the cytoplasmic volume).

The main advantage of the continuum-based approach is the time efficiency and fast
adjustment of the model (the computation time does not usually exceed minutes),
meaning it is the perfect environment for material parameters estimation, even though
the transition to a three-dimensional space introduces deviations from the computed
response (illustrated in further details in Figure 5.7).

5.2.1. AFM indentation simulation (axisymmetry)

A two-dimensional model has been created primarily for the purpose of the initial
material parameters estimation for various constitutive material models. Since the
material behavior of every biological tissue is characterized by significant strain
stiffening, more complex models are also considered and evaluated further. This initial
simulation also serves as a validation of the mechanical properties found in sources and
their adaptation for this particular case (adjustment for the particular data set).

The morphometry parameters from Table 5.1 were reduced for axial asymmetric
calculation as follows in the Table 5.4. The sphere segment was selected to represent the
simplified adherent cell shape (similarly to most of the studies dedicated to adherent cell
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5.2. CONTINUUM-BASED APPROACH

simulations). The idealized nucleus shape of the adherent cell is considered to be an
ellipsoid with equal axes in the horizontal plane (the average value is selected as a
representation with reference to the morphometry data).

Whole cell dimensions [pm)]
Diameter 30.37
Height 9.09

Nucleus dimensions [pm]
Axis on xz plane (a = b) | 13.64

Height ¢ (y axis) 4.61
Membrane [pm)]
Thickness | 0.01%

Thickness replaced with value form
literature overview.

Table 5.4: Reduced dimensions from Table 5.1 for axial symmetric model.

Even though the cell shape is generally described as spherical [26], it is highly
adaptable. The cell shape depends on its surroundings: the presence of adjacent cells,
its growing conditions (or even the conditions of its cultivation), and component
arrangement within the cell body. The irregular shape is illustrated using confocal
microscopy images (see Figure 5.4) and its shape variability could have been assessed
using an automatized image processing. However, the simplified sphere segment shape is
considered a sufficient substitution for reaching the goals defined at the beginning of the
thesis. The solution can be therefore generally categorized as a separate cell assessment
(the cell is isolated from its surroundings).

The finite element simulation of the AFM test is to be established as a contact
problem. The AFM tips vary in shape (as pointed out in Section 3.1) and the data sets
available included spherical and conical indentors. This implies, that simulating the
AFM indentation using the finite element method can be performed using both of the
indenter types (as outlined in Figures 5.5 and 5.6).

The conical tip is suitable and even advantageous for initial material property
estimation as herein, especially when the task is adjusted for axial symmetric simulation
with contact modeling being replaced by simple one-point loading (boundary) condition.

Figure 5.4: An actual shape of the cell body.
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Figure 5.5: Top: the axisymmetrical simulation discretization: (red) cell membrane,
(blue) nucleus and (magenta) cytoplasm. Bottom: boundary conditions and geometry
outline for continuum-based approach.

However pyramidal tip geometry could potentially result in convergency issues in the
three-dimensional problem solution. The cause is identified to be large local
deformations when compared to cell dimensions (generally, the pyramidal indentation is
of larger magnitude than the magnitude of spherical tip application) and more
importantly step-change contact character caused by the tip geometry. Therefore, as the
solution subsequently transitions from plane axisymmetry into a highly irregular
(heterogeneous) three-dimensional form, only the conclusions about the material
properties derived herein will be utilized further. The Table 5.5 summarizes the element
type selected to represent the heterogeneous continuous elements.

Cell component | Element type | Property
Nucleus PLANE182 KEYOPT(3) =1
(axisymmetry)
Plasma membrane | SHELL208 Thickness 0.01 pm
(axisymmetry)
Cytoplasm PLANE182 KEYOPT(3) =1
(axisymmetry)

Table 5.5: Element type assignment for two-dimensional continuum-based approach.
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Figure 5.6: General AFM simulation outline with spherical and conical indentor.

5.2.2. Adjustment of the parameters

The first simulation respecting the initial shear modulus estimation implies, that the
studied cancer cell line has lower stiffness than those of the previously presented models
by [3, 27] which is in concordance with the research [21, 38]. Therein, the cancer is
reportedly affecting the cell stiffness as is illustrated by the comparison of the simulated
curve with experimental data fit in Figure 5.7 and the mechanical properties of the model

need to be adjusted.
The difference between the experimental measurement and the

tip is replaced by a sphere (as additionally illustrated in Figure 5.7)

Simulated force-indentation curve

simulated curve is to
be enhanced even more when the dimensionality of the problem increases and the sharp
. While the deviation

6 T T T T T T T

= = =experimental curve
= = =simulated response (axisymmetry)
— = -simulated response (volumetric model)

Force [nN]

———————
-
-
—————————

0.4 0.5 0.6
Indentation depth [um]

Figure 5.7: Comparison of reaction force determined computationally with experimental
data whereas utilizing the initial estimation of mechanical properties (not adjusted for

the particular data set).
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observed when comparing the response of the axisymmetrical model is equal to double
the anticipated (experimental) value, the observed force response in the volumetric model
(described in the following sections) is approximately five to six times higher than the
reaction force measured in live cancer cell culture.

Manipulation of material parameters (while preserving the geometry parameters)
following the previously stated findings is carried out to calibrate the model for further
calculations. A brief sensitivity analysis is included in Figure 5.8, where all of the initial
shear modulus values varied as 50% 100% and 200% of the initially estimated value (as
for example in [34]). Note that only the material parameters are subjected to
adjustment due to the uncertainty of their determination in relation to the particular
cell culture.

Following the sensitivity analysis which bears similar results to publications [3, 34],
the model adjustment is susceptible to large deviations from reality when the membrane
parameters are established incorrectly. Complying with the sensitivity analysis (as the
desirable adjustment of the model is an iterative process and the deviations from the
initial estimation need to be properly justified). All of the material parameters of the
continuous components were gradually adjusted to half of the initially estimated value.
Besides, as the response is highly sensitive to alterations in cytoplasmic shear modulus (in
comparison with adjustment of nucleus parameters), it was decreased to 1/4 of the initial
value to reach the results of the experimentally determined response curve. Lowering the
shear modulus of the cytoplasm beyond other mechanical properties of the continuous
approach is implied by mitochondria occupying a larger volume than the cytoskeleton for
which the initial values of shear modulus were evaluated [3].

. Computational model sensitivity analysis
T T

I G nucleus

I G cytoplasm

5T |6 membrane

[l membrane thickness

Reaction force [nN]
w -~
T T

[S]
T

|
50% 100% 200%

Figure 5.8: Sensitivity to the variation of selected parameters of the computational
model. Assessed through a response of the model to indentation 1.2 micrometers.
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5.2.3. Alternative constitutive models

Following the researched information summarized in Section 5.1 usually the Neo-Hooke
constitutive material is being prescribed. However, the absence of a strain-dependent
stiffening effect can be considered crucial for underestimating the mechanical response.

The shape of the reaction force curve reportedly showing strain stiffening associated
mainly with cytoskeleton deformation (which is not being included in the proposed
model) can be improved by incorporating Arruda-Boyce or Yeoh (3-parametric) material
model. The constitutive models are being selected from a group of hyperelastic models
even though viscoelasticity could have also been considered especially for viscous
cytoplasm as in [30]. Note that the largest strain occurs at the membrane layer,
therefore the constitutive models will be advantageously altered there, other
components are not deformed to such extent therefore their larger non-linearity is not
expressed and the strain-stiffening effect is negligible.

Neo-Hooke material model

The Neo-Hooke material model provides the advantage to utilize only one or two
parameters to completely define the material model. The parameters to be defined are
presented in the strain energy density function formula (with conventional designation
for the tensors):

G 1 ,
W="(h=3)+ (/-1

where G represents an initial shear modulus and d stands for material compressibility
(neglected in the proposed model). The parameters suitable for the particular case
description are already evaluated in Tables 5.2 and 5.3 above.

Arruda-Boyce material model

Arruda-Boyce material representation belongs to a group of structural material models
with defined physical nature of its parameters. In this case, in addition to the Neo-
Hooke parameters, A\ representing limiting network stretch is estimated larger than one
(approximately 1.2 as in Figure 5.9) to induce sufficient strain-stiffening effect to the cell
response.

Third order Yeoh material model

Inducing the strain stiffening (while the cytoskeleton is absent) can be performed by
assigning higher order polynomial models. In this case, the three-parametric Yeoh model
is selected to represent the polynomial class of constitutive models.

Strain energy density function formula of the material model based on Mooney-Rivlin
formulation [7] is as follows:

W = 010(11 — 3) + Cgo([l — 3)2 + 03()(]1 — 3)3

with the parameters selected to approximately correspond to the Arruda-Boyce model
described above are in the Table 5.6. Manipulation with the amount of the strain stiffening
can be performed by adjusting the constant czy which has been estimated from 0.08 (low
impact) up to 0.2 depending on the approximated data.
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C10 C20 C30
0.221 0.0463 0.0837

Table 5.6: Constants of the three-parametric Yeoh material model.

The graphic representation is attached in Figure 5.9 to demonstrate the impact of
substituting the Neo-Hooke model with another constitutive model on the resulting
force-indentation curve. As it seems that more complex material models comply with
strain stiffening conditions better (substantial in the steeper experimental curve), it has
been still opted for the Neo-Hooke constitutive model for further proceedings based on
insufficient knowledge about the individual material behavior while subjected to biaxial
or shear loading. Besides, this material constitutive model should be capable of
providing satisfactory stress results and even the response curve shows a satisfactory
slope.

Changes in cell response due to membrane material model variation
25 T T T T T T T

Experimental data 1
Experimental data 2
= = =Neo-Hooke

52| |~ = —Arruda-Boyce
Yech

Force [nN]
T

-
T

Figure 5.9: Depiction of a response to membrane constitutive models variation in
comparison with experimental data.

5.3. Discrete elements: Tensegrity

Although a bendotensegrity model of cytoskeleton was assumed in the original formulation
of the thesis, collaboration with MUNI brought a completely new focus to this problem.
The idea of significant mitochondrial contribution to the overall cell stiffness became a
basis of a new scientific project proposal, and some preliminary assessment of the role of
the mitochondrial network was needed. Therefore a different composition of the model is
being applied, with a realistic mitochondrial network within cancer cells and without a
specific structure representing cytoskeleton (see also Section 4.1.1).

Nonetheless, to comply with the Goals defined in the Assignment, I would like to
introduce a methodology for modeling tensegrity structures within a cell unit. The
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purpose of this chapter is solely to clarify the cell behavior induced by cytoskeletal
components.

5.3.1. Pre-stressed cytoskeletal components

The adherent state model introduced in [3] incorporates microtubules, intermediate
filaments as well as actin filaments. As presented multiple times, the fibers differ mainly
with the internal state (when the whole cell is characterized as at rest). Internal
pre-stress is the main property of all the actin filaments and as a result, they appear
straight at all times. On the contrary, intermediate filaments are commonly wavy and
engage only at certain deformation levels. Both actin filaments and intermediate
filaments act as cables, i.e. if under compression, the internal stress equals zero (for
tension-only LINK elements, the option SECCONTROL = 1 is assigned). This setting
is demonstrated on Figure 5.10 and supplemented by definition of individual filaments
for FEM calculations in Table 5.7.

a) Actin fibres b) Intermediate filaments

G4 G4 Filamentis
stretched

Resultant Filament
prestress becomes
Prestrain straight

024 0 £ 0 020 E

Figure 5.10: Illustration of the stress-strain behavior of actin fibres and intermediate
filaments. The different slope is caused by the difference in the reported elastic modulus
of individual fibers, adapted from [3].

Cell component \ Element type \ Property
Continuous elements

Nucleus SOLID185

Plasma membrane SHELL181 thickness 0.01 pm

Cytoplasm SOLID185

Discrete elements

& 7 nm

Actin fibres (AFs) LINK180 tension-only
(positive pre-stress)
& 10 nm

Intermediate filaments (IFs) | LINK180 tension-only

(negative pre-stress)
circular tube
Mirotubules (MTs) BEAM188 OD 25 nm

ID 17 nm

Table 5.7: FElement type assignment for tensegrity modeling, discrete elements
representing cell cytoskeleton, adapted from [3].
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The preliminary stress-strain curve of both actin filaments and intermediate
filaments is demonstrated on a tensegrity arc geometry, where a) actin filament acts as a
pre-stressed bowstring (the value of pre-stress was derived by measuring pre-strain in
separated actin bundles [14]) and b) intermediate filament is relaxed until a certain level
of deformation (approximately at 20% elongation [49]). A microtubule acts as the bow’s
body in both cases, the outline is illustrated in Figure 5.11. Once again, the values of
elastic modulus differ through the sources, so they are adapted from the Institute’s most
recent publications dealing with tensegrity [3, 27| and thus are to be defined as

E = 2600 MPa for actin filaments and £ = 7.6 MPa for intermediate filaments. The
prestress values therefore correspond to oapinitia = 620 MPa in actin fibers and
Orrinitial = — 1.5 MPa for intermediate filaments.

OD 25 nm

ID 17 nm

INISTATE

Figure 5.11: Outline of the tensegrity arc
created for response assessment.
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The simulated response of actin fibers with non-zero stress at zero

deformation highlighted in green (left) and intermediate filaments engaging only after

a certain amount of deformation (right).
especially at the marked points. Note that

The characteristic behavior to be observed

the axes are not equal and the slope is

distinguishably steeper in actin fibers than intermediate filaments.
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B) actin fibre at deformation

A) actin fibre at zero deformation
generated by pre-stress

I —
0 137.718 275.556 413.333 551.111
68.8889 206.667 344.444 482.222 6

20

72.7405 145.481 218.222 290.962
36.3703 109.111 181.851 254.592 327.332

C) intermediate filament

13.1264 6.2527 39.3791 52.5055
6.56319 19.6896 32.8159 45.9423 59.068

Figure 5.13: First principal stress distribution in the two types of filaments (acting
as a bowstring embedded into a microtubule) with its own characteristic behavior A)
pre-stressed actin fiber at zero deformation, B) deformed shape induced solely by the
pre-stress, and C) intermediate filament showing zero stress even after deformation of
approximately 10% of the filament length is induced.

The application of previously described initial conditions can be defined using the
INISTATE command, assigning the corresponding value of initial stress, for example,
according to the material number. The results of the stress state under zero deformation
correspond with the assigned condition, i.e. actin fibers already show substantial stress
and intermediate filaments remain unstressed. Both described cases are illustrated in
Figures 5.12 and 5.13.

Note, that it has also been reported, that the higher the pre-stress in the network,
the higher the system’s stiffness. This is corroborated by deriving the reaction force

- Response to initial state application

Reaction force [nN]

50 L L L L L L L L
100 200 300 400 500 600 700 800 900 1000

Pre-stress [MPa]

Figure 5.14: A linear dependency between the stiffness (reaction force magnitude) and
the pre-stress introduced to the tensegrity arc. The dashed lines highlight the actual
pre-stress value corresponding to actin fibers initial stress.
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generated by the pre-stress induced to the arrangement, see Figure 5.14 which shows that
this dependency has a linear character for a single fiber however a non-linearity in the
response appears while multiple fibers combine.

As the cytoskeletal system is not included in the proposed model, it also needs to
be noted that such neglect (or rather not-inclusion) results in reaction force decreasing
by approximately 30% to 40% [3] which needs to be taken into consideration for further
proceedings, i.e. the true initial shear of cytoplasm defined in the presented model would
correspond to lower values if ever to be adjusted for the inclusion of the cytoskeleton.

5.4. Mitochondrial system inclusion

The proposed model does not include tensegrity structures, however, the beam-like
structures are still a viable representation even for the mitochondrial system that is
going to be evaluated herein.

The realistic morphology of the mitochondrial system is an inseparable part of the
proposed model. The advantage of the mitochondrial network in comparison with the
cytoskeleton is that thanks to the mitochondrion’s larger diameter, it is possible to rather
easily automate the scanning procedure. The subsequent processing of mitochondrial
geometry, in preparation for the incorporation into the computational model, is assessed
in a number of steps aiming at simplifying the complex morphology in a controlled manner:

1. Confocal microscopy 3D images extraction (supplied by Department of
Pathophysiology);

2. Surface model creation based on those 3D images;

3. Mitochondrial network assessment in MitoGraph tool [23] which interpolates the
complex surface mitochondrial geometry with nodes and its connections thus
creating an interconnected system of lines and nodes; and

4. Simplification of the acquired line model using a Python script:

e Overall dimensions adjustment for intended whole-cell sphere segment shape
(see Figure 5.15); and

o Complex mitochondrial skeleton geometry replacement with 3-point arc
geometry (inducing constant curvature along the line) and small segments
removal (or rather quantity of mitochondria being controlled).

As the mitochondrial system scanned using a confocal microscope is highly irregular,
the impact of geometry adjustments (designed to compensate for such haphazard nature of
the arrangement) described in the following paragraphs will be considered negligible when
compared to other possible inaccuracies of the proposed model. The main irregularities
lay in an irregular mitochondrial distribution in the cytoplasmic volume, the individual
mitochondrion non-uniform thickness as well as the variable curvature along its mid-line
which is assessed in point 4 of the above-defined list.

To begin with, the adjustment of the overall dimensions can be performed as outlined
in Figure 5.15 below, whereas A) represents the circular area near nucleus surroundings
with the highest mitochondrial density, B) represents elliptic area containing most of

41



5.4. MITOCHONDRIAL SYSTEM INCLUSION

Figure 5.15: Whole-cell shape approximation possibilities demonstrated on an overall
PC-3 mitochondrial system image (top view).

Figure 5.16: Additional shape approximation possibilities demonstration.

the mitochondria, and C) represents circular area circumscribing all of the mitochondrial
structures (with maximum diameter). As illustrated, it is insufficient to include only the
area which is filled with mitochondria since it results in neglecting a significant part of the
mitochondrial system. It is also apparent from the figure, that the ellipsoid segment could
have been selected as a whole-cell shape representation, however, this may be valid only
for certain cell cultures (not universally), therefore, a more general shape C was opted for.
Two additional examples of similar approximation on the PC-3 cell culture are attached
in Figure 5.16 to illustrate the universal character of the herein proposed whole-cell shape
approximation.

The mitochondrial skeleton (i.e. the lines connecting the junctions within the
mitochondrial system) geometry replacement was deemed necessary due to the
complexity of the structure illustrated in the previous paragraphs, the possibilities of the
replacement that were at least considered (not always implemented further) are
illustrated in Figure 5.17.
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Figure 5.17: Possible mitochondrial geometry replacements with curved beam elements
(replacing complex spline geometry with beams of constant curvature along the line).

The selected max dist point option investigates the individual lines of the model
generated by the MitoGraph tool, finds a point of the largest distance value from the
line connecting its first and last point, and assigns that distance to the midpoint of the
arc (perpendicularly to the connecting line). This method utilizes all of the data from
MitoGraph and the replacement is considered to capture the curvature impact on the
stiffness in the best possible way. The final visualization of the mitochondrial system
(and the mitochondrial distribution along the y axis) prepared this way for subsequent
FEM calculations is attached in Figure 5.18 and additionally as a top-side view in
comparison with the original (real) configuration in Figure 5.19.

Figure 5.18: Side view visualisation of the simplified mitochondrial system (generated
using the mazx dist point option) from Figure 5.15.
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Figure 5.19: Comparison of the simplified geometry (left) using the maz dist point
option with the thresholded fluorescence microscopy image (right).

5.5. Interconnected model

As the presented individual continuous and discrete submodels combine, further
analysis demands a transition from a two-dimensional continuum single point
displacement approach to a more comprehensive three-dimensional contact problem
solution. Contact incorporation introduces another non-linearity into the computation,
however, it was deemed necessary for results viability.

The continuous model introduced in Section 5.2 was swept along the corresponding
axis to generate a volume mesh, and the mitochondrial system either in a complex uniform-
thickness or simplified shape was incorporated to reach the final hybrid model (refer to
Figures 5.20 and 5.21). The element type designation for this calculation is presented in
Table 5.8.

Cell component | Element type | Property

Nucleus SOLID185

Plasma membrane | SHELL181 Thickness 0.01 pm

Cytoplasm SOLID185

Mitochondria BEAMI188 Circular cross section
Radius 0.234 pm

Indentation tip TARGE170 Rigid body, frictionless

Contact elements | CONTA173

Table 5.8: Element type assignment for hybrid modeling, note the addition of discrete
elements representing mitochondria, modified from [3].

A general outline of AFM simulation is illustrated in Figures 5.21 and 5.22. Solely as
an example, the separated areas of Figure 5.22 (allocated several micrometers below the
top-point) are covered with contact elements CONT173 and the sphere indenter is an
undeformable rigid body encased in TARGE170 elements, its degrees of freedom
constrained to one pilot node at the center of the sphere. The rigid body approach
needs to be naturally selected due to the stiffness value of the indenter exceeding the cell
stiffness by eight orders of magnitude. Moreover, it is an advantageous choice as the
boundary conditions prescribed for the pilot node will result in simultaneous movement
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5. MULTI-SCALE MODELING

O~

Figure 5.20: A pseudo-slice view of the complete (i.e. not simplified) mitochondrial
system inclusion into the continuum-based approach model.

Figure 5.21: The simplifed mitochondrial network incorporated in continuous cell model
with AFM indentor at a central position.

of the whole indenter body. Additionally, the contact was considered frictionless with
respect to the Hertz theory (and its modified variants commonly used in the
experimental environment) utilized in the AFM force-indentation curves conversion.
Another integral part of the problem solution is boundary condition assessment. The
mitochondria reportedly attach themselves to the cytoskeleton (either microtubules or
actin filaments) [36] in a way that is illustrated in Figure 5.23. Furthermore, they form
a bond with the nucleus membrane to perform chemical substance exchange or gene
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5.5. INTERCONNECTED MODEL

A X

Figure 5.22: Contact problem outline with separated target areas.

transcription [15]. Since the cytoskeleton is not being included in the presented model,
the mitochondria were embedded into the cytoplasm using the CP (couple) command.
More specifically, the degrees of freedom of each node on the mitochondrion’s mid-line
(explained above, illustrated in Figure 5.17) are connected with the degrees of freedom of
the nearest node in the continuum.

(b) (c)

racin

a
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Current Opinion in Physiclogy

Figure 5.23: Mitochondrial attachments to microtubules (blue) and actin filaments
(green). Schematic representation of mitochondrial distribution within cell (a), movement
schematics (b) and confocal microscopy images of HeLa cervical cancer cells, source [36].
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5. MULTI-SCALE MODELING

5.5.1. Evaluation of the cell response

According to the character of the AFM indentation method, the evaluation of reaction
force at the indentor tip and of the indentation was performed only at a single direction
of an axis determining the cell height (i.e. vertical axis, herein namely as y-axis),

The simulation of the hybrid model proved, that mitochondria do not influence the
cell stiffness in a significant way (the difference in the resulting force is equal to 0.3 nN,
i.e. 0.05% of the continuum approach only model reaction force) when measured in the
central position directly over the highest point as illustrated in Figure 5.22. That is a
logical conclusion since most of the mitochondria concentrate around the nucleus however
their occurrence is scarce at the “nucleus dominant” site.

The nucleus dominant site is herein used as a designation for the region, where the
nucleus determines a significant part of the response of the cell. On the other hand, the
response can be defined as “discrete elements dominant” at a sufficient distance from the
nucleus meaning that the characteristics or parameters of reinforcing structures such as
cytoskeleton or mitochondria are responsible for most of the mechanical behavior. To
demonstrate this further, the exterior surface of the previously defined model was loaded
by a constant force of 1nN (refer to the Figure 5.24) which can also be interpreted as a
gravity-like effect, similar loading conditions also occur while creating force-maps. Notice
that the defined areas do not cover all of the cell diameter in the adherent state due to
the substantial impact of the substrate at the borderline (periphery).

nucleus dominant discrete elements dominant

Figure 5.24: Nucleus dominant and cytoplasmatic entities dominant sites designation.
Ilustrated on a deformed shape of constantly loaded surface as a vertical axis deformation.

This implies, that the assessment of cell mechanical response cannot be evaluated
only as a single point measurement. In the experimental approach, the stiffness of the
cell is commonly assessed by measuring the response at a series of data extraction points.
Those values are subsequently averaged to correspond with overall cell stiffness. A similar
approach is applied to the model response measurement as in Figure 5.25.

47



5.6. MITOCHONDRIAL SYSTEM MODIFICATION

Figure 5.25: Multiple indentation point simulation (left). The response is measured at
every indentation point separately so that the individual response curves are not influenced
by the other, illustrated on the right.

5.6. Mitochondrial system modification

Manipulation with the mitochondrial network to assess its impact on mechanical response
is elaborated on in the following paragraphs. The modifications are generally aimed at
evaluating possible pathological effects on the mitochondrial system and all of them were
inspired by either changes introduced in literature or other ideas occurring on the basis
of natural phenomena, such as bone tissue loss during osteoporosis that can be viewed as
constituting network’s connection weakening.

To begin with, the most significant objective of studying the mitochondrial attachment
in the cytoplasm is, that the number of contact sites reportedly increase during cancer [15].
The impact of such phenomenon can be characterized as mitochondrial fission and fusion
imbalance [21], which can be also artificially induced in the cell structure by injection of
specific substances such as zinc [38] and thus a state similar to the pathophysiology is
induced.

To study this pattern, the number of contact sites in the proposed model was
manipulated. This way a number of contact sites and response force were correlated (see
Figure 5.26). The number of contact sites is herein being advantageously interpreted as
number of divisions (NDIV in the APDL code) along mitochondrial mid-line. The
parameter expresses the measure of how mitochondria are bound in the cytoplasm.

The influence of the number of contact sites over the mechanical response of the cell is
a non-linear dependency and as such, it can be added to the list of non-linear parameters
presented in previous papers (also herein in the Section 5.2.2).

Finally, an additional manipulation with the mitochondrial diameter and its elastic
modulus is performed (see Figure 5.26, left) to detect susceptibility to deviations if the
parameters are measured (or otherwise determined) in an incorrect way, and the impact of
those adjustments on the results. Taking the mitochondrial geometry with two divisions
along the mitochondrial mid-line as default (the impact of model modified this way is
already substantial in comparison with one contact size, but not overestimated), the
initial values are varied to 100%, 150% and 200% to additionally increase the variation.
Lower values (e.g. 50% ) are not considered, the impact would seem to be negligible and
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Dependency on number of contact sites Dependency on diameter and elastic modulus
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Figure 5.26: Reaction force dependency on selected criteria. Left: number of contact
sites (parameter NDIV equal to 1,2 or 3) affecting the cell’s response. The reported
number of contact sites increase is therefore directly linked to the fact that the overall

cell response increases in later stages of tumor progression. Right: sensitivity to other
selected parameters.

the information about the significance or non-significance of the variation impact stays
the same.

Following the results, the elastic modulus is identified as a non-crucial factor that
does not need to be determined with such precision as the number of contact sites or the
mitochondrial diameter. However, the latter was measured by a high-precision electron
microscope and even though it is represented only by an average value it is considered
sufficient for calculations performed herein.
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6. Conclusions

The achievements, possible extensions, and/or imperfections of this study are
discussed below. To begin with, the objectives evaluation is introduced according to the
order defined in the Assignment.

50

1.

To get acquainted with the structure of an animal cell, especially of its cytoskeleton,
with a focus on endothelial cells in blood vessels.

A summary of cellular components (their function and arrangement within the cell)
was introduced in the initial chapters. Additionally, the list was supplemented with
information about cell testing and the mechanical properties estimation for further
use was elaborated in an arranged and comprehensible way:.

To get acquainted with finite element modeling of pre-stressed tensegrity structures
under large deformations.

Except for a plain tensegrity and bendotensegrity structures description, a test
calculation to demonstrate the impact of pre-stress in cytoskeleton was provided
to simulate that the amount of pre-stress introduced to the structure affects the
stiffness of tensegrity arrangement.

To simulate a chosen mechanical test of an isolated animal cell using FE model.

The proposed model was defined using continuous elements: nucleus, membrane
and cytoplasm, wherein the cytoplasm incorporated real-geometry mitochondrial
system, the substantial impact of which on whole-cell mechanic response was
demonstrated using a simulation of indentation test (AFM).

The estimated error generated by mesh density [27], the choice of the linear
element type or Hertzian contact type can be considered negligible in comparison
with other inaccuracies such as in material parameters estimation. The main
insufficiency of Neo-Hookean material chosen for the description of the continuous
components is considered to be the absence of the strain stiffening, which was
detected in comparison with the experimental curve. Mainly the absence of cell
cytoskeleton responsible for this phenomenon observed in cell behavior, but also
the variability of the reported elastic modulus values thorough the cell spectrum
and non-existence of the material model developed for cell behavior description
serve to justify this imperfection.

Ezxpress inclination towards confirmation or disproval of the hypothesis that
mitochondria influence the whole-cell behavior.

As demonstrated using the proposed computational model, mitochondria play a
fairly significant role in cell mechanical response increasing its stiffness in order of
tens percent (approximately up to half the impact of the cytoskeleton), especially
when the bonding sites count increases. Since the mitochondria are reported to
attach themselves to microtubules and actin filaments to a large extent [36], a FEM
model incorporating both mitochondria and cytoskeleton is the next logical step in
assessing mitochondrial contribution to cell mechanics.



Several ideas (apart from statistical mechanics implementation to the problem solving
which is a wholly new level of assessment, at least for now) for further research and
elaboration arose during the development of the novel FEM model introduced herein.

At first, as already mentioned above and since the cytoskeletal components represent
around 30 to 40% of the cell stiffness [3] and mitochondria are often bound to cytoskeletal
filaments, nucleus, or potentially other cytoplasmic components, a model incorporating
both mitochondria and cytoskeleton into cytoplasm volume could be elaborated further.
This step would require additional research into the mitochondria-cytoskeleton interaction
and possibly a design of additional experimental measurements or inner structure imaging
and testing.

The lack of studies dedicated to studying mechanical properties of mitochondria
themselves as an individual living cell component gave an incentive to attempt
additional experimental measurement aiming at extracting its Young’s modulus. As
mentioned multiple times, such a task can not be resolved without difficulties such as
mitochondria overlap with cytoskeletal components and difficult measurement assembly
setup, however matching the mitochondrial mechanical properties with experimental
measurements and thus creating a culture-specific FEM model could lead to model’s
accuracy improvement. Furthermore, mitochondrial variable diameter and curvature
along its mid-line was neglected, which could be additionally assessed.

For future reference, mechanical properties in epithelial cells (or their difference from
endothelial cells) would need to be researched in more detail and manipulated accordingly.
Note that the more cell components are included in the model, the more the cytoplasmic
elastic modulus needs to decrease, i.e. the modulus herein referred to as elastic or shear
modulus of cytoplasm includes the entirety of the neglected structural components and
their possible contribution to the cell mechanics.

The cell shape geometry can be also improved in the future. Approximation of the
cell surface (membrane) using a) contact point from AFM microscopy, b) mitochondrial
surface geometry or ¢) confocal microscopy images is possible when aided by programming
tools (e.g. herein: a Python code was used for mitochondrial network geometry) as [42].

Two important factors were neglected for the purpose of this research:

o fluid-like (viscous) character of cytoplasm and its compressibility factor

The impact of the compressibility factor can be easily evaluated by including a
material compressibility parameter d into the Neo-Hooke material. The initial
estimate of the compressibility factor is equal to roughly a hundred MPa! (the
bulk modulus is larger than the initial shear modulus by approximately two
orders).

o and interaction of the proposed model with the surroundings

That is justified by the scope of the Assignment and the focus on single-cell body
interaction with the experimental equipment. Moreover, the examined cells are
artificially cultivated and their state during the experimental measurement does
not correspond entirely with the physiological state.

Finally, every proposed model needs to appreciate the dynamic and constantly
changing nature of the cell’s inner structure and the cell as a whole entity. Such
parameter is probably not possible to evaluate in any considerable manner (or at least
using similar methods as herein).
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