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Abstract

Thedevelopment of a mechanistic understanding of the processes by which
cells sense and actively respond to the mechanical environment would represent a
significant advance in the fields of biomechanics and tissue engineering.
Investigation at a single celevel is required to obtain new and fundamental
insights into this problem. In this thesis a series of experimental tests and cell
mechanics models are developed with the aim of advancing the current

understanding of cell biomechanics.

Micropipette aspiratin (MA) has been useextensivelyin biomechanical
investigations otinradhered cells suspended in metiawever, the MA technique
has largely been limited to the investigation ofadihered cells suspended in media.
In the current thesis, a custom MA & is developed to aspirate substrate adhered
spread cells. Additionally, the system facilitates imméloorescent imaging of
aspirated cells to investigate stress fibre (SF) redistribution and nucleus
deformation during MA.In response toraappliedpressure, significantly lower
aspiration length is observed for untreated contractile cells compared to cells in
which actinpolymerisation ischemicallyinhibited, demonstrating the important
contribution of SFs in the biomechanical behaviour of spread. @ediditional
experiments areerformed in which untreated contractile cells are subjected to a
range of applied pressures. Computational finite element simulations reveal that a
viscoelastic material model for the cell cytoplasm is incapable of accurately
predicting the observed aspiration length over the range of applied preéisisres.
demonstrated that an active computational framework that incorpo&tes
remodelling and contractility must be used in order to accurately simulate MA of
untreated spread cells. Additionally, tisd= distribution observed in immuro
fluorescent experimental images of aspirated cells is accurately predicted using the
active SF modelling framework. Finally, a detailed experimentamputational
investigation of the nucleus mechanical behaviour demonstrates that the nucleus is

highly deformable in cyto, reaching strain levels in excess of 100% during MA.

Previous cell models have sagned that the nucleus is a homogenous
material. A new approach to the modelling of the cell nucleus is proposed in this

thesis. Greyscale values in confocastacks of nuclear DNA reported in the



experimental study of Henderson et(8liophys J;1052252-61; 2013) are used to
determine the local shear modulus at each material point of a finite element mesh
of the nucleus. Simulations reveal that the nucleus is highly heterogeneous with
local intranuclear shear moduli ranging over two orders of magnitBdedicted
maximum shear strains in the nucleus are five times higher than the macroscopic
applied shear strain, as observed experimentally. This demonstrates that mechanical
heterogeneity of the nucleus results in significant strain magnification, ggdss

that nucleus deformation may play a key role in mechanotransduction and cell

sensing of the physical environment.

A novel single cell AFM experimental investigation reveals a complex
force-strain response of cells to cydeading. The biomechanisuanderlying such
complex behaviour cannot be fully understood without a detailed mechanistic
analysis incorporating the key features of active stress generation and remodelling
of the actin cytoskeletorin order to simulate untreated contractile celisaative
bio-chememechanical model ideveloped, incorporating the key features of SF
remodelling and active tension generation. It is demonstrated that a fading memory
SF contractility model accurately captures the transient response of cells to dynamic
loading. Simulations reveal that high stretching forces during unloadingyéfs
(probe retraction) occur due to tension actively generated by axially oriented SFs.
On the other hand, hoop oriented SFs generate tension during loadiogdheds,
providing a coherent explanation for the elevated compression resistance of
contractile cells. Finally, it is also demonstrated that passivelimesr visco
hyperelastic material laws, traditionally used to simulate cell mechanical behaviour,
are not approprta for untreated contractile cells, and their use should be limited to
the simulation of cells in which the active force generation machinery of the actin
cytoskeleton has been chemically disrupted. In summary, the active modelling
framework provides a cehent understanding of the biomechanisms underlying the
complex patterns of experimentally observed single cell force generation presented

in the experimental component of this investigation.

In previous studiessystemsfor mechanical testing of enginedréissue
constructshave been limited to uniaxial cyclic stretchirdg this thesis anovel
experimental systeis developedor measuremerdf cell and tissues forces during

both uniaxial andbiaxial stretching. In the case of uniaxially constrained ¢issu



significant tissue deformation occurs due to cell contractitityd the alignment of

cells in the stretching direction results in the measurement of a high actively
generated cumulative cell forda the case of biaxially constrained tissues cells are
randomly oriented. This results in a lower actively generated cumulative cell force
in each stretching direction. Therte measured during biaxial cyclic stretching is
only ~1.30times higher thathatmeasured duringniaxial cyclic stretchingWwhen

cels are removed from the tissue biaxial forces are ~1.75 times higher than uniaxial
forces. Interpretation of experimental results using an active cell contractility model
demonstrates that a uniaxial stress state is necessary to achieve a high deljree of ce
alignment and, consequently, a high actively generated cumulative cell force in the

stretching direction.

The novel experimentalomputational approaches to investigate the cell
responses to static and dynamic loading provide new insights into theesompl
biomechanical behaviour of the actin cytoskeleton and the cell nucleus. The
findings of this thesis may have important implications for understanding in vivo
remodelling of cells and tissues during disease progression, such as atherosclerosis
and cardia hypertrophy. The active cell models developed and implemented in this
work canpotentially be used to guide tissue engineering strategies to coelirol

behaviour and gene expression.
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Chapterl

1 Introduction

1.1 Background

Cell function and tissue maintenance are regulated by a dynamic loading
environmentln healthy tissue cells maintain homeostasis by actively sensing and
adapting to physical changes. However, irregularities in the in vivo physical
environment can cause abnormal cell or tissue behagliogiver, 2003) and can
lead to, or catalyse, many pathological diseéstence and Lutchen, 2006, Klein
Nulend efal., 2003, Vollrath et al., 2007, Gimbrone et al., 2000, Paszek et al., 2005,
Judex et al., 1997, Tan et al., 2006, Heydemann and McNally, 2007, Butcher and
Nerem, 2007, Huang, 2014Jor example, previous studies have reported
dissimilarities in the mechanical properties of normal and disease(Tualley et
al., 2000, Jones et al., 1999, Thoumine and Ott, 1997, &wdk 2005)Further to
diseases themselves, invasive procedures for disease treatment and tissue repair
disrupt the local physical environment and alter cell behayMulier et al., 2013,
de Billy et al., 2014, GomeBarrena et al., 2011, Minami et al., 2013, Wang et al.,
2014, Fonseca et al., 2001, Yetkinagét 2003) The implantation of a stent in a
vessel results in artificial stiffening of the vessel, which in tusalts in increased
proliferation of smooth muscle cells into the lumiera pathology commonly

referred to as wstent restenosi@Hoffmann et al., 1996)mplantation of metallic



Chapterl

stems into the femoral aft during hip angioplasty results in a reduction of stress

in the surrounding bone (referred to as stress shielding), which causes a localised
decrease in bone dens(tfuiskes et al., 1992Altered mechanical loading of the
myocardium (e.g. due to an increased preload caused by hypertension) results in
remodelling of cardiomyocyte sarcomeres (e.g. cardiac hypertrqpngy and
Olson, 2003) The mechanisms by which cells sense and actively respond to such

alterations in the mechanical environment are poorlerstdod.

Fundamental investigation at a single cell level is required to obtain
meaningful insight into the key mechanical processes by which cells actively
generate traction and respond to mechanical loading. Therefore, novel in vitro
experimental techniges to examine cells under a range of static and dynamic
loading modes are of critical importance. Given the complexity of active force
generation within cells, and the fact that cells remodel their active force generation
machinery in response to applie@chanical loading, experimental results can only
be interpreted through computational models that incorporate a mechanistic
description of key contractility and remodelling processes. Several simplified
modelsof the cell cytoskeletorare based on the ppmsitioning of discrete elastic
axial truss elements in finite element megivshrdieck et al., 2005, Barreto et al.,
2013, McGary and Prendergast, 2004his adhoc approach to matching specific
experimental measurements negldtis key intercellular process that govern
active formation, remodelling, and contractility of the actin cytoskeleton. A limited
number of models include descriptions of actin cytoskeletadodelling and
contractility (Kaunas and Hsu, 200Vernerey and Farsad, 2011, Lee et al., 2012,
Qian et al., 2013)However, all such implementations have been limited to 1D or

2D, which dramatically restricts the ability to simulate and interpret a wide range
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of experimental tests, not tnention in vivo loading condition®n active stress

fibre (SF) framework proposdny Deshpande et a2007)(referred to as thbio-
chemaemechanicamodel)allows for the prediction of the formation, remodelling,

and contractility of the actin cytksleton. A 2D finite element implementation of

this framework(McGarry et al., 2009accurately predicts distribution of the actin
cytoskeleton in cells seeded on micropost arrays, and also predicts the scaling of
actively generated cell traction with cell spread area, based on the experiments of
Chen and cavorkers (Tan et al., 2003)The active SF framework was later
expanded into a 3D finite element sett{Rpnan et al., 2012nd used taincover

the link betweemphenotypespecific contractility levels ancbmpressiomesistance
(Ronan et al., 2012, Weafer et al., 2018)d to demonstrate the role of active
tension generation in the shear resistance of chondra@teding et al., 2012)

These studies highlight the critical insights that can be obtained when single cell
experimental teasdata are interpreted throughily predictive 3D moded of active

SFcontractility and remodelling

1.2 Objectives

The overall objective of the current thesis is to provide a new understanding
of the active and passive responses of cells to staticyammic loading. Novel
and complex experimental and computational methodologies are developed in this
thesis in order to provide new insights into the biomechanical behaviour of cells. In
order to make meaningful contributions to the rapidly developing oé cell

mechanics, the specific aims are as follows:

1. Develop a novel approach to micropipette aspiration to perform
experiments on spread adhered cellPrevious micropipette aspiration

experiments have largely been limited to testing of cells suspended

3
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media. However, many of the cell phenotypes in question are adhered to an
extracellular matrix (ECM) or substrate in vivo, hence mechanical testing
of cells in suspension is of limited value, given the importance of cell
adhesion and spreading in theixae mechanical behaviour of the cell. A
system to perform micropipette aspiration of adhered spread cells would
represent a significant advance in this branch of single cell experimentation.
Provide a new understanding of SFs and cell mechanitdsrough aseries

of micropipette aspiration experiments and interpretation of experimental
data through a fully predictive 3D framework for SF contractility and
remodelling.

. Generate a heterogeneous model for the nucleus to correlate intra
nuclear strain with local DNA concentrations.The mechanical behaviour

of the nucleus has not been definitively characterised in the literature, with
a wide range of elastic properties being defined. Furthermore, previous
attempts at modelling the nucleus have assumed that tHeusuis a
homogenous isotropic continuum. A detailed and robust methodology for
analysis of nucleus heterogeneity would represent a considerable
contribution to the field of cell mechanics.

Develop a new multiaxial 3D contractility model for SFs to descre

force generation under dynamic loading at a single cell leveh novel
single cell AFM experimental investigation reveals a complex fetaan
response of cells to cyclicading.However, he biomechanismsderlying

such complex behaviour are notlyuunderstood. A detailed mechanistic
analysis incorporating the key features of active stress generation and
remodelling of the actin cytoskeleton would provide valuable insight into
the complex patterns of experimentally observed single cell force
geneation.

Develop a novel experimental technique to compare the active cell
mechanical behaviour under dynamic uniaxial and dynamic biaxial
loading in a 3D ECM. In previous studiesystemdor mechanical testing

of engineered tissue construdisve been limied to uniaxial cyclic
stretchingwithout measuring the mechanical resporGaen that cells
actively respond to loading in the 3D microenvironment, it is important to
provide a fundamental mechanistic understanding of the effects of

4
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mechanical conditiong on 3D synthetic tissue constructherefore, lie
development of a robust system that can apply different uniaxial and biaxial
deformation regimes to engineered hydrogel constructs, while measuring
the active and passive force, would represent a stgnifiadvance in the

field of engineered tissue mechanics

This section provides motivations for each objective in brief.
Comprehensive background and motivation is provided for each objective in the

literature review and as appropriate throughout thisghes

1.3 Thesis structure

Chapter 2: A general literature review on cell mechanics is provided. In
particular, a background on intcallular structures, in vitro cell mechanics
experimental techniques, and computational modelling of cells and the actin
cytoskdeton are presented. It should be noted that a critical analysis of relevant
literature is also provided throughout the thesis in the context of the findings of each

technical chapter (Chapters3d

Chapter 3: A background to théheoretical and numericahethods used
for computational model development and implementation in this thesis is

provided.

Chapter 4: An experimental and computational investigation of the
mechanical response of spread adhered cells to micropipette aspiration is presented.
A custommicropipette aspiration system is developed to aspirate substrate adhered
spread cells. Using this system, a series of in vitro experiments are performed in
which single cells are subjected to a range of applied aspiration predsuses.
demonstrated #t an active computational framework that incorporates SF
remodelling and a Hitype contractility law must be used in order to accurately

5
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simulate micropipette aspiration of untreated spread cells. Finally, a detailed
experimentacomputational investigeon of the nucleus bulk mechanical

properties is performed.

Chapter 5: A heterogeneous finite element model for the nucleus is created
with material properties that span over two orders of magnitude. A correlation

between intrenuclear strain and local DNconcentrations is established.

Chapter 6: An overview and analysis of single cell dynamic loading
experimental results published recenthMigafer et al. (20155 presented. These
data provide a foundation for novel model development for single cell dynamic

loading in Chapter 7.

Chapter 7: This chapter presents a novel computational analysis of active
cell contractiity under dynamic loading conditions. Firstly, the importance of the
multiaxial distribution of SFs in the mechanical response of cells to applied loading
is uncovered. Deficiencies of a Hill type contractility equation under dynamic
conditions are uncoved and a new expression for dynamic contractility is
incorporated into the active framework. This new modification provides a

significant improvement in the prediction of transient force generation.

Chapter 8: A novelexperimentasystenftor measurementf@ell and tissue
forces duringuniaxial and biaxial stretchings developedTests reveal that a
uniaxial stress stateesults inhighly aligned SB, whereasa biaxial stress state
results in randomly aligned SHnterpretation of experimental resultsing the
active modelling framework demonstrates the correlation between stress uniaxiality

and coordinated SF force generation.
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Chapter 9: Concluding remarks and future perspectives are provided.

1.4 Publications, conference proceedings, and

prizes
1.4.1 Journal publications
Chapter 4: Published i Bi omat er i al s o
Reynolds NH, Ronan W, Dowling EP, Owens P, McMeeking RM, McGarry JP. On
the role of the actin cytoskeleton and nucleus in the biomechanical response of

spread cells. Biomaterials 2014,;35:4%
Chapter 5: Under preparation for publicationJ o u r Bicanechamits

Chapter 6. Contributionto the work of apublished paper in which the h
candidate is a second autl®publishedird Act a Bi amateri al i ab
Weafer PP, Reynolds NH, Jarvis SP, McGarry $ihgle cell active force
generation under dynamic loadingart I: Experimental AFM measurements. Acta

Biomaterialia 2015(doi:10.1016/].actbio.2015.09.006

Chapter 7: Publishelin6 Act a Bi amateri ali ad
Reynolds NH, McGarry JP. Single cell active force generation under dynamic
loading T Part I Active modelling insights. Acta Biomatalia 2015.

(doi:10.1016/j.actbio.2015.09.0p4

Chapter 8: Under preparation for publication mJ our n a | of The Roy.

Il nterfaceo

1.4.2 International conference proceedings
Reynolds, N.H., Ronan, W., Dowling, E.P., Owens, P., McMeeking R.M.,

Mc Garry, J . P. ,the biomechansal belyasidr ofstness dibers and


http://dx.doi.org/10.1016/j.actbio.2015.09.006
http://dx.doi.org/10.1016/j.actbio.2015.09.004
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nucleus deformation in spread cells using a novel micropipette aspiration

techniquedé, 7th World Congress of Bi omec|

Reynolds, N.H., WeafeR . P . |, Ronan, VA nalydiscoGthaer actiye, J. P.,
response of cellstocyclicloach g usi ng a mo di9th Cangtes;AFM sy s

of the European Society of Biomechaiéugust 2013, Patras, Greece.

N. H. Reynolds, W Ronan, E. P. Dowl i ng, J. P. \Y
Role of Stress Fiber Contractility and Nucleus Geometry in the Response of Cells
to Micropipette Aspirationo, Ameri can So

Summer Bioengineering Conference, June 2012, Puerto Rico, USA.

N. H. Reynolds, W. Ronar. P. DowlingJ . P. Mc Garry, 6Contr.i
Fi ber remodeling to the Response of Cel |

Meeting of the Biomedical Engineering Society, October 2011, Connecticut, USA.

1.4.3 International and national prizes
2" overall in the Celllar Biomechanics Ph.D. paper competition at tHaviorld

Congres of Biomechanics in Boston, MA, for paper entitfiddvestigation of the
biomechanical behavior of stress fibers and nucleus deformation in spread cells

using a novel micropipette aspiratit@chnique.

Best overall presentation at the"22nnual Conference of the Royal Academy of
Medicine in Ireland (BINd?) in Galway, Ireland, for abstract entitldgdAct i v e

dynamic contractility of stress fibreso
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2 Literature review

2.1 Introduction

This chapter presents an overview of literature related to this thesis. In
Section2.2 a background of the key mechanical constituents of cells is presented.
In Section 2.3 experimentaltechniques commonly utilized to investigate cell
mechanical behaviour are presented. In SecBadhcomputational modelling
approaches for the simulation of the ahanical behaviour of cells and the
cytoskeleton are outlined. Throughout this literature review, key deficits/problems
in the field of cell mechanics are identified and underlined. In Se2tigrthese
deficits are summarised and contextualised in terms of the objectives of this thesis
(outlined in Section 1.2 of Chapter 1). In addition to the background literature
presented in the current chapter, each techribalpter contains a detailed
discussion and analysis of previous studies in the context of the findings of this

thesis.

2.2 Cell structure and forces

The cell is made up of a vast array of molecules and structures that respond
to many different stimul{Alberts et al., 2002)From a mechanics view point, the

cytoskeleton is the key structural component of the cell: which provides resistance
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to deformation (Dowling et al., 2012) generates active endogenous forces
(Califano and Reinha#ing, 2010) regulates extracellular adhesion, spieg,

and migratior{(Ronan et al., 2014and is critical for mechanotransducti@hashi

et al., 2006) The cytoskeleton consists of three components; microtubules,
intermediate fikments, and the actin cytoskeletonFigure2.1 fluorescent images

of each of these cytoskeletal components is shown. In addition to these cytoskeletal
components hte cytoplasm and nucleus also contribute to the mechanical response
of cells (Caille et al., 2002) with focal adhesions providing a mechanical
connection between the cell and the extracellular matrix (ECM)/sub@Ratsn

et al., 2015, Mullen et al., 2014, Rivelineagt 2001)

2.2.1 The nucleus

The main role of the nucleus is to regulate gene expression in cells
(Lammerding et al., 2007The nuclei of endothelial, osteoblast, chondrocyte, and
cardiomyocyte cells consist of two main regions: the nucleus interior, which
contains DNA and proteinfHenderson et al., 201,3and the nuclear envelope,
which is a lipid bilayerVaziri et al., 2007, Vaziri and Mofrad, 200MNuclei are
linked to the surrounding cytoskeletal components via nuclear lamina and
chromatin(Lammerding, 2011)Reshaping of the nuclear lamina and chromatin
distribution during nucleus deformation has been Ilinked to cell
mechanotransductidipahl et al., 2008, Rowat et al., 2008, Tsukamoto et al., 2000,
Wang et al., 2009)n addition, direct modulation of nuclear shape has been shown
to affect the regulation of type Il collagen as well as gene expre&Saonpbell et
al., 2007, Shieh and Athanasiou, 2007, Shieh and Athanasiou, 2003, Leipzig and
Athanasiou, 2008, Thomas et al., 20@2iven the significant deformation of nuclei

observed under physiological load in sjitenderson et al., 2013, Buschmann et
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al., 1996) careful characterisation of nucleus deformation is of critical importance

in the development of a fundamental understanding of mechanotransduction.

Numerous studies suggest that nuclei are stiffer than the surrounding
cytoplasm(Guilak et al., 2000, Caille et al., 2002, Caille et al., 1998, Maniotis et
al., 1997, Jean et al., 2005, Ferko et al., 2007, Deguchi et al., 2007, Ofek et al.,
2009a, Knight et al., 2002)n contrast to these findingseipzig and Athanasiou
(2008) reported that cytoplasm and nucleus strains had a 1:1 ratio during static
compression using a piezoelectric actuated pralggesting that the stiffness of
the cytoplasm and nucleus are similar. However, it should be noted that the
extracellular environment in these aforementioned studies is not the same in all
cases. It is well known t [leertduettosebstiata pp ar e n
compliance(Byfield et al., 2009)the level of spreadinfrhoumine et al., 1999)
and the contractile nature of the gatlenotype in questiofiRodriguez et al., 2013,
Caille et al., 2002, Peeters et al., 2005, Deng et al., 2010, Ofek 20@8b) To
overcome thisomplex factoDeguchi et al. (2005ndGuilak et al. (2000isolated
nuclei from cellsbefore testing. However, it has been suggested that nucleus
mechanical behaviour may be altered by the isolation procé@uiak et al.,

2000. Simulating experiments of isolated nucl&aziri and Mofrad (2007)
computed a low nucleus shear modulof 0.008 kPa. Furthermore, previous
experimental studies of micropipette aspiration of suspended cells reveal significant
nucleus deformatiofPajerowski etl., 2007, Ribeiro et al., 201Zpajerowski et

al. (2007)reported that permanent visptastic deformation of the nucleus occurs

due lamin A/C and chromatin remodelling.summarythe mechanical behaviour

of the nucleus has not been definitively characterised in the literature with a wide

range of elastic pperties being reported. A detailed and robust methodology for
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analysis of nucleus biomechanics would represent a considerable contribution to

the field of cell mechanics.

Figure 2.1: Fluorescent image of the actin cytoskeleton in a single cell in 2D culture.
Intermediate filaments are shown in red, microtubules are shown in green, and actin filaments
are shown in blue. Image courtesy of Cora-Ann Schoenenberger and Rosmarie Suetterlin,
Biozentrum, University of Basel.

2.2.2 The cytoskeleton

The cytoskeleton, which lies within the cytoplasm, is key in maintaining
cell structurgYeung et al., 2005, Dowling et al., 2012, Trickey et al., 2004, Ohashi
et al., 2006) The cytoplasm is a crowded environment of proteins and organelles
that surround the nucleug&thier and Simmons, 20Q7As mentioned in the
previous section, the cytoskeleton is critical for transmission of mechanical cues to
the nucleuss part of mechanotransduction. The cytoskeleton also plays a crucial
role in regulating whole cell mechanical response to the extracellular environment

(Ingber, 1997, Shieh and Athanasiou, 2003, Wang and Thampatty, 2006, Bader and
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Knight, 2008, Fletcher and Mullins, 201®urthermore, the cytoskeletal mediated
resistage, transmission, and active generation of force dynamically influences cell
shape, migration, adhesion, and overall stiffri{gsfrad, 2009, Mann et al., 2012,
Lam et al., 2012a)In addition to providing essential structural support and
regulation, the cytoskeleton also sexas a transport network for molecular motors

to deliver vesicles and other organelles throughout the(leglbkawa, 1998)
Cytoskeleton components consists of proteins organised into filaments. The
cytoskeleton of cells has three main organised protein groups: intermediate

filaments, microtubwds, and actin filament§igure2.1landFigure2.2).

(a) , Actin Filaments
monomer subunit

oo @itiseenesy |-

Globular actin (G-actin) Filamentous actin (F-actin)

(b) Microtubules
monomer subunits SR

a-tubulin @
B-tubulin @

24 nm

Protofilament &

Intermediate Filaments
(c) ®

Monomer Q ’

Dimer ‘m’

Tet \/2
etramer W‘ 812 nm

Figure 2.2: The three filamentous groups that make up the cell cytoskeleton; (a) actin
filaments, (b) microtubules, and (c) intermediate filaments. Adapted from (Blain, 2009).

supercoiled sheet
(8 tetramers)

2.2.2.1 Intermediate filaments
Intermediate filaments provide integrity and organisation to both the cell

and nucleuqLodish et al., 2000, Herrmann et al., 2007, Alberts et24l02,
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Lammerding, 2011) These filaments arrange in a network surrounding the nucleus

and are thought to anchor the nucleus within the(Beipin et al., 2011)They are

8-12 nm in dianeter and are comprised of a series of tetramers which assemble to

form a supercoiled sheet{Blain, 2009, Fuchs and Weber, 199%hese tetramer

proteins are formed from two coiled dimmers arranged in arpardilel manner.

The precise function of intermediate filaments is unc{&aiksson et al., 2009)

However, it has been demonstrated expertaigrthat intermediate filaments have

a role in biochemical processes and in the overall response of cells to mechanical

load (Ingber, 1997, Durrant et al., 1999, Ofek et al., 2009b, Dowling et al., 2012)
particularly during large deformatgnWang and St amenovi |, 200

2008)

2.2.2.2 Microtubules

Microtubules are key for cellular homeostasis, providing transportation
pathways for intercellular delivery of vesicles and organdhtésokawa, 1998)
separating chromosomes during cell divisi@naphase, 2000, Sharp et al., 2Q00)
and have been linked to synthesis and secretion of proteoglycans and collagen
(Jortikka et al., 2000, Poole et.,a2001) Microtubules areassembled from
monomer s of gl-obhb ki tubulipheliesbyn wound into
protofilaments to form stiff, cylindrical structuréélberts et al., 2002, Martini,
2004) The largest cytoskeletal componemticrotubules hava diameter of ~25
nm and persistence length in the order of millimefkteslish et al., 2000, Gittest
al., 1993)and radiate outward from a central orgém@tentresome or microtubule
organising centre) which is located near the nuc(desForges et al., 2012)n
terms of microtubule contribution to the mechanical response of whole cells,

previous in vitro experiments demonstrated that cells treatedlithicine (which
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disrupts microtubulesgxhibited reduced restance ¢ applied sheafDowling et

al., 2012) Furthermore, previous studies have demonstrated that microtubules
contribute to the cell compression resistaf@fek et al, 2009b, Brangwynne et al.,
2006) However,Trickey et al. (2004)eported no difference between stiffness and

viscosity of untreated cells compared to that of colchicine treated cells.

2.2.2.3 Actin filaments

Of all the cytoskeletal elements, actin filaments are the primary functional
componentn modulatingcell mechanical behavio¥eung et al., 2005, Dowling
et al., 2012, Trickey et al., 2004, &¢hi et al., 2006)Through interaction with the
motor protein myosin, actin filaments areessential forthe generation and
maintenance of contractile forces required for regulating cell smapghology,
cell migration,cell adhesion, and whole cell stiffnegdetcher and Mullins, 2010,
Kumar et al., 2006, Sato et al., 2006, De et al., 2010, Blain, 2009, Guilak, 1995,
Fernandez et al., 20Q@)he capability of actin filaments to interact with the myosin
motor protein is clearly an important feature. Globular actira¢t), which is
reported to be the most abundant protein in eukaryotic @dberts et al., 2002)
polymerises and coils into a doulsielix arrangement to create filamentous actin
(F-actin) Figure 2.2). The polymerised actin filaments have a diameter ranging
from 59 nm and an elastic modulus of21GPa(Lodish et al., 2000)Actin
filaments continually undergo polymerisation and depolymerisation due to
association and dissociation ofdgtin at either end. Furthermore, actin filaments
can form network branchethrough Apr2/3 proteins, which assist outward
protrusion of the cell membrane during migration and spreading, i.e. lamellipodia
and filopodium(Goley and Welch, 2006, Welch, 1999) a resting state, the cell

cytoplasm contains numerous short actin filaments (capped by the protein CapZ)
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and inactive state myosin Il. In response to an activatiomakigalcium ions
released from the endoplasmic reticulum thiocell cytosol trigger gelsolin, which
cleaves the capped small actin filaments, leading to formation of long actin
filaments. Theseatin filamensand filament complexdsundletogether in parallel

v i aactitin (Figure 2.3-B) and fimbrin (Burridge and Wennerberg, 2004)
Phosphorylation of the myosin Il into the active state can occur due to the activation
signal mentioned above (liglhainkinase) or due to an externally applieédo
(Rhokinase). Activated myosin |l assembles into bipolar filaments and interacts
with theU-actininbound actin filament bundleBifure2.3-C), to create contradgi
threadl i ke structur es (Rlbeasenal., 22Fbrinboeirsds f i br e
actin filaments bundles are too tightly packed to interact with myosin motor
proteins. The contractile behaviour of these formed stress fibres isigeheia the
crossbridge cycling of the actin filaments and myosiigyre 2.3-D), which is

similar to the welknown behaviour observed for skeletal mugEldl, 1938).
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Figure 2.3: (A) fluorescent image of a cell showing nuclei in blue and the actin cytoskeleton
in red. (B) Exploded out schematic illustrating bundling of proteins to form stress fibres
(adapted from Blanchoin et al. (2014)). (C) Schematic of a single stress fibre unit. (D) Stress
fibre contractility is generated by the crossbridge cycling of the actin filaments and myosin.
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2.3 Experimental techniques for investigating
cell mechanics

Cell mechanics has been studied extensively using a wide array of
experimental techniques at rtiple length scale@lonas et al., 2008nvestigations
at the tissue levéHillam and Skerry, 1995, Lanyon, 1996, Hsieh and Turner, 2001,
Roy et al., 2009)on cell populated 3D construdfBhavandiran et al., 2013Ville
et al., 2006, Nekouzadeh et al., 2008, Balestrini and Billiar, 2009, Buxboim et al.,
2010, Thorpe et al., 201,0n cell populations in 2[Harris et al., 2012, Kaunas et
al., 2005, Barron et al., 2007, Wang et al., 200&byl on single cells demonstrate
alterations in cell structe and function under static and dynamic loading
conditions. Single cell investigations are advantageous for understanding changes
in cell behaviour in response to a specific stimulus. This may include examination
of enzyme and matrix synthegisakano et al., 2011, Ofek and Athanasiou, 2007)
gene expressiofifan et al., 2013) cellular signalling(Adachi et al., 208), and
intracellular structural changes, such as cytoskeleton remodelling. Consequently,
single cell investigations can be employed to guide the development of mechanical
environments that elicit favourable cell responses, hence providing a

biomechaistic strategy for tissue engineerif@fek and Athanasiou, 20Q7)

2.3.1 Single cell biomeclanicstesting

Given the micro scale size of single cells, and the sN&wton scale of
active force generation, experimental systems used to examine single cell
mechanical response must be extremely sensitive. Advances in technologies have
facilitated thedevelopment or adaptation of a number of different specialised
approaches. An overview of these techniques is shoWwigure2.4 (Rodriguez et
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al., 20B). In this section, a brief outline of commonly used techniques, including
micropipette aspiration, atomic force microscopy (AFM) indentation, microbead
manipulation, uniaxial deformation (compression and tension), microposts force

mapping, and tractioforce microscopy, is presented.

Micropipette

Electrical Field piration  icroneedie
A Stimutation - ;

Traction Force
Microscopy

Ultrasound
Stimulation Optical Stretcher

Application

Acoustic Techniques
Tweezers

AFM Micropost
Arrays

Substrate
Strain

Parallel Plate  Compression
Flow

Figure 2.4: (A) Techniques used apply forces to cells and investigate mechanical response.
(B) Techniques used to investigate cell mechanical response in the absence of mechanical
loading. Reproduced from Rodriguez et al. (2013).

The micropipette aspiration techniquehas been used to investigate the
mechanical behaviour of whole cells, which have been suspended in media. A
microppette is a small glass capillary with an internal diameter smaller than that of
a suspended cell. Micropipette aspiration systems must be mounted on microscope
stages to enable cell/micropipette manipulation and monitoring of cell deformation
in real time Suspended cells are drawn to the tip entrance by applying a small
negative pressure in the micropipette. Once a tight seal is formed between the cell
and the tip entrance, a known negative pressure is applied inside the micropipette,

inducing cell deforrmt i on or (Figure5tA). H the cellnstassumed to
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be a homogenous incompressible | Enear el

can be calculated frothe following equatiorfTheret et al., 1988)

oo
¢“ 0

B (2.1)

where¥Yn is the negative pressure applied inside the micropipbitethe internal
radius of the micropipett@), is the length from the tip entrance to the furthermost
point of the cell in the neropipette, and the value for the wall functign,can be
found in the study oTheret et al. (1988)The model ofTheret et al. (1988)as

later expanded b8ato et al. (1990p consider time dependant viscous effects. By
assuminghatthe cell is a standard linear solid viscoelastic material, the aspiration

length with respect to tim@, is given bythe following equation:

B Y0 Q
“ '?'Q p ’?’Q ’i‘Q Q (22)

00
where'Q andQ are spring constants for a standard linear solid modet &@the
time constant. Once a close correlation to the experimental length data is obtained

using Egn.(2.2 (Figure2.5-B) , the instantaneous and | or

can be determined:

(0 - ;O -0 (2.3)
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¢ Experimental Data
— Viscoelastic Model
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o ¢

Figure 2.5: (A) Selected images from a micropipette aspiration experiment. Arrows indicate
the aspiration length. (B) Sample of experimental aspiration length data obtained from
experiments. A fit of the experimental data using the viscoelastic model is also shown. Scale
bar = 10 mm.

Micropipette aspiration has been used to determine the bulk passive
mechanical properties of many cell types in suspension, including leuk{Sytes
et al., 1988, TingBeall et al., 1993, Liu et al., 2007, Herant et al., 2005, Evans and
Yeung, 1989)red blood cell§Evans, 1973, Hochmuth, 1993, Waugh and Evans,
1979) chondrocytegTrickey et al., 2006, Trickey et al., 2000, Trickey et al., 2004,
Guilak et al., 1999, Jones et al., 1999, Ohashi et al., Bd@gincumar et al., 2012)
platelets(Haga et al., 1998, White et al., 1984, McGrathlet2®11, Burris et al.,
1986) endothelial cell{Sato et al., 1990, Sato et al., 1996, Sato et al., 1987)
fibroblasts (Thoumine and Ott, 1997a, Zhou et al., 200 stems cellSran et
al., 2008, Yu et al., 2010, Ribeiro et al., 2Q1jcropipette aspiration has been
used to compare the fétiess of chondrocytes isolated from healthy and
osteoarthritic cartilag€Jones et al., 1999Xifferent types ofadult stems cell
(Ribeiro et al., 2012)and endothelial cells exposed to varying levels of shear stress
(Sato et al., 1996)urthermore, previous micropipette aspiration studies reported

a dramatically reduced stiffness in cells treated with agents to disrupt the actin

cytoskeletor(Tan et al., 2008, Trickey et al., 2004, Ohashi et al., 200@pntrast,
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the reduction in stiffness of cells treated with microtubule and intermediate filament
disrupting agents was lkepronouncedTrickey et al., 2004, Ohashi et al., 2006)

should be noted that fibrillous contractile actin cytoskeleton is not developed in

suspended cell€Sato et al., 1987, Reinhdfing et al., 2005, Haghparast et al.,

2013) In contrast, cells adhered to a substrate or ECM develop a highhwustidict

contractile actin cytoskeletdMunevar et al., 2001, Thoumine and Ott, 1996, Li et

al., 2007, Zaleskas et al., 2004, Tan et al., 2003, Lemmon et al., 2005, Tee et al.,

2011, Roy et al., 2009T herefore, the study of tadhered suspended cells provides

limited insight into the behaviour of contractile cell8nally, the micropipette

aspiration technique has also been used to investigate the stiffness of nuclei isolated

from the cytoplasn{Guilak et al., 2000Deguchi et al., 2005)

Atomic force microscopy (AFM) is an established technique in cell
mechanics that is typically used to probe localised regions of spread adhered cells
with unrivalled positioal and force precisioSimon and Durrieu, 2006, Colton et
al., 1997) The AFM system typically consists of a sharp probing tip attached to a
flexible cantilever(Figure2.6-A). The cantilevers are lowered into the test sample
(cell s) and the deflection is monitored
systemo, u s wfaallakey probeandsposttigensitige detectaiPSD)

Sub nanemeterz-axis displacement of theantilever and sample stage positioning

are contolled by piezoelectric actuatoisrom a cell mechanics perspective, AFMs
have been used in investigationscomponents of the cell nucie(Hansma et al.,

2004, Hirano et al., 2008¢ytoskeletal structurg®otsch et al., 1999, Pesen and
Hoh, 2005) and whole cell§Rotsch et al., 1997, Radmacher et al., 1996, Hofmann

et al, 1997, Deng et al., 2010, Darling et al., 2008, Prabhune et al., 2012, Jaasma et

al., 2007, Lulevich et al.,, 2006)n addition to forcemeasurement™Q an
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approxi mati on o f,Otfanceliséambe calyaseloy meaduirigu s
the indentation depth,, and implementingHertzian theory(Johnson, 1985,

Kuznetsova et al.,aD7), where:

P+ O (2.4)
COAIT
for a conical tip of half angle,, and:
0
o 2P * O 2.5)
Mo N

for a sphericaltipofradiusyti s t he Poi ssonds ratio for
however thatthe Hertzian theory assumes a homogenous linear elastspaai,

and thathe indentation depth is much lower than the material thickness.
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Figure 2.6: (A) Schematic of AFM setup (adapted from Weafer (2012)). (B) Schematic
illustrating cell deformation during indentation using a sharp tip (adapted from Plodinec et al.
(2011)).

AFM indentation is typically performed on highly localised regionghef
cell (Figure 2.6-B). While this is useful for probing individual structures and
determining the heterogeneity of the cile mechanical response is esetablished

at awhole celllevel(RocaCusachs et al., 2008, Titushkin and Cho, 2007, Prabhune
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et al., 2012, Darling et al., 2008, Bao and Suresh, 20@®yious studiebave
attemptedovercome this by performing a large number of indentations over the
entire cell(Radmacher et al., 1996, Hofmann et al., 1997, Rotsch and Radmacher,
2000, Kelly et al., 2011)However, acquiring data over a largeea is time
consuming anadnay occur at a shorter time scale thanititwacellular cytoskeletal
remodelling itself. Previous studies have replaced the sharp indentation tips
attached to theantilevers with spheres of &®n diameter or lesd.ehenkari et al.,
2000, Lulevich et al., 2006, Jaasma et al., 2006, Zimmer et al.,.20a&ever,

while these sphereme significantly less localised than the sharp tips, the contact

region will still bemuchsmaller than the spread cell radius.

Further developing on this approatlgafer et al. (2012attached a large
sphere with diameter of 158m to the end of the flexible cantilever in order to
achieve a more uniform strain state in the d¢ellias shown that due to the rotation
constraint at the spherell interface (due to friction between the sphere and the
substrate), the bending profile of the cantilever resembled a double encastre beam.
This resulted in an X®ld underestimation of thematerial stiffness using standard
AFM formulae of deflection, force, and stiffne¥¢eafer et al. (2012)emonstrated
that appropriate correction factors must be used to account for the rotational
constraint of the cantilever/sphere. Using this systealater studyWeafer et al.
(2013)demonstrated that untreated cells provide a significantly greater resistance
to quasistatic compression compared tells treated with actin cytoskeleton
disrupting agentsGiven the size of the sphere attached to the cantilever in the
system outlined above, the deformation applied to the cell could be categorised as

unconfined whole cell compression.
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Microbead manipulation is a method whereby small nan@ micron
sized beads erattached to the cell membrane atigplaced using optical or
magnetic techniqugsaurent et al., 2002)Jsing the optical techniqu€&igure2.7-
B andi C), displacement is controlled by directing infrared lasers at the transparent
beads. The change in direction of the photons due to refraction results in controlled
beaddisplacement(Lim et al., 2006, Block, 1992, Svoboda and Block, 1994,
Neuman and Bick, 2004, Fazal and Block, 2011, Titushkin and Cho, 2006, Dao et
al., 2003) Using magnetic technique (Figure 2.7-A), ferromagnetic bead
displacements are controlled llye magnetic field gradient produced by an
electromagnetic coi(Neuman et al., 2007, Ziemann et al., 1994, Bausch et al.,
1999, Bausch et al., 1998, Crick, 1950, Crick and Hughes, 196@)tational
displacement is often applied to the ferromagnetic beads, known as magnetic
twisting cytometry. Microbead manipulation techniques have been used to
investigate material properties of the cytopla®nick, 1950, Crick and Hughes,
1950) whole cell§Fabry et al., 2001, Wy et al., 2002, Wang and Ingber, 1995)

and cytoskeletal remodelli@eng et al., 2004, Hu et al., 2004, Hu et al., 2003)

A
- ™

yy

Figure 2.7: Schematics of microbead manipulation using (A) magnetic techniques and (B)
optical technique (adapted from (Girard et al., 2007). (C) Microscope image of two optically
controlled beads stretching a cell (adapted from (Henon et al., 1999)).

" Bead
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Whole cell uniaxial deformation is commonly performed using
microplates(Thoumine and Ott, 1997)r large flatended probegShin and
Athanasiou, 1999)Loading can be applied in a strain controli&hieh and
Athanasiou, 2006, Ofek et al., 200@)force controlleqLeipzig and Athanasiou,
2005, Leipzig and Athanasiou, 2008, Shieh and Athanasiou, 208dher. The
indenter (probe or microplate) is displaced using a piezoelectric translator while the
deflection is monitored using microscop&sgire2.8). The force applied by the
indenter is determined using cantilever beam theory. These systems are commonly
used to subject cells to unconfined compresgiaille et al., 2002, Peeters et al.,
2005, Deng etlg 2010, Ofek et al., 2009land tensiorfThoumine and Ott, 19,
Micoulet et al., 2005, Fernandez et al., 2006, Mitrossilis et al., 26@)single
cell stretching experiments time is allowed for the cell to adhere to the indenter
before the probe is retracted, bringing the cell into a tensile loading regime. An
example of the system usbg Thoumine and Ott (1¥7b)is shown inFigure2.8.

To overcome the limitations of optical visualisation of microplate deformation,
Weafer et al. (2012)developed a system whereby aglisphere was attached to
the end of a flexible AFM cantilever. The loading applied using the large sphere is

analogous to the aforementioned uniaxial deformation experiments
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Figure 2.8: (A) Schematic of the micromanipulation system. (B) Microscope images of a cell
between the microplates. Scale bar =5 mm. Adapted from Thoumine and Ott (1997b).
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Traction force microscopyis a technique used to determine traction forces
exerted by cells to its ECM-{gure 2.9). Cells areseeded on top iWang et al.,
2002, Doyle and Lee, 2005, Iwadate and Yumura, 2008, Curtze et al., 2004, Tolic
Norrelykke and Wang, 2005, Wang et al., 2005, Lombardi et al., 2007, Chen et al.,
2007)or within (Franck et al., 2011, Maskarinec et al., 2009, Legant et al., 2010,
Khetan et al., 2013, Legant et al., 20&8jnpliant gels, which hadarge numbers
of encapsulated miocbeadgSen and Kumar, 2010By tracking the microbeads
displacementFigure 2.9-B), traction forces generated by the céhgure 2.9-C)
can be detrmined using the known stiffness properties of the\gah Vliet et al.,
2003) For tracking displacement in three dimensions, confocal images of
fluorescentlylabelled beads must be perform(@&adanck et al., 2011, Maskarinec et
al., 2009, Legant et al., 2010, Khetan et al., 2013, Legant et al.,. Z¥YE¥)jous
studies have also determined traction forces for cells during substrate deformation

(Krishnan et al., 2009, Chen et al., 2010, Walker et al., 2005, Das et al., 2008)
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Displacement Confocal

Traction

Figure 2.9: Progression of ECM displacement and cell traction after a stress fibre is severed.
(A) Cell in hydrogel with the actin cytoskeleton shown in green and fluorescent beads shown
inred. Arrow head indicates point of laser ablation. (B) Contour plot of hydrogel displacement.
(C) Contour plot of cell traction forces. Scale bar = 20 mm. Adapted from Kumar et al. (2006).

The micropost techniqueis another methodology used to measure cell
traction forces. A micropost array is a group of upright migiaed pillars,
typically with an even spatial distributioRigure2.10-A), to which cells are seeded
(Figure 2.10-B). As cells adhere to the microposts the tip is becomes deflected
(Figure2.10-C). Using cantilever beam theory the traction force exerted by the cell
is determined by measuring the deflection of the tip of each micrepakhe
following equation:

(0[00)]
QD

1 (2.6)

whereOi s t he Youngb6s modul u®isohé mitcrdpast mi cr op
diameter,0 is the length of the microposand] is the measured horizontal
deflection of the micropogSchoen et al., 2010Micropost arrays have been used

to investigate cell spreadir(@hen et al., 2003, Lemmon et al., 200%jgration
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(du Roure et al., 2005)Sochol et al.,, 2011jRicart et al., 2011)contractility
(Rodriguez et al., 2011, Kural and Billiar, 2014, Tan et al., 20@8pal adhesion
strength(Fu et al., 201Q)and cadherin junctiommactions(Ganz et al., 2006, Liu et

al., 2010) More recently, studiebave investigated cell traction forces during
substrate deformation using a silicem@sed stretchable micropost arrélyam et

al., 2012a, Mann et al., 2012pam et al. (2012ageeded single cells on deformable
micropost arrays. By tracking the post deflection during stretching the cell stiffness
could be approximatedlam et al. (2012a)eported that cells treated with agents to
disrupt the actin cytoskeleton had significantly reduced stiffrasgperties

compared to that of untreated cells.

.:.:.....00000..

°
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Figure 2.10: (A) SEM image of micropost array. (A) Schematic of micropost array with a cell
seeded on top. (C) SEM image of cell seeded on micropost array with microposts deformed
(adapted from Lam et al. (2012b)). Scale bars =10 mm.
2.3.2 Mechanicaltesting of cell populations in 2D

In addition to mechanical testing of single cells, a large body of work has
been reported in the literature on the testing of cell populations, both in 2D and in
3D.In 2D, individual cells and cell monolayers are seedestietchablesubstrates
such as silicone.ubstrate stretching involves imposing monotonic or cyclic strain
to the cell substrate, typically using a vacupomp or indenter. Substrates are
subjected tcstretching in one direction (uniaxial) or two directions (biaxial).
Applied mechanical substrate stretch has been used to investigate cytoskeletal

fluidization and resolidification or reinforcemefirishnan et al., 2008, Krishnan

et al., 2009, Chen et al., 201@xtin reorganisatio(Chen et al., 2010, DiPaolo et
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al., 2010, Kang et al., 20L1BCM protein recruitment and reorganisat{@teward

et al., 2011) action potential signallingLin et al., 2009) genetic activity
(Diederichs et al., 2010and cell motility(Katsumi et al., 2002)it has been well
establishedhat cyclic stretch will changeell morphology and actin cytoskeletal
polarisation to the direction of minirhaubstrate stretcliKaunas et al., 2005,
Barron et al., 2007, Wang et al., 2001¥eidlingerWilke et al., 2001) as
demonstrated ifrigure2.11. This polarisation effect has been shown to be strain
magnitude(Wang et al., 2015and strain rate dependahee et al., 2010, Hsu et

al., 2010) It shoul be noted thah these investigations of cell and cytoskeletal re

alignment, forces exerted by the céibsve not been measured.

Figure 2.11: Microscope image of cell orientation after pure uniaxial cyclic substrate
stretching in the (A) horizontal direction and in the (B) vertical direction. Arrows indicate
stretch direction. Cells reorient parallel to the stretch direction. Scale bars = 100 mm. Adapter
from (Wang et al., 2001a).

2.3.2 Cellsin 3D

A growing interest in investigating tlreechanicatesponse of cells seeded
in 3D culture has emerged recertigcause (i) significantly different behaviour has
been observed compared to 2D mechanical testing and (i) 3D is more
representative of physiological conditiomMatural 3D hydrogels such as collagen,
fibrin, hyaluronic acid, matrigel, chitosan, and a&® or nomatural polymer

based hydrogels, represent a more physiological environment for cells compared to
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2D substrateéTibbitt and Anseth, 2009Y he stiffness of hydrogels can be varied

by adjustinghe quantity of the coagulating compon@yfield et al., 2009, Legant

et al., 2009, Cummings et al., 2004, Wang et24l13) Similar to 2D monolayers,

cells project filopodia and lamellipodia in 3D cultyf@bbitt and Ansén, 2009)
However, unlike 2D monolayers, in 3D culture these processes can penetrate the
hydrogel in any directior{Knight and Przyborski, 2014, Legant et al., 2010)
Consequently, cytoskeletal behavibue ads t o hydr ogel contrac
during cell seedingKraningRush et al., 2011, Wille et al., 2006, Notbohm et al.,
2015, West et al., 2013, van Vlimmeren et al., 20&8)shown irFigure 2.12. It

should be noted that the time for hydrogel contraction to reach an equilibrium state
is in the order of day@Nille et al., 2006, Seliktar et al., 2000, West et al., 2013,
Kural and Billiar, 2014, Wang et al., 2013revious studies have investigated
stress fibre alignment in hydrogels where catiom is prevented in specific
directions. If deformation is prevented in a single direction (uniaxial), gel
contraction occurs in the laterally and cells polarise between the rigid constrains
(Kural and Billiar, 2014, West et al., 2013, Zhao et al., 2013, Legant et al., 2009,
Delvoye et al., 1991, Foolen et al., 2012e et al., 2008, Wang et al., 2013,
Wagenseil et al., 2004)n contrast to uniaxigt constained hydrogels, stress fibres

in biaxialy constraint hydrogels are randomly distributed between the rigid
boundariegFoolen et al., 2014, Thavandiran at, 2013, Foolen et al., 2012)
Further to investigating alignment, the contractile behaviour of engineered cell
laden hydrogels has been previously quantified using micropillars. The
predetermined mechanical properties of the micropillars can be used to quantify the
contractile force exerted by the hydrodeégant et al., 2009nd, subsequently,

the individual cells(Kural and Billiar, 2014, West et al., 2013} significantly
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reduced level of contractility has been demonstrated in hydrogels cultured in media
containing agents to disrupt the actin cytoskeleton, compared to untreated samples
(van Vlimmeren et al., 2012, Kranifigush et al., 2011, Zhao et al., 2013, West et

al., 2013, Legant et al., 200%) should be noted that in the aforementiostrlies
substrate deformationccurred due to active cell contractility, and not due to

applied external loading.
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Figure 2.12: (A) Brightfield and (B) fluorescent images of a hydrogel construct with uniaxial
constraints during cell seeding. Whole cells are labelled with green fluorescent protein (GFP)
to obtain images shown in (B). Scale bar = 50mm. Adapted from West et al. (2013)

A number of investigations have applied external uniaxial streto
hydrogels and monitored various cell respor{§€snpbell et al., 2007, Gabbay et
al., 2006, Foolen et al., 2014, Foolen et al., 20TBg stretch avoidance typically
observed focells in 2Dhas also been reported in 3D cultuflésolen et al., 2014)

However,it has been more prominently reported that cells align paralldigo t

direction of stretching in 3D cultur@Ville et al., 2006, Foolen et al., 2012,

Wakatsuki and Elson, 2002, Zhao et al., 2013, Lee et al., X06B0onice et al.,
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2007, Gauvin et al., 20115urther investigation is required to fully understand this

responseMechanical characterisation of cell laden hydrogels has been performed
previously by monotonic or cyclic streidg (Berry et al., 2003, Seliktar et al.,
2000, Wagenseil et al., 200&dvancing on such investigations, actsal force
generationduring appliedstretch was parsed by straining hydrogeldowing
treatmento remove the actin cytoskeletoantribution(Wille et al., 2006, Zhao et

al., 2013, Zhao et al.,, 2014, Wagenseil et al., 2004, Wakatsuki et al., 2000,
Wakatsiki et al., 2001)Gels treated to remove the actin cytoskeleton provide lower

resistance to deformation in all casétsshould be noted thahese studies are

limited to uniaxial stretching of the construéfagenseil et al. (2004)eveloped a

system which investigated -diayndter,ofgoe | Vesse
| engt ho t e sdls wergeigherenftated t¥ eet diameteror axially

deformed while the internal pressure, axial force, and vessel diameter and length

were measured. However, in the studyggenseil et al. (2004)ydrogel vessels

were fabricated on rigid mandrels an@énbe, cells could only be engineered to

have circumferential or axial alignment in thessel Furthermore, the application

of internal pressure and axial deformation was performed in a mutually exclusive

manner.

2.4 Computational modelling of cell mechanics

In order to interpret experimental data, a range of computational models for
cells havebeen developed. In this section, a background of relevant models

developed to interpret experimental results is given.
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2.4.1 Passive cell models

Previous studies have used simplified analytical or numerical models to
interpret experimentally observed resul&ato et al., 1990, Theret et al., 1988,
Jones et al., 1999, Sato et al., 1996, Byfield et al., 2004, Baaijens etCal,, 20
Trickey et al., 2006, Jafari Bidhendi and Korhonen, 2012, Zhou et al., 2005, Zhao
et al., 2009, Haider and Guilak, 2002, Haider and Guilak, 2000, Leipzig and
Athanasiou, 2005, Shieh and Athanasiou, 2006, Koay et al., 2003, Trickey et al.,
2000, Guilaket al., 2002, Schmi&chonbein et al., 1981 hesemodelstreatthe
cell as a passive homogeneous continuum, typically assuming passive constitutive
laws that were originally developed for other applicatidghgthermore, passive
models do not consider the active remodelling of the cell cytoskeletal components
and active tension generation of stress filBesh constitutive laws include linear
elastic, hyperelastic, viscoelastic, or biphasic formulationslathese models are
beneficial for shedding light on certain experimentally observed ti@makey et
al., 2000) their inadequacy for correctly interpreting cell mechanical response has
been demonstrated in numerous previous stutMeSarry and McHugh (2008)
demonstrated that if a viscoelastic material model is used for the cytoplasm,
stiffness must be artificially altered as a function of spreading in order to capture
experimentally observed cell detachment forc&houmine et al. (1999)
demonstratedhat elastic stiffness and viscosityust be significantly altered as a
function of the level of cell spreadinowling et al. (2012demonstrated that if
the cell is assumed as a hyperelastic solid, the model is not capable of capturing
experimentally observed shear foiodentation data. Similar deficiencies in
viscoelastic models of spread cells was demonstrated through simulation of parallel

plate compression experimelidcGarry, 2009)
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In an effort to advance upon the assumption of simple linear elastic or
viscoelastic cells, an architectural system of compredsganing rigid struts and
tensionbearing elastic threads in tension have been develdpedré 2.13),
known as the tensegrity modéigber, 1993, Ingber, 2003fompressive elements
are claimed to represent micrbtles, whereas tensional element represent stress
fibres, actin filaments, and intermediate filame@t¢ang et al., 2001c,npber,

2003, Brangwynne et al., 2006, Kumar et al., 2006)previous studies, the
tensegrity model required manual allocation of load bearing elements and is often
guided by experimental observation of cytoskeletal components. Therefore, a new
fibre network must be generated for each cell geometry consi(Mdogsiarry and
Prendergas 2004) Furthermore, the tensegrity model assumes stress fibres are
supported by microtubules. However, experimental results have shown that
microtubule disruption leads to an increase in traction ffoéodney and Elson,

1995)

Figure 2.13: Tensegrity model as used in (A) rounded cells, (B) partly spread cells and (C) fully
spread cells. Each model has a membrane, nucleus, cytoplasm, and cytoskeleton. Red bars
represent microtubules and blue bars represent microfilaments. Adapted from McGarry and
Prendergast (2004).

2.4.2 Active cell models
In an effort to explain the mechanisms underlying reorientation of cells on
2D substrates subjected to cyclic stretchiigunas and Hsu (2009roposed a

model that describes the kinematics of stress fibre remodelling. In this model, fibres

are initially randomly distribd t hr oughout the <cel | and,
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under static conditions. A 10% pstrain is also imposed on fibres to mimic cell
contractility. Fibres dissociation occurs if the 4steain is reduced or the fibres are
excessively stretched, and thelsgsociated fibres immediately reform in a random
orientation to maintain a constant mass fraction of stress fibres. Simulations
provided an accurate prediction of experimental stress fibre orientation
redistribution during cyclic deformation. More redgntthe model has been
improved to include strain dependence of stress fibres tefiammas et al., 2011)

and strain rate dependence of fibre dissociafiaunas and Deguchi, 2011)
Further modifications were made such that fibre dissociation is dependent on
sliding velocity in order to investigate the effect of cyclic stretch waveform on fibre

orientation(Tondon et al., 2012)as shown ifrigure2.14.
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Figure 2.14: Kaunas and Hsu (2009) model used to predicted stress fibre orientation
distribution during cyclic saw tooth stretch at frequencies of (A) 0.01 Hz, (B) 0.1 Hz, and (C) 1
Hz. Predictions are the blue polar plots below the fluorescent images of the actin cytoskeleton.
Scale bar = 25 mm. Adapted from Tondon et al. (2012).

Vernerey and Farsad (201dé¢veloped a multiphasic model based on key
cellular mechanical behaviours; (i) actin monomer transport, (ii) cytosol fluid
pressure, (iii) mass exchgaof cytoskeletal components, and (iv) fibre contraction.

In this model, fibre formation is dependent on mechanical stress in a given direction
and fibre tension is a function of both strain and strain rate. In addition to stress

fibre contractility, thisformulation includes mass conservation, osmotic loading,
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and transport phenomena. Simulations replicated the dependency of contractility on
substrate stiffness and cell shape (Begure 2.15). A follow-on investigation
demonstrated the models capability to pretbcmation and orientation of stress

fibre in cellsubjectedo cyclic stretchHFoucard and Vernerey, 2012)

Fi?ure 2.15: Prediction (upper panels) of stress fibre orientation (black vectors) and density,
© I, for three different cell shapes (lower panels) using the model proposed by Vernerey and
Farsad. Adapted from Vernerey and Farsad (2011).

2.4.2.1 Bio-chememechanical model

A bio-chemoemechanical model originally developed bgshpande et al.
(2006)considers the biochemistry surrounding; (i) stress fibre formation due to the
activation of proteins and signalling moléesi in the cell, such as RhoARa
(Wang et al., 2009)ii) tension dependant stress fibre dissociation, and (iii) strain
rate dependant stress fibrengeon. A 2D implementation of this formulation
accurately predicted the scaling of single cell force with the stiffness of micropost
substrates and with cell spreading area. More recently, the 2D finite element model

was developed into a full 3D setting Bpnan et al. (2012preatly increasing the

40



Chapter2

predictive capability of framework by allowing for the sintida of a wide range

of in vitro experiments, in addition to the simulation of cells in vivo/in situ
(Dowling et al., 2013) The technical details surrounding the mathematical
description of stress fibre behaur and the numerical finite element
implementation are presented later in this thesis in Chapters 4 and 7. In the current
section of this literature review an overview of studies in which theclhémo
mechanical model was implemented will be presentegharticular, simulations

that predicted the behaviour of single cells and cell laden hydrogels experiencing
static conditions, monotonic loading, and a dynamic mechanical environment will

be summarised.

Static conditionslin this section previous studidsat implemented the bio

chememechanical model to simulate the response of cells in static culture is
presented. In the original studyDéshpande et al. (20Q@he 2D model predicted
changes in tsess fibre formation for cells seeded on supports with different
stiffnessobs, si mil ar(Chencetak,20D&m a folevron a | obs
study, a singlestress fibre on top of a 1D row of microposts predicted an increase
of fibre traction force with increasing post stiffnéBeshpande et al., 2007 the
studyof Deshpande et al. (200 similar trend was observed for 2D siations

of square cells which were constrained at eacherorfihe model therefore
predicted the development of cytoskeletal anisotropy with changes in cell shape
and boundary conditions; increased fibre formation at attachment points; and
enhanced stredbre development with multiple activation signals. In a later study,
McGarry et al. (2009accurately predicted the mechanical response of cells on an
array of microposts, in particular; the force exerted by cells scaling with the number

of posts(Figure2.16-A); actin distributions within the cells, including the rings of
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actin around the micekposts the curvature of the cell boundes between the posts;
and the higher post forces towards tleell periphery Furthermore, in the
aforementioned study dWicGarry et al. (2009and another study By/eafer et al.
(2013) stress fibre alignment distribution in realistic cell geometry weserately
predicted Figure2.16-B). In the studies ofhavandiran et al. (2013ndLegant et

al. (2009) the biechememechanical model was used to predict the response of
cell laden hydrogels umdgoing constrained contraction. Regions of predicted
stress fibre alignment and overall hydrogel deformation were similar to

experimental observations.
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Figure 2.16: (A) Predictions of the variation of the normalised average force over all posts, F,
with the number of posts for three choices of post stiffness. (Adapted from McGarry et al.
(2009)). (B) Experimental fluorescent images of the actin cytoskeleton and nuclei in cells (left
panels). Accompanying predictions of regions of stress fibre alignment obtained using the
bio-chemo-mechanical model (right panels). Scale bar = 20 mm. Adapted from Weafer et al.
(2013).
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In later studies, a focal adhesion model was incorporated into the bio
chemoemechanical model to account for the effect that cytoskeletal contractile
forces have on focal adhesion complefi@eshpande et al., 2008n a follow on
study, Pathak et al. (2008)emonstrated that the combined rabgrovides an
accurate prediction of cell stress fibre distribution and focal adhesion arrangements
observed for cells seeded on substrates with V, T, Y, and U shapeepaitzmed
ligand patche¢Thery et al., 2006)it was further demonstrated that the combined
model captures: focal adhesion concertredj stress fibre distribution; cell
contractility and traction force for cells on micropost arrays; and on compliant
substrategRonan et al., 2013, Ronaet al., 2014) It should be noted that the
micropost arrays and substrates used in these study ranged in stiffness.
Interestingly,Ronan et al. (2014Jemonstrated that the model predicts increased
nucleus stress with increased substrate stiffness. Furthermore, it was also shown
that the combined model predicts focal adhesion aedssfibre behaviour during
spreadingRonan et al(2015)later modified the focal adhesion model to represent
cell-cell adhesion ocadherin junctions. It was demonstrated that the modified
framework could capture the experimental observationkiwfet al. (2010) In
particular, the model predicted that; junction tugging forces increase with junction

size; and average cell tractions are unaffected by the presence of a junction.

Monotonic/quasstatic loading: In this se&tion previous studies that

implemented the bichememechanical model to interpret cell mechanical
response to monotonic loading are summarised key study,Dowling et al.
(2012) demonstrated themportant contribution of the actin cytoskeleton in the
shear resistance of cells. As the shear indenter deforms the cell, a yield type force

deformation curve is observeBligure 2.17). By simulating this behaviour using
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the bicchememechanical and a 3D finite element approach, it was revealed that
stress fibres at the back of the cell (indenter side) become stretched as the probe
displaces into the cell. It was fodithat this fibre stretching, coupled with stress
fibre dissociation at the front edge of the cell led to the distinctive-typlel force
deformation behaviour observed experimentalliggre 2.17-upper curve).
Furthermore, cells treated to remove the actin cytoskeleton exhibited a strain
stiffening type forcedeformation curve, which resembles a typical response for
passive hyperelastic materialidure2.17-lower curve). In a latestudy, Dowling

and McGarry (2013)sed the predictive framework to investigate the influence of
cell spreading levels on cell detachment. Simulations suggésted more highly
developed contractile actin cytoskeleton increases the spread cell resistance to
shear, and consequently, increases the force required initiate rupture, in line with

experimental observations.

(B) 1207~ Active Model
+ Untreated Cells (n=8)

— Passive Hyperelastic Model I

4 Cyto-D Cells (n=8)

(=]
[a=]
L

Force (nN)

B
o

Probe Indentation (um)

Figure 2.17: Experimental force-indentation data for shear deformation applied to single cells.
Results are shown for untreated cells and cells treated to disrupt the actin cytoskeleton using
cytochalasin-D ( AdOytCel | so0) . Accur at tecatgdrcelld are obtamedsusirgf un
the bio-chemo-mechanical model discussed in the current section. A hyperelastic constitutive
formulation accurately captures cyto-D cell results. Adapted from Dowling et al. (2012).

In simulations byRonan et al. (2012) was demonstrated that spread cells,

with a welldeveloped actin cytoskeleton, havgreater resistance to compression
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compared to rounded cells, which were predicted to contain fewer stress fibres.
Furthermore, highly contractile cell phenotypes provided an increased resistance to
compressionlt was revealed byronan et al. (2012)that as a cell undergoes
unconfined compression, dominant fibres groups become stretched, generating
tensionand, therefore, resist the deformation. This important observation is key in
explaining the experimental results of cell compression. Following from this,
Weafer et al. (2013)emonstrated that cells treated with agents to disrupt the actin
cytoskeleton had a significantly lower resistance to compression than untreated
cells. The active biehememechanical modelling framework successfully
captured this éhaviour, as well as the morphological changes observed for cells

with and without an intact actin cytoskeleton.

Dynamic load:In this section previous studies that used thechiemo

mechanical framework to predict cell mechanical behaviour in response to
dynamic loading environment are presenwéi et al. (2008%imulated cells in 2D
culture to uniaxial and ectniaxial substrate deformation to istigate the ability

of the modelling framework to predict stress fibre reorientation during cyclic strain.
It was demonstrated that during pure uniaxial strain, where the lateral direction is
constrained, stress fibres were predicted to exhibit stretmdawce and polarised

in the direction of minimal stretch. The level of alignment was predicted to increase
for higher magnitudes and frequencies of cyclic strain. For unconfined uniaxial
strain, cells aligned at 70° to the direction of stretching, ieedittection undergoing

the least amount of stretching. In contrast, a uniform stress fibre distribution was
predicted after eqthiaxal stretching. It should be noted that these predictions are
in line with experimentally observedsults(Kaunas et al., 2005, Wang et al., 1995,

Wang et al., 2001b, Wang et al., 2000)
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Dowling et al. (2013)used a representative volume element (RVE) of
cartilage tissue to investigate chondrocyte deformation and actin cytoskeleton
remodelling during pysiological cyclic load. The RVE consisted of an anisotropic
ECM, pericellular matrix, and a cell. In the presence of a focal defect in the
cartilage tissue, it was predicted that cyclic loading induces an altered actin
cytoskeleton distribution and arcieased nucleus stress compared to cartilage with
no defects. Furthermore, cyclic loading caused continuous stress fibre dissociation,
whereas the actin cytoskeleton of cells in monotonically deformed RVEs remained
relatively intact. This study demonstrdte¢he potential of the biohemao

mechanical framework to be used for simulations of in vivo conditions.

The two studies outlined above Bowling et al. (2013xand Wei et al.

(2008)focused on the prediction of stress fibre reorganisation and alignment under

dynamic conditions. However, experimental data required to analyse the active

force geneation of single cells under dynamic loading has not previously been

published.In Chapter 7 of this thesis it will be demonstrated that thischemoe
mechanical modelling framework provides an inaccurate prediction of transient
force-deformation loops ding cyclic loading using the recent experimental data
of Weafer et al. (2015A modification to the model will bpresented in Chapter 7

of this thesis to overcome this shortcoming.

2.5 ldentified deficits & thesis objectives

Over the course of this literature review, specific deficits in the field of cell
mechanics were identified amilghlighted. Here the deficits araramarised and
specific thesis objectives, previously outlined in Chapter 1, are identified to address

them.
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1. Excerpt fom Section2.2.1 i t h aicalnbehavoar of the nucleus has
not been definitively characterised in the literature with a wide range of
elastic properties being reported. A detailed and robust methodology for
analysis of nucleus biomechanics would represent a considerable

contribut on t o the field of cel | mechani cs

Objectives 2 Provide a new understanding efress fibre and cell
mechanick and 3(Generate a heterogeneous model for the nucleus to correlate
intra-nuclear strairwith local DNA concentrations) will aim to addre$e tdeficit
identified above. Specifically, in Chapter 4 andepth computational parametric
investigation of nucleus shear and bulk moduli is conducted in order to further the
understanding of nucleus mechanical behaviour. Chapter 5 details a methodology
of generating a computational finite element mesh that considers the heterogeneity
of the nucleus. The model is used to closely predict experimental observations of

intra-nucleus deformation.

2. Excerptfrom Sectiog.3.2fia f i bril |l ous contractil e
developed in suspended cdl&ato et al., 1987, Reinhdfing et al., 2005,
Haghparast et al., 2013n contrast, cells adhered to a substrate or ECM
develop a highly structured contractile actytoskeleton(Munevar et al.,

2001, Thoumine and Ott, 1996, Li et al., 2007, Zaleskas et al., 2004, Tan et
al., 2003, Lemmon et al., 2005, Tee et al., 2011, Roy et al., Z0&efore,
the study of uradhered suspended cells provides limited insight into the

behaviour of contractile cells. o

Objectives 1(Develop a novel approach to micropipette aspiration to
perform exgriments on spread adhered ahd2 (Provide a new understanding
of stress fibresand cell mechani¢swill attempt to addresthe deficitidentified
above. Specifically, in Chapter 4 an experimental technique to perform

micropipette aspiration on spread adhered cells is developed. The device is used to
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investigate the important role of the actin cytoskeleton and nucleus deformation

during mcropipette aspiration of spread cells.

~

3. Excerpts from Sectio@.3.2 nit has been more promit
cells align parallel to the direction of stretching in 3D culii¥k&lle et al.,
2006, Foolen et al., 2012, Wakatsuki and Elson, 2002, Zhao et al., 2013,
Lee et al., 2008, Nieponice et al., 2007, Gauvin et al., 20Adrxher
i nvestigation is required to fully wu

studies are | imited to uniaxi al stret

Objectives 2 Provide a new understanding esfress fibresand cell
mechanicsand5 (Develop a novel experimeh technique to compare the active
cell mechanical behaviour under dynamic uniaxial and dynamic biaxial loading in
a 3D EQV) will attempt to address the defigiidentified above Specifically, in
Chapter 8a novel experimental system for measurenuéritdl and tissueforces
during uniaxial and biaxial stretching is developEdrthermore, a methodology
for generating aligned and +atigned pseudtissues is developed anged to
investigatethe active and passivenechanical behaviour of these eedlllagen

constructs

4. Excerptfrom Sectio2.4.2.2 A The two studDavngoutl!l i ne
et al. (2013andWei et al. (2008jocused on the prediction of stress fibre
reorganisation and alignment under dynamic conditions. However,
experimental data required to analyse the active force generation of single

cells under dynamic |l oading has not pi

Objectives 2 Provide a new understanding eofress fibresand cell
mechanics and4 (Develop a new mukaxial 3D contractility model for stress
fibres to describe force generation under dynamic loading at a single cell level) will
attempt to address the defiédentified above Specifically, in Chapter 6 foree

deformation data fromyclic compression experiments of single cells is presented.
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Experimental resultprovide new characterisation of the complexity of single cell
response to dynamic loading. Chapter 7a computational model that provides a
coherent insight into the meches underlying the complex response of cells

undergoing dynamic loadirig developed.
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3 Theory

3.1 Introduction

In this chapter theoretical and numerical methods that form the basis of the
computational models used in this thesis are described. A background on continuum
mechanics and solid mechanics is presented in Se8tfbrn particular, finite

deformation kinematics, strain measures, and stress measures are discussed.

An overview of hyperelastic and viscoelastic constitutaxed is presented
in Section 3.3 Such formulations are used in this thesis to model passive
components of the cell. It should be noted that the development alesniergation
of active biomechanical constitutive law for stress fibre contractility and
remodelling are not presented in this chapter. Rather, this complex framework is

presented in Chapters 4 and 7.

The finite element (FE) method is outlined in Sectofy with a focus on
the nonlinear implicit solution schemes using in this thesis. A brief outline of the
general implementation of user defined material subrasitgalso presented, with
reference to the commercial FE code, Abaqus (Simula, RI, USA). The active
constitutive laws presented in Chapters 4 and 7 are coded into Fortran UMATS, as

described in Sectior4.1and3.4.2
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3.2 Continuum mechanics

As a background to this section, the reader should note that the notation is
such that ratrices, tensors and vectors are denoted by bold typeface. Scalars and
individual components of tensors and matrices are in italicisedaloifiace font.

Index notation convention is illustrated below where the dot product of two 3D

vectors ¢ o . This isthe summation of its component parts, such that:

0» 6L O0L OV 6v 06U (3.1)

where'Q pltio. Second order tensors have nine components in 3D (3x3). The
location of each componeat a tensor is defined by subscrig@nd Qwhere@Q
pltho. For example, componeiit is a value in thé&d row and the®) column of

tensor=.

3.2.1 Deformation and deformation rate

Consider the deformation of the body kigure 3.1. The body in the
reference configuration, , undergoes motiort,, to the deformed configuratioa,
Now consider a point in this bodgy, during motion.The position of) relative to
the fixed origin 0, is given by the vecto#, in the reference configurati@amde
I & in the current configuration. For the poinf, # defines the material
coordinates an@ describes spatial coordinates. Therefayds displaces by
between the reference and current configuration, such ¢thate &. An
infinitesimal line element in the reference configuratiom, bound by the pointy
and ], transforms toQe in the current configuratiothrough the deformation

gradient tensor, such that:
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i (32)
1T Te T |
The velocity,o, of the material point), is given as:
T
o —, (3.3
T o
The spatial velocity gradient tenser,is then:
To To %,3 !
4 — — 34
Te Ta&Te T (‘)31 19 34
whereq is the inverse of .
t Reference Current
Configuration Configuration

'

Figure 3.1: Schematic of a body undergoing motion from the reference configuration to the
current configuration.

3.2.2 Strain and strain rate measures

The deformation gradient tensor is used to define key strain measures. The Green

Lagrange straing, is given as:
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. gﬂ 3 L gno o no ;O (3.5)

wheres is the transpose of thg and kis the identity tensor. The infinitesimal
(small) strain tensor can be found from the Gfeagrange strain by assuming that
the product of the infinitesimals is zerod( 10 1), giving:

! gno no (3.6)

The left and right Cauch§reen strain tensors are given by:

I 33 AT A 5 3 (3.7)

respectively.Given that the deformation gradient tensgr,is a welidefined
secondorder tensor, it cabe decomposed into an orthogonal rotation ter$pr,
and symmetric spatial and material stretch tensprand=, respectively using

polar decomposition:

1 4% 79 (3.8)

Therefore, deformation cédre considered as a rotation followed by a strefch (
4 3r) orvise versag 1 3{). The eigenvalues of= are known as the principal

stretches [ and the logarithmic strain can be found frgmm

N (3.9)
Decomposition of the spatial velocity gradiehtgives the symmetric rate

of deformationD, and the antsymmetric spin tensos :

(3.10)
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Based on the definition that is the rateof true strain, the logarithmic strain rate,

E, is given as:

E o (3.11)
Therefore, the logarithmic strain can also be determined by integrating the rate of

deformation tensor with respect to time:

£ rQo (312

where the principal referential axes remain fixed with respect to the material

coordinates.

3.2.3 Stress measures

Considering a volume in Figure3.2, the traction,«is the force per unit
area that acts on an infinitesimal surface element in the vicinity of arpoirthe
current configuration. The traction vector is related to the nosmak n by

Cauchyodés theor em:

<« do (3.13
whered is the symmetric Cauchy stress tensor. The Kirchhoff sti$s,definel

as:

W d (3.19)
wherev ‘(Bj (B is the volume ratio of the current and reference configuration in

the vicinity off). The first PiolaKirchhoff stress |}, (or nominal stresg! ) is given

by:

TR VS 319
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These stress tensors are not necessarily symmetric. The seconKifelthaff

stress| " Tis defined as:

F-® 5 ong (3.16)

In order to visualise stress in real geometries, stress states that are independent of
the coordinate system orientation are useful. Consider again the Cauchy (true) stress
tensor. When a material body is subjected to external stresses it defbwen3D

stress state of the material is represented by the Cauchy stress tensor, as follows:

a . . o (3.17)

Therefore, six

component represent the stress state in 3D. The eigenvalue pdble@, _E

11, leads to the following characteristic equation:

0, T (3.19)

Where thanvariants of the stress tensor are given as:

0 OOAAA , (3.19
O wow mw we ww (3.20)
0 $A0 (3.21)

The values of these invariants are independent of the coordinate system used.
Therefore, they may also be written in terms of the roots of the characteristic

equation, i.e. the principal stresses:

o . ., . (3.22

O v ww o (3.29
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O .o (3.29)
A stress tensor in which thprincipal directions are aligned with the global

coordinate system is given as:

) T (3.25

The Cauchy stress tensor is also commonly expressed in terms of a hydrostatic

stress,, , and a deviatoric streshk, or the stress due to shape changes:

ol _40AGA (3.26)
(0)

1 a .t (3.27)

A practical tensile equivalent stress, on Wises stress, is commonly used:

von =YY (329

Current
Configuration

€3

€1
>

Figure 3.2: Schematic of the traction vector, €on an internal surface of a body cut by a plane
with normal, =, in the current configuration.
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3.3 Constitutive modelling

Numerous investigations have focused on the passive mechanical behaviour
of biological soft tissues and cells. Linedastic(Ofek et al., 2009ahyperelastic
(Nolan et al., 14, Vaughan et al., 2015nd viscoelast (Jafari Bidhendi and
Korhonen, 2012¢onstitutive models are frequently used. However, linear elasticity
is only applicable for small strain deformation (<2%). In general, soft tissue and
cell mechanics experience much larger strains in vivo-Ivear hyperelastic and
viscoelastic constitutive laws are discussed in this section. As will be demonstrated
in Chapter 4 and 7, such formulations are suitable for the passive components of
biological cells. Once again it should be noted that the development and
implementation of active biomechanical constitutive law for stress fibre
contractility and remodelling are not presented in this chapter. Rather, this complex

framework is presented in Chapters 4 and 7.

3.3.1 Isotropic hyperelasticity

Hyperelastic constitutive formulations are moyed to model the large
strain deforatiemn maft efii ablserand ar e
mechanical behaviour soft tissues. Hyperelastic formulations are defined in terms
of a strain energy function,, which defines the strain energpi®d in a material

per unit volume as a function of deformation. In general:

I h 3 (3.29)

T3
Therefore, based on equatigBsl4) and(3.15) , the Cauchy stress is given as:

a Pl (3.30)
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It should be recalled thab, is the Jacobian of the deformation gradient tersor,

The volume preserving part of the deformation gradient tensor is given as:

3 073 (3.3)
Therefore, isotropic hyperelastic materials can be described in terms of the

distortional part of the left Cauckreen tensor]| :

| ool qo (332
Considering this and the rigtauchyGreen strain tensorg, the stress invariants

can be written in terms of the principal stretches_,_ . The invariants can be

defined in terms of the principal stretches:

o _ _ _ (3.33
0o __ __ __ (3.39)
0 ___ (3.35)
Based on the equati@8.30) and “‘drndndn) | the Cauchy stress is given as:
¢ h h ¢h , h
2 2 R
I 37 ol gl <x (336

The following reducedorder polynomial form of the strain energy density for

compressible isotropic hyperelastic materials is given as:

D o 0 p (3.37)

c-lN

P
0O
where'®is a modified version ofOsuch tlat,"® "G U, and6 andO are

material constants. The hyperelastic material models used for work carried out in

this thesis are described Chapters 4 and 7.
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3.3.2 Visco-hyperelasticity

In viscoelastic materials, the stress is a function of strain and. ti
Mathematical models of lineatiscoelasticity consist of spring and dashpot
elements to represent the elastic and viscous components, respectively. Viscous
material behaviour in this thesis is implemented as alinear solid model,
consisting of a nalinear spring and dashpot in series, which is in parallel with
another nodinear spring Figure3.3-A). This approach can be thought of as a-non
linear extensiomf the widely used standard linear solid (SLS) mo&&yre 3.3-

B).

Figure 3.3: (A) Graphical representation of the stress-strain curve for a non-linear spring
element. (B) Standard linear solid (SLS) mathematical model for viscoelasticity.

The nonlinear viscehyperelastic formulations used in this thesis are time
domain generalisations of the hyperelastic constguthodels. The instantaneous

Kirchhoff stressW, of a compressible material is given as:

Wo W30 W o (3.39
where, W andW, are the deviatoric and hydrostatic part§\girespectively. Using

the hereditary integral in the reference configuration for large strain materials, and
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then using a standard push forward operator, the following equations for the current

configuration can be obtained:

. . . Oftee L L .,
wWo wWo $AO 51 O VO @3 o Qi
(3.39)
‘ ‘ O tee
Wo Wo —W 0 Qe

where,t, is the reduced tim&, A & o pioc OO AAdks 0 oeisthe
distortional deformation gradient of the stateat degelative tod, "O and0 are

the instantaneous smalirain shear and bulk moduli, respectivel@tee
Q"Ced Qdeandd tee QU teg Q dNote that the reduced time represents a shift

in time with temperature;;-and is related to the actual time through:

, Qe . QfF p
A — 1 O — (3.40)
0 —0Cee Qo0 0 —o

where 0 is the WilliamsLandeltFerry shift function. Therefore, the internal

stresses associated with each term are as follows:

W 0

o B
T 9 0 ®INO 3 0 &R Qi

(3.41)

W 0 WO &Q Qi

T
where"Q, 'Q, andt are Prony series parameters relating the instantaneous shear

and bulk moduli to their associated time dependant tef@s, and 0 O,

respectively.

Assuming the solution is known at timg these stresses can be integrated

forward in time and used to construct the solutiom at-0. It follows then that:
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"0
W o 30 T 3 0 30 0ON O 30 O
3 0 30 ®Q Qi (342
. . Q . s =
W o 30 T Wo 30 0Q Qi

By assumptionthatv 6 30 0 andW 0 30 0 varies linearly withd

3-0over the increment, it can be deduced that:

Wo 30 | QW0 330 T QWO [ Wo
(3.43)
Wo 3 | W0 30 T WO [ Wo
where Q ,| p —p [ I —p [ [, 6 and:
W o 330V 0 3
(3.44)
W o 330V 0 3
The total stress at the end of the increment then becomes:
Wo 30 WO 30 Wo 30 Wo 30 (3.45)
Furthermore, the Cauchy stress can be given as:
ao 30 4 o 30 $Ad o 30
(3.46)
, 0 30k

where the deviatoric and hydrostatic internal streds@sd, , can be determined

in a similar fashion a8V andW above. This set of equations describes the full

implementation of the visebyperelastic model.
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3.4 The finite element (FE) method

The numerical solutions of continuum mechapics®lems presented in this
thesis are obtained using the FE method, as implemented in the commercial FE
software, Abaqus (DS Simulia, RI, USA). In this section a brief background to
implicit FE solution schemes is given. Furthermore, a brief summary of use
defined material subroutines and their implementation into the Abaqus numerical

scheme is presented.

3.4.1 Implicit solutions

Implicit FE method incrementally updates the stress state in the body. In
this type of solution scheme after the deformation has &gglred, the stress state
ato 30is solved iteratively by converging a residual force vector to zero. The
Abaqus/Standard implicit solver, uses the NewRaphson method to minimise
the residual forces in order to converge on stress equilibrium in dbg. b
Considering once agaiRigure 3.2: the principal of virtual work provides the

fundamental equation for the FE method:

T dB 10 4B (3.47)

where,3, is the referece volume bounded by a surfaBe, and <are the stress
and surface traction vectors, respectively,jandnd ¢ are the virtual strains and
virtual displacements of the equilibrium equation. The FE approximation can now

be introduced over each elemegk ¢f volume ¢ ) and surface3 ):

£ |10 (3.49

10 A9 (3.49)
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whered s the global shape function matriH<, is the elemental shape function
gradient matrix, and ¢ are the nodal displacements. Then, by substituting

equationg3.48) and(3.49) into (3.47), the principal of virtual work becomes:

10 | o 104 48
|
170 | ao@® 10 4 €8 =« (3.50)
10 | a¢ 4 8 n

Given that the virtual displacement;, is arbitrary, it follows that:

| ao ™ 4 g8 n (352
Considering linear elasticity:

a rt rle (352
where, , in this case is a fourth order elasticity tensor. Therefore, where the

external force vector, , can be defined as:

. 1 4B (353

the linear elasticity case of the principal of virtual work can be rewritten as:

Loy 3 (3.54)
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Where, L, is the familiar form of the global FE characteristic/stiffness matrix.
Returning to the general case in equafi®@bl), a set of global equations ¢nfor

theout of balance residual forcg, can then be assembled and solved as:

7 ¢ | ao ™ 4 48 (3.59)

Therefore, in order to achieve aquilibrium stress state in the body, the {ioear

set of equations must be solved for convergence, such that:

10 ™ (3.56)

In general, for boundary value problems involving +ioear geometries,
constitutive laws, and/or boundary conditions, the residual force vector is initially
nonrzero atd 30 and, therefore, minimisation must be performed iteratively. At
0 30, the loals/displacements may have caused geometry deviations and equation

(3.50) must be updated to reflect this.

The NewtorRaphson method is an iterative process wherdiaygent to
the function,;Qw , in the current solution is used to approximate to a closer, more

accurate solution:

00
®  ® —. I (3.57)
Qw
This process continues iteratively until a toleraisachieved such that an accurate

approximation is obtained:

W ws 411 AOAT AA (3.59)
Within the increment of an implicit analysis, after an initial gbess
the NewtorRaphson numerical scheme iterates from @0 3-0for all nodal

displacements} , until an equilibrium between internal forces and externally
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applied loads/displacements reach a stable equilibrium, i.e. equ@Db).
Therefore, the NewteRaphson minimisation process is applied to the residual

force vector:

For theit" iteration:

T ¢

" 3.60
" 00 (3.60)

Therefore the change in nodal displacements gives:

Tn¢

" 3.61
T 00 (3.61)

Y ¢ Y

which can be written in terms of the tangent stiffness malrjxp form the linear

equation for the problem

o (3.62)

These are the FE equations that must be solved for in each iteration in the process,

such that now:

19 4171 AOAT AA (3.63)
In contrast to the linear elastic form given in equaii854), in the norlinear
implicit solution scheme the solution variable must be incrementally displaced.

Finally, the tangent stiffness matrix is expressed as:
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Tq ¢ I
L 1
0 o 1% | a0 & 5
7 , 100
o laecw | =5
(3.64)
1A% Tk, Tat .
[ e
Lo Il

where the consistent tangent matiix, , is the Jacobian of the constitutive law:

- TS_: (3.65
It should be noted that for each NewdRaphson iteration, it is necessary to

calculate and invert tangent stiffness matrx, While this is computationally

expensive, it ensures an accuracy solution. Furthermore, cedpaother solution

techniques such as the fAexplicito method

time steps.

3.4.2 Implementation of user defined onstitutive laws (UMATS)

Abaqus has numerous-built material constitutive formulations poaded
in the program library which allow for the simulation of a wide range of materials.
Abaqus also provides the ability for the user to define a new constitutive
formulation through a ser defined material subroutine (UMAT). For each time
increment and NewteRaphson iteration, the UMAT is called by the main program
at each integration point to define the mechanical behaviour. The UMAT must
calculate the stress state at the end of ttieement/iteration using the deformation

state and time increment as input. Furthermore, a consistent tangent matrix

(material Jacobianf , must be computed.
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The material Jacobian defines the change in stress at the end of the time
increment caused e infinitesimal perturbation of strain. In the Abaqus code,
the material Jacobian is defined as:

s (3.66)
T3t
In this thesis, a perturbation method, previously describellibite (1996)and
later used in notinear hyperelasticity implementations Byn et al. (2008xand
Nolan et al. (2014)s employed to create a numerical approximation of the material

Jacobian.This approximation uses a linearized incremental form of the tangent

modulus tensor for the Jaumann rate of the Kirchhoff steess,

YW YW W E dor (3.67)

whereWs the Kirchhoff stressg and p are the antisymmetric and symmetric parts

of the spatial velocity gradierd, respectively, described previously in equations
(3.10). Recall thatd Y35  ands is the deformation gradienBy perturbing

the deformation gradient on the above linearized form, the tangent moduli can be
approximated by a forward difference of the associated Kirchhoff stresses. The
perturbation is performed on each of the degrees of freedom in the simulation. F
a full 3D case this requires perturbing the deformation gradient six times, once for

each component @y

(9]

\Z Q3 Qg Qa0 (3.68)

N =z

whereN is a small perturbation parameter al denotes the basis vector in
the spatial description. Thus, the material Jacobin,, obtained from the

perturbation 0{>7=| is given as:
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E - 13 T3 (3.69

whereuis the determinant of the deformation gradient,and 5 Y5 . For
each perturbation of equatidB.69), six independent components bf are
determinedCombining these 6x1 arrays creates the required 6x6 material Jacobian

for a 3D simulation. A flowchart of this process is showfrigure3.4.
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Figure 3.4: Flowchart of the perturbation method for obtaining a numerical approximation of
the material Jacobian at an integration point.
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4 On the role of the actin
cytoskeleton and nucleus in
the biomechanical response of

spread cells

4.1 Introduction

The micropipette aspiration (MA) technique is used extensively to study the
mechanical behaviour of single cellsochmuth, 2000)However, primarily due to
the technical complexity of performing MA on cells adhered to a substrate or
extracellular matrix (ECM), the MA technique has largely been limited to the
investigation of uradhered cells suspended in medieevious experimental MA
studies have focused on suspended endothelial(&gite et al., 1987b, Sato et al.,
1990, Sato et al., 19963uspended chondrocyt€&rickey et al., 2006, Trickey et
al., 2000, Trickey et al., 2004, Guilak et al., 1999, Jones et al., 1999, Ohashi et al.,
2006, Pravincumar et al., 2018uspended stem cel[§an et al., 2008, Yu et al.,
2010, Ribeiro et al., 2012and suspended fibroblagiBhoumine and Ott, 1997a,
Zhou et al., 2010)Critically, in suspended cells a fibrillous contractile actin
cytoskeleton is not developgato et al., 1987b, Reinhdfing et al., 2005,

Haghparast et al., 2013 contrast, cells adhered to a substrate or ECM develop a
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highly structured contractile actin cytoskelet@tunevar et al., 20Q1Thoumine

and Ott, 1996, Li et al., 2007, Zaleskas et al., 2004, Tan et al., 2003, Lemmon et al.,
2005, Tee et al., 2011, Roy et al., 2Q0%herefore, the study of wsdhered
suspended cells provides limited insight into the behaviour of contractile cells. The
developmenbf a robust MA system to investigate the biomechanical behaviour of
spread adhered cells, with emphasis on the contribution of the actin cytoskeleton,

would represent a significant advance in the field of experimental cell mechanics.

Previous studies hawassumed simple viscoelastic constitutive behaviour
for cells in order to interpret MA experimental dé&ato et al., 1990, Nawaz et al.,
2012, Tozeren et al., 199N owever, such material models fail to consider the
underlying biomechanisms of cell response to mechanical stimuli and a number of
studies have demonstrated that passive material model parameters must be
artificially altered if any experimental parameter is altgfddGarry, 2009, Caille
et al., 2002, McGarry and McHugh, 2008, Thoumine et al., 1989) unique set
of passive material properties cannot be identified for a cell. The significant
contribution of the actin cytoskeleton to the mgaical response of cells has been
demonstrated in numerous experimental stu@lieseumine and Ott, 1997b, Shao
et al., 2000Nagayama and Matsumoto, 2010, Ofek et al., 2010, Dowling et al.,
2012, Trickey et al., 2004}t has recently been demonstrated that a computational
cell model must include the key features of remodelling and contractility of the
actin cytoskeleton in order to provide a realistic prediction of cell biomezdian
response to physical stimMcGarry et al., 2009, Dowling et al., 2012, Ronan et
al.,, 2012, Weafer et al.,, 2013, Ronan et al., 208tich advancedhodelling
technigues have not previously been applied to the simulation of MA of cells. The

incorporation of the key bichemamechanical features of actin cytoskeleton
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remodelling and contractility should be of particular importance to the modelling
of MA of spread adhered cells which contain a highly developed network of actin

stress fibres (SFs).

Significantly advancing on the previous studies of suspended cells, the
current chapter develops an experimental technique for the MA of spread adhered
cells.In particular, the important role of the actin cytoskeleton is investigated, both
in terms of its contribution to the mechanical response of the cell, and in terms of
its redistribution in the cytoplasm during MA. Importantly, it is demonstrated that
passve viscoelastic models do not provide an accurate prediction of the observed
response of spread cells to MA. It is revealed that the use of a fully predictive active
bio-chemamechanical formulation of SF contractility and remodelling is required
to accuréely capture the response of spread adhered cells over a range of applied
pressures. Finally, experimentmputational quantification of nucleus

deformability during MA of spread cells is presented.

4.2 Materials and methods

4.2.1 Sanple preparation

Human umbilica vein endothelial cells (HUVEC) were obtained from
Promocell (14010, Heidelberg, Germany) and grown as per Promocell protocols
(Promocell) Cells are seeded onto gridded coverslips (Bellco, -B2B25, NJ,
USA) inside petri dishes. The alphameric grid, photoetched onto the coverslips
enables the relocation of specific cells. Cells are a@tbw adhere to the substrate
for two hours before 3 ml of media is added. The SF networks developed at this
time result in a spread adhered cell morphology, consistent with previous studies
(Yeung et al., 2005, Reinhaling et al., 2005)In order to prepare cells in which
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the SFs have been disrupted, the media added at this point contains sufficient
cytochalasirD (cytoD) to completely inhibit actin polymerisation (Bio Sciences,
Dublin, Ireland). CytoD concentrations M and 2uM) and treatment time$ 80
minutes) used are based on previous stydiest al., 2004, Hayakawa et al., 2008,
Cuschleri et al., @03, Knudsen and Frangos, 1997, Nishitani et al., 2011, Sawyer
et al., 2001)To ensure that the actin cytoskeleton is completely depolymerised, the
protocol is verified by immundluorescent staining and also by MA oytoD
treated cells (cytoD cells) with varying molarity concentrations. Experiments are

performed on all cells£0.5 hours after reseeding.

4.2.2 Microscopy and visualisation technique

The prepared cells are loaded into a custom built MA syskegure4.1)
mounted on a live cell imaging microscope with an environmental chamber
(Olympus, 1X51 inverted microscope, Southend, UK). The environmental
chamber enables incubatioonditions (37°C and 5% CGPto be maintained during
MA experimentsin order to monitor MA of cells on flat horizontal substrates using
an inverted microscope, a mirror (Thorlabs Ltd., PFSQ&@01, Cambridgeshire,
UK) is positioned in contact with theubstrate aligned at a 4&ngle(Figure4.1-
A). The system facilitates visualisation of the target cell from multiple perspectives
during experiments (bottomp or from the side). The mirror configuration
obstructs t h eduilnight soorce chenees it i® necessary to use a
separate LED light source to illuminate the area beneath the mirror. It is important
to note that incandescent light can overheat cells, leading to necrosis, whereas no
heat radiates from the LED source. Ttilise the optical path created by the mirror,

the focal plane of the objective must be adjusted through the monolayer until the
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reflected image of the cells is obsen(€tgure4.1-A). Therefore, a long working

distance objectives is required in order to obtain usable focal planes.

E ﬂ 3-way stopcock
45° Offset l l
Mirror ol Sia D
Micropipette — 8> q8
M / Ah
Side View f \ Normal View
/R Damping
Mlcroscope Chamber
,,,,,,,,,, 'Objective 8|> <l8
g Apply Step >
PASP"’atIOZP Aspiration l ’
ressure,
Length, L, U-tube |
Manometer M

Figure 4.1: (A) MA is visualised using a mirror aligned at 45° to the substrate surface. (B)
Pressure is generated using a u-tube manometer and applied instantaneously onto spread
adhered cells using a 3-way stopcock. A PBS filled damping chamber minimises pressure
fluctuations at the tip of the micropipette. (C) A schematic diagram of adhered cells before
and after step application of pressure, P Negative pressure causes deformation of the cell
into the micropipette, and aspiration length, La, is measured is shown as a function of time, t.
Note: image is not to scale.

4.2.3 Micropipette aspiration rig and data acquisition

Custom designed micropipette tips (TPC, Thebarton, Australia) are attached
to a pressure control system and micromanipulator (Sutter Instrumentd,, \@I¥,
USA) using a modified microelectrode holder -fA Systems, WA, USA).
Micropipettes have a radius Bfum (Ryip) and have &0° bend 1 mm from the tip
to facilitate positioning sufficiently close to td&° alignedmirror. Micropipettes
are coated with a siliconising reagent (Sigmacote, SL2, SAjdr&ch Ireland Ltd.,
Arklow) to inhibit cell adhesion. Using the micromanipulator and multiple
perspective visualisation capability, the micropipette tip is positioned above the

cell. The micropipette is then lowered until contact with the cell surface is
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established, leading to aglt seal. The aspiration pressure is then applied
instantaneously by turning av@ay stopcock Figure 4.1-B). PressureYy, is
generated by adjusting the heighit) of water in the ttube manometeM® Y1),
and fluctuations are minimised using a damping chamber that is filled with
phosphate Hiered saline (PBS). This method of pressure control is similar to a

previously described MA syste(Bato et al., 1987bNote that tk pressure is

The applied pressure is maintained for 300 s and the cell begins to deform
into the micropipette gradually over time. Image sequences are acquired at 2
frames/s at a magnification od 40x, from which the aspiration lengthjs
measured usg ImageJ softwaréSchneider et al., 2012)spiration length is the
distance between the opening of the micropipette tip where the cell enters, and the
furthermost point of the cell inside the micropipetiégure 4.1-C). Aspiration
lengths are normalised by the micropipette diamé&teRGip), and plot as a function
of time, t (in seconds, s)Statistical analysis is p@rmed using Minitab ver. 16
(Minitab Ltd., Coventry, UK). A tweway analysis of variance (ANOVA), with
time and pressure as the independent factors, is used with a Tukey HSD test to
examine the effect of the pressure variation on control cells. Stutésts tare used
to test the significance of cytoD cell results. For all comparisons, statistical

significance is declared g<0.05.

4.2.4 Immuno-fluorescent staining

After 300 s of MA, cells are fixed using a 4% paraformaldehyde solution.
Fixed cells are treated with 0.1% triton solution for 5 mins to permeablise. Cells are
then kept in a blocking solution of 10% FBS fetal bovine serum in PBS #6030
mins. Rhodamine conjugated phalloidin and Hoechst Dye 33342 (Molecular

Probes, Life Techologies, NY, USA) are used to stain the actin filaments and
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nucleus, respectively. Washing 3 times with PBS is performed before and after each
step. The coverslips containing cells are prepared for confocal imaging by mounting
on glass slides. Prolong Goldntifade Reagent (Molecular Probes, Life
Technologies, NY, USA) is used to preserve staining quality and samples are kept
below £C before obtaining fluorescent images. An Andor Revolution spinning
disk confocal microscope (Yokogawa C31 Spinning disk anit & Olympus

IX81 microscope) is used to image fluorescently stained samples. The cell of
Il nterest I's found by returning te the r¢
numeric grid using phassontrast before-stacks images of the aspirated cell are
obtained at 60x magnification (unless otherwise specified). Two image channels
are captured at each plane of focus, using laser excitation of 405 nm to visualise the
nucleus and excitation of 564 nm to visualise the actin filaments. A step size of 1
pum is wsed between eachptane to a depth sufficient to capture the entire gell

stack images are processed using Andor IQ software version 2.3. 3D kymography

based on the captureesiacks is also performed using Andor iQ software.

4.2.5 Computational methods

A bio-chememechanical framework that considers the biochemistry
inherent taSFformation, active contractilityand tension dependant dissociation is
used tosimulatethe actin cytoskeleton in the cytoplagbeshpande et al., 2007)
Summarisinghe 3D ative SF framework, which is described in full bgshpande
et al. (2007andRonan et al(2012) a first order kinetic equation is used to capture
formation and dissociation of SFs:
4.0

s P -—  p —-

Q- 6Q L, Q
Q O - ” -
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whereq is the nordimensional activation level of aSR — p . Qand’Q are
forward and backward reaction rate constants, respectvedyan activation signal
for SF formation that decays over tinte ( A @ B4 —). —is adecay constant for

the signal.

To simulate the contractile behaviour of the fibumdle a Hilllike equation
is used:

= p %—ﬂ = — (4.2)

where - is the fibre contraction/extension strain rafdis equation gives fibre
tension normalised by the isometric tension level bound by zero and the model
parameters}Q and- . For fibres with a small negative straihettension will
increase up to the isometric tension leyel ( —, ) atzero strain rate. Fibres
with a smaller negative strain ratg { —j Q) exhibit zero tension, and those
undergoing positive strain rate ( 1), have a constant tension equal to the
iIsometric tensionThe active framework is implemented inserdefined material
subroutine(lumay) in the finite element software Abaqus 6.9 (Simula, Providence,
RI, USA). In order to visualise areas of high SF alignment for direct comparison
with fluorescent images, the variance parameter — — is calculated at

each integration point and used in Abaqus/CAE contour pldis.the average
activation level of all SFs at each point in the cytoplasm 8 - j¢& ). To
simulate experiments in which SFs have been eradicated, the active formulation is
removed from th cytoplasm material make, leaving only passive elements in

the cell.
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A nec-Hookean hyperelastic formulation is used to model the passive non
contractile cytoplasm and nucleus behaviour in the cell. TheHoe&ean stress
tensor is given as:

0
0

p. .
6 =8 ] VO p (4.3)

where "‘Oard U are material shear and bulk moduli, respectively, anis

determined from the deformation gradi€f,

00
07 KAO 7

(4.4)

Passive viscoelastic material behaviour is modelled using a one term Prony

series:

00 Op T p Q (4.5)

Vo Up Qp Q (4.6)

wheret is the time constant for the materidl and’Q are dimensionless Prony
series parameters used in the calculation of-teng shear’006 ) and bulk ¢ 0)
moduli, respectivelyThes ubscr i pts 6écytod and obénucl 6

material properties associated with the cytoplasm and nucleus, respectively.

4.2.6 Finite element model development

Cell base radiugRg), nucleus radiusRy), and cell heightHc) are acquired
from fluorecent and brightfield images using ImageJ software and are used to
determine cell geometrieBigure4.2). Cell and nucleus radii are calculated from a

sample of measured areaSigure 4.2-A). Height is meaured directly from
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brightfield side view imaged~(gure 4.2-B). An axisymmetric mesh is generated
based on geometrical measurements. An axisymmetric rigid bodgdsfoisthe
micropipette and micropipetieell contact is assumed to be frictionless. It should
be noted that for the axisymmetric cell geometry, the full 3D stress tensor is
calculated a$Fs are not confinetd the axisymmetric plane. Further simulations
were performed to ensure that the micropipette fillet radius has a minimal affect on
computed aspiration length (data not shown). A rigidly bonded interaction between

the cell and substrate is assumed.

Before MA is simulated in contractile cells, an edprilim distribution of
SFs is computed in the cell. This initial analysis step represents the seeding of
untreated contractile cells on the substrate. This step is not required for cytoD cell
simulations. In the next analysis step, the micropipette is miow@@ position so
that it is just in contact with the cell membrane, and pressure is ramped up linearly
over a 5 s period using a usifined noruniform distributed load subroutine. In
order to mimic experimentally applied loading, pressure is appiethe cell
membrane within the micropipette only. The constant pressure is maintained for a
further 300 s while deformation occurs. The aspiration length is measured as the
distance from the micropipette entrance to the furthermost point of the ceh withi

the micropipette, similar to experimental methods.
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Figure 4.2: To generate cell geometries fluorescent and brightfield images of cells are utilised.
(A) By measuring the area of cells and nuclei in fluorescent images, cell base radius (Rc) and
nucleus radius (Rn) can be calculated. (B) Cell height (Hc) is measured directly from brightfield
images. (C) Diagram of an idealised axisymmetric cell geometry indicating cell height and
base radius. Magnification of fluorescent image is 10x. Scale bars = 20 um.

4.3 Results

4.3.1 MA of untreated andcytoD treated adhered cells

In Figure4.3-A, typical experimental images of cytoD treated and untreated
cells are shown prior to the application of the aspiration pressure. A spread
morphology is observed for untreated contractilésc@-igure 4.3-A(i)) with a

highly developed network of SFBigure4.2-A). Treatment with cytoD results in a
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breakdown of all SFs in the cell, altering the morpholo@s illustrated in
Appendix A) Prior to aspiratiorthe measured height of cytoD cells is found to be
9.2+2.0 um (Figure 4.3-A(iii)) compared to 6.81.6 um for untreated cells. This

demonstrates that the contractile action of the actin cytoskeleton reduces cell height.

Upon the application of a 100 Pa pressthre cell aspirate approximately
5.3£1.9 um into the micropipette after 300 s, as shownFigure 4.3-A(ii).
Application of a 100 Pa pressure to the cytoD treated cell results ictamgher
aspiration length of 10.8+2.0m (Figure 4.3-A(iv)). This demonstrates that the

removal of the actin cytoskeleton udts in a more deformable cell.

Figure4.3-B showsnormalisedaspiration length as a function of time for
untreated and cytoD cells. CytoD cell aspiration length is significantly higher than
that of an untreated celp€0.05 at alltime points); aspiration lengths for cytoD
cells are ~2 times higher than untreated cells over the 300 second time span
following pressure application. A similar curve shape is observed for both groups,
with 70-75% of aspiration occurring within 100 s in edlses. Doubling the cytoD
concentratiorfrom 1 uM to 2 uM hasno statistically significant effect on cytoD
aspiration length at any poinpX0.05). The normalised aspiration length as a
function of time for experiments in which each cytoD concentratieruaed are

shown in Appendix B.
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Figure 4.3: (A) Representative brightfield side view images of an adhered untreated contractile
cell and a cytoD treated cell are shown. (i) An untreated cell in a sub-confluent monolayer. (ii)
Deformation of an untreated cell 300 s after pressure application. (iii) A cytoD treated cell in a
sub-confluent monolayer. (iv) Deformation of a cytoD treated cell 300 s after pressure
application. (B) Normalised aspiration length is shown as a function of time for cytoD treated
and untreated cells. Note that all images and results correspond to a 100 Pa applied pressure.
Scale bar = 10 pm.

Table 4.1: Properties for material models used to represent the nucleus and cytoplasm.

Passive Parameters Active SF Model Parameters
© . 7 7 ” ~ . -1
Cytoplasm O (kPa) v (kPa) | Q@ Q (kPa) —s) Q (sY)
0.026 0.25 1 30 3 70 1 0.003
'O (kPa) U (kPa)
Nucleus 0.07 o5

As detailed in Sectiot.2.5 cytoD cells are simulated using passive
material models. A good fit is established with experimentally measured aspiration
data for the cytoD treated cells, as showrrigure 4.4-A. Hypeelasticmaterial

parameters are specifiedTiable4.1. Prony series parameseare @ =Q =
0.9and t = 20 s The contribution of SFs to the mechanical response of

untreated cells is simulated via a computational framework that accounts for SF

formation, remodelling, and contractility. It is demongdatn Figure 4.4-A that

97



Chapterd

the addition of the active framework (in parallel with the passive cytoplasm material
behaviour calibrated for the cytoD cell) results in gngicant reduction in
aspiration length, in agreement with experimental data. Importantly, these active
SF model parameters are used, without exception, for all active simulations
presented in the current chapiéshould be stressed that the resporigheactive

cell to MA is not achieved by simply calibrating a passive material model; rather,
it is achieved by superimposing an active-teemoemechanical framework fdF
remodelling and contractility onto the passive material components (caliboated f

a cytoD cell above). In essendeigure 4.4-A demonstrates the ability of the
modelling framework to accurately represent the experimentally parsed

contribution ofthe actin cytoskeleton to MA.

In Figure4.4-B, contour plots of the max principal stresses resulting from
simulations are shown. Prior to the application of pressigeificant stresses are
computed throughout the cytoplasm of the active cell due to SF contraFEiidjty ¢
4.4-B(iii)), whereas the passive cell is instressfree state (due to an absence of
contractile SFs)Kigure4.4-B(i)). In Figure4.4-B(ii) and-B(iv), stress contours in
the passive and active cells are shown after a 100 Pa pressure is applied for 60 s.
Even though the passive cell is aspirated further into the micropipette, the observed
cytoplasm stresses are smaller thathe active cell cytoplasm, showing that the
active stresses generated by the SF framework dominate the stress state in the active
cell even when applied deformations are large. It should also be noted that the
deformed nucleus shape and nucleus strsssbdition for the passive cell differs

from that of the active cell.
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Figure 4.4: (A) Normalised computational and experimental aspiration length as a function of
time for untreated and cytoD treated cells subjected to an applied pressure of 100 Pa. (B)

Computed distribution of maximum principal stress (G ¢ =i 1 -%iR PASSive and active cell

simulations. The passive viscoelastic model is used to simulate cytoD cell response and the
active SF model is placed in parallel with the passive viscoelastic model to simulate untreated
cell response. (i) Passive model prior to application of applied pressure (stress free reference
configuration). (ii) Computed stress state in passive viscoelastic cell 60 s after pressure
application. (iii) Stress state in the cell and nucleus prior to application of applied pressure,
computed using the active SF model. (iv) Stress state in the cell and nucleus 60 s after
pressure application, computed using the active SF model. Insert shows a zoomed image of
the stress distribution at the entrance to the micropipette.

4.3.2 MA of untreated spread adhered cells over a range of applied pressures
Figure4.5 shows the normalised experimentally observed aspiration length

as a function of time for a range of applied pressures (100 Pa, 500 Pa, and 800 Pa).

All tests are performed on untreated contractile cells (it should be noted that full

detachment of cytoDeated cells occurred for applied pressures of 500 Pa, whereas

untreated cells remain fully adhered for all reported tests). As expected, higher

applied pressures result in higher aspiration of the cell into the micropipette.

Computational simulations usirige active SF framework aa¢so shown irFigure

4.5-A. The active model provides accurate predictions of cell aspiration length for

the range of pressures consideexgerimentally. It is critical to note that active

cell model parameters calibratedrigure4.4 are used for all simulations presented

in Figure4.5-A. In contrast to the active model, the passive viscoelastic model for

the cytoplasm does not provide accurate predictions, as shéugune4.5-B. This
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simplified viscoelastic model parameters are fitted to provide a reasonable
prediction of the 100 Pa experimental data. However, highly inaccurate results are
computed for simulation of the teksponse t@ppliedpressures 500 Pa and 800

Pa. This importantesult clearly demonstrates the inadequacy of passive cell
models which ignore the biomechanical behaviour of the actin cytoskeleton.
Finally, unless otherwise stated, it should be noted mio@leus properties of

O 0.07 kPa ano 2.5 kPaare used in all simulations. The mechanical
behaviour of the nucleus is considered further in the following section (Section

4.3.3.
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Figure 4.5: Normalised aspiration length as a function of time for untreated cells subjected to
a range of applied pressures (100 Pa, 500 Pa, and 800 Pa). Symbols and error bars represent
experimental (Exp) results (n210) and lines represent computational predictions. (A)
Computed results using the active SF model (Active). (B) Computed results using a passive
viscoelastic model (Visco) (4. «. 0.068 kPa, Ly ., 0.67 kPa, ”L « wt' « 0.9, W, L. 40
s). Experimental results are superimposed in both (A) and (B) for direct comparison with
computational predictions.

In Figure4.6-A(top), atypical brightfield microscopymage of an untreated
contractile cell subject to 500 Pa pressure for 300 s is sHduorescent imaging
is performed to visualise the actin cytoskeh and nucleus following MA. By the

3D rendering of mstacksobtained using confocal microscopy,side view of a
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deformed cell isacquired, as showmm Figure4.6-A(bottom). It is clear from the

side view profile that the nucleus is completely aspirated into the micropipette in
the 500 Pa experiment, with SFs being confined to the outer radius of the aspirated
section of the cell and the cell bagecomputational snulationusing the active
modellingframework is presented Figure4.6-B, showing the predicted deformed

cell morphology and SF distribution, again for a 500 Pa pidssure applied for

300 s. Similar to the experimental image, the entire nucleus is predicted to aspirate
into the micropipette. SFs are predicted to extend from the base of the cell into the
micropipette. The aspirated SFs are computed near the outeresof the cell,

even in the region below the micropipette where there is no nucleus prageng (
4.6-B(i)). Inside the micropipette the nucleus occupies the nixairthe aspirated
volume, with predicted SFs occurring to the sidegyre 4.6-(ii)) and above

(Figure4.6-B(iii)) the nucleus.
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Figure 4.6: (A) Experimental brightfield (top) and 3D rendered fluorescent side view images of
aspirated cell (bottom). (B) Computed SF distribution (8) in an aspirated cell using the active
SF model. Zoomed-in images are shown at: (i) the micropipette entrance; (ii) mid-point of
aspirated section; and (iii) top of the aspirated section of the cell. Results shown correspond
to a pressure of 500 Pa applied for 300 s. Scale bars = 10 pm.

Further fluorescent images are showFigure4.7; selected stacks at four
different levels are presented. The base slice in each case shows a significant
distribution of SFs near the base of the cell. At the micropipette entrance, fibres are
predominantly found at the outer radius of the aspirated portion of the cell. It should
be noted that the arrangement of SF at this level is not due to the presence of the
nucleus, as the fully aspirated nucleus is positioned above the micropipette entrance
in all cases. The aspirated nuclei are surrounded by SFs, as evidenced by the mid
aspiration and top of aspiration slices. Out of plane 3D rendered images of two of
the aspiated cells are shown iRigure 4.8. Distinct bands of SFs extending
vertically in the aspirated portion of the cell can be observefigare 4.8-A.

Aligned SFs extending into the micropipette entrance are evidéigume4.8-B,

with a highdensity of actin in the aspirated section. Kinking or bending of the
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aspirated portion can occur due to the fixing and staining protocol performed prior
to fluorescent imaging. However, the overall SF distributions are visible from

Figures 4.54.7 despitehis unavoidable experimental drawback.

Top
Mid

Image
Layout

Entrance

Base
. j i .

Figure 4.7: Individual z-stack images of aspirated cells fluorescently stained for SFs and
nuclei for three cells (A-C). Stacks at the base of the cell (Base), at the micropipette entrance
(Entrance), midway along the aspirated section of cell (Mid), and at the top of aspirated section
of the cell (Top) are presented. Scale bars = 10 um.
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¢ 'y

Figure 4.8: Out of plane 3Drendered images of the actin cytoskeleton in aspirated cells. (A)
Bands of SFs that extend along the aspirated portion of the cell are observed. The arrow in
the zoomed-in inset image indicates the direction of the SFs. (B) SFs that extend from the
base into the aspirated portion of the cell are indicated in zoomed-in inset images.

4.3.3 Investigation of nucleus mechanical behaviour

In all simulations presented above in Sectidrsi1and4.3.2 a nucleus
shear modulus of 0.07 kRad bulk modulus of 2.5 kPa are used. These values are
determined from a detailed parame investigation, as illustrated iRigure 4.9.
Simulations are performed for an applied pressure of 500 Paaresponding
experimental data are reproduced in all plots for comparisoRigure 4.9-A a
parametric investigation of nucleus shear modulus is presented (fostartdoulk
modulus of 2.5 kPa). An excellent correlation with experimental results is obtained
for a shear modulu8.07 kPaAn increase in shear modulus from 0.07 to 0.1 kPa
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results in 83%decrease in aspiration length at 300 s, demonstrating that tzmmpu
aspiration length is highly sensitive to nucleus shear modulus. As is evident in
Figure4.9-A, a change in shear modulus also significantly affects the aspiratio
rate (slope of the curve), again only a value of 0.07 kPa provides an accurate

prediction of experimental results.

In Figure4.9-B a range of shear moduli is agamnsidered, but for a lower
bulk modulus of 0.2 kPa. In this case no value of shear modulus provides an
accurate representation of the experimental aspiration curve. For a shear modulus
of 0.1 kPa the correct aspiration length is computed at 300 s, bputednvalues
are inaccurate at earlier time points due to an incorrect aspiration rate. It should be
notedthat, for both the high bulk modulusigure4.9-A) and thdow bulk modulus
(Figure4.9-B), the nucleus is computed to fully aspirate into the micropipette only
if the shear modulus is less than 0.1 kPa. It should be recalled from the experimental
images of Figures 4-8.7 thatthe nucleus fully aspirates into the micropipette for

an applied pressure of 500 Pa.

In Figure4.9-C a range of nucleus bulk moduli is considered while shear
modulusis kept at a constant value of 0.14 kPa. In this case no bulk modulus value
gives an accurate representation of the experimental aspiration curve. A substantial
increase in bulk modulus from 1 kPa to 40 kPa results in only a 12% decrease in
aspiration lenth at 300 s demonstrating that computed aspiration length is
relatively insensitive to bulk modulus changes in this range. Feduwction of the
bulk modulugo a value less thahkPaanincreasen aspiration lengtiis computed.
However, the computed @isation rate is not affected by the bulk modulus and is
lower than the experimentally observed aspiration rate for a shear modulus of 0.14

kPa considered iRigure4.9-C. It should also be noted that for this value of shear
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modulus, the lowest bulk modulus consideredFigure 4.9-C (0.093 kPa)
corresponds t o zaro. Phereferes fomtite given shear modubus
(0.14 kPa), full aspiration of the nucleus into the micropipette is not possible,

regardless of the bulk modulus used.

In Figure4.9-D a range of bulk moduli is again considered but for a lower
shear modulus of 0.07 kPa. As noted abovEigure 4.9-A, this value of shear
modulus in conjunction with a bulk modulus of 2.5 kPa provides a good agreement
with the experimental data. However, as is eviderigure4.9-D, any value of
bulk modulus in the range from 1 kPa to 40 kPa provides a reasonable prediction
of the experimental behaviour. For bulk moduli less than 1 kPa computed aspiration
lengths are higher than those observed experimentally. Howthe computed
aspiration rate is insensitive the value of bulk modulus, with all computational
curves being parallel to the experimental curv&igure4.9-D. Impartantly, full

aspiration of the nucleus is computed for all simulations reportedjure4.9-D.
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Figure 4.9: Parametric investigation of nucleus material properties. Active SF model is used
to simulate the cell response to a 500 Pa applied pressure and different nucleus shear (Gnucl)
and bulk (Knuc) modulus values are considered. Normalised aspiration lengths as a function
of time are shown and the 500 Pa experimental data is superimposed in all plots (red square
data points) for direct comparison with computational results. (A) Shear modulus is varied
between 0.04 kPa and 0.14 kPa, with a constant nucleus bulk modulus of 2.5 kPa. (B) Shear
modulus is varied between 0.07 kPa and 0.2 kPa with a constant nucleus bulk modulus of 0.2
kPa. (C) Bulk modulus is varied between 0.093 kPa and 40 kPa, with a constant nucleus shear
modulus of 0.14 kPa. (D) Bulk modulus is varied between 0.2 kPa and 40 kPa, with a constant
nucleus shear modulus of 0.2 kPa. The curve that best fit the 500 Pa experimental data is
indicated as the red solid line (found in (A) and (D)), with shear and bulk modulus values of
0.07 kPa and 2.5 kPa, respectively.

Finally, the deformed cell and nucleus morphology following an applied
pressure of 500 Pa for 300 s is showrFigure 4.10-A for the best fit nucleus
properties, as determined kigure4.9 ("O 0.07 kPa anad 2.5 kPa).

The fully aspirated nucleus is positioned above the entrance to the micropipette, a
observed in experimental imagdsagure 4.6-A (bottom) andFigure 4.7-(A-C)).

The aspect ratio of the deformed nucleus is agegbas 1.6, which is within the
standard deviation of the experimentally measured value (1®HF@ure4.10-

E). As shown inFigure4.10-B, when the bulk modulus is reduced to 0.2 kPa both
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the computed aspitian length (as shown iRigure4.9-B) and nucleus aspect ratio
exceed the values observed experimentally. As shoWwigure4.10-C and-D the

value of shear modulus is excessively high, preventing full aspiration of the nucleus
into the micropipette. In addition to predicting incorrect aspiration curves (as shown
in Figure4.9-C), incorrect nucleus aspect ratios are also compktgdre4.10-E).

In relation to the most accurate prediction of nucleus aspect Fagoré€4.10-A),

it should be noted that extremely high values of maximum principal stra30%o)L

are computed in the nucleus, demonstrating that the cell nucleus is highly
deformable. As expected, an inaccurate prediction of cell aspiration length results

in an inaccurate prediction of nucleus strain.
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Figure 4.10: Using the active SF model in the cytoplasm, computed deformation is presented
for cells in which different sets of nucleus shear (Gnuci) and bulk (Knuct) modulus values are
used. Associated normalised aspiration lengths can be found in Figure 4.9. The distribution
of the computed maximum principal strain (Ghax_principal) is shown in the deformed cell nuclei.
Deformation is shown for simulations in which: (A) the best fit shear and bulk moduli are used
in the nucleus (as indicated by the red curve in the nucleus parametric study presented in
Figure 4.9); (B) the best fit shear modulus and a relatively low bulk modulus are used in the
nucleus; (C) a relatively high shear modulus and the best fit bulk modulus are used in the
nucleus; and (D) a relatively high shear modulus is used in the nucleus with a very low bulk
modulus. (E) Experimentally (Exp) measured nucleus aspect ratio (mean + standard deviation)
and computed results for A-D above.
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4.4 Discussion

The currentchapter presents @ investigation of the role of the actin
cytoskeleton in the micropipette aspiration AMof spread adheredells. The
following key contributions are highlighted) a custom system is developed to
allow visualisation of the MA of adhered cells, uncovering the contribution of the
actin cytoskeleton to cell aspiration; (i) it is demonstdatthat an active
computational framework that incorporates SF remodelling and contractility must
be used in order to accurately simulate the MA of untreated cells; and (iii)
experimental imaging reveals that the cell nucleus is fully aspirated into the
micropipette at higher applied pressures, with corresponding computational
simulations demonstrating that the nucleus is highly deformable, undergoing high
levels of strain (>100%). These key findings present a significant advance on
previous MA studies antb the general understanding of the role of the actin

cytoskeleton and nucleus to cell biomechanical behaviour.

A custom MA system for the biomechanical investigation of cells adhered
to a substrate is used in the currenéapter Due to the complexity ofisualising
MA of substrate adhered cells, previous MA studies have focused primarily on cells
suspended in media. In particular, suspended endothelial$8atls et al., 1987b,
Sato et al., 1987a, Sato et al., 1990, Sato et al., 1886pended chondrocytes
(Jones et al., 1999, Trickey et al., 2000, Trickey et al., 2004, Trickey et al., 2006,
Ohashi et a).2006, Guilak et al., 2000, Pravincumar et al., 204@3pended stem
cells (Tan et al., 2008, Yu et al.,, 2010, Ribeiro et al., 20B2d suspended
fibroblasts(Thoumine and @, 1997a, Zhou et al., 201Bave been tested using the

MA technique. However such studies are of limited value as these cell phenotypes
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are typically not found susperdlen vivo; rather, they adhere &n extra cellular
matrix. Moreover, the cytoskeletal structure and biomechanical behaviour of such
cells is markedly different when adhered to a substrate, in comparison to the
suspended sta{&ato et al., 1987b, Reinhdfing et al., 2005, Haghparast et al.,
2013) Therefore, the development of an MA system for the investigation of the
biomechanical behaviour of cells when adhered to a substrate is of significant value.
In an effort b study the mechanical behaviour of spread adhered endothelial cells,
Byfield et al. (2004)oriented a micropipette parallel to the substrate, leading to
highly localised measurements at the oatlge of the celsubstrate contact region.

In order to achieve nelocalised measurements representative of whole cell
behaviour, a preciselgositioned large diameter micropipette aligned
perpendicular to the substrate should be used. In the stiithpomine et al. (1999)

the substrate was rotated by 90° to facilitate visualisation of the aspirated cell.
However, using tis approach the micropipette can be viewed only from the side,
hence precise threimensional positioning of the micropipette over the centre of
the cell is not possible. Furthermore, relocation of aspirated cellappisation for

a confocal microscopyvestigation of the stained deformed actin cytoskeleton is
not possible using this approacdh the currenthapter acustom designedystem

that allows for both side and botteup views of cells and the micropipette is
developed. This facilitates: (the precise thredimensional positioning of the
micropipette over the centre of the cell using multiple perspectare$(ii) the
visualisation ofthe aspirated sectiasf adhered cells using a micropipette aligned
perpendicular to the substrate. Theteysalso enables further examination of the

actin cytoskeleton of aspirated cells using confocal microscopy.
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It is demonstrateth the current chapter thantreated contractilepread
adhereccells undergo significantlyeksaspirationinto the microppettethan cells
in which the actin cytoskeleton has been chemically inhibited (cytoD ;cells)
therefore, the actin cytoskeleton increases the resistance of cells to MA. Fluorescent
staining demonstrates that SFs are stretched into the micropioeitg MA.
Clearly the tension exerted by aspirated stretched SFs contributes significantly to
the mechanical response of the cell. The current chapter demonstrates that MA
provides a robust and controlled experimental method of applying a tensile load to
in cyto actively contractile SFs. Previous efforts to characterise the tensile
behaviour of SFs have relied on isolation/extraction of individual SFs from the cell,
followed by tensile testingKatoh et al., 1998) It is important to note that
isolated/extracted SFs behave as a passive mat@educhi et al., 2006)
neglecting the critically important features of active myosin induced -bridge
cycling and remodelling. The apgéibility of the active SF formulation used in the
current chapter has been validated for a range of cell phenotypes and loading
regimes(McGarry et al., 2009, Ronan et al., 2012) recent study of single
chondrocytes byowling et al. (2012has demonstrated that localised stretching
of SFs in tensile regions of the cytoplasm during applied shear significantly
influences cell resistante deformation, with dissociation of the actin cytoskeleton
being observed in compressive regions of the cell. Additionally, the studies of
Ronan et al. (2012ndWeafer et al. (2013Jemonstrate that during parallel plate
compression SFs in particular artations are stretched, again increasing the
resistance of cells to deformation. However, unlike applied shear and parallel plate
experiments, the MA technique utilised in the current chapter allows for the

application of precise tensile loads and accuradgitoring of SF strain rates in the
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aspirated section. In summary, the experimental observation of SF deformation
under a controlled loading regime provides new insight into the mechanism by
which the actin cytoskeleton contributes to the deformatioisteese of spread
cells. This may inform tissue engineering strate¢®®en et al., 2003, Shieh and
Athanasiou, 2003and may have important implicati®for new pathologiefRoy

et al., 2009, Campbeét al., 2007, Duncan and Turner, 199B8)link between
actively generated cell temsi and collagen production in a mieissue construct

has recently been reporte(Kural and Billiar, 2014) The experimental
computational approach presentedtive current papeprovides a advanced
understanding of the relatiship between externally applied forc8F actie
contractility, and nucleus deformation. Such a fundamental understanding at a
single cell level is critical for the development of rgeheration strategies for the
precise engineering of tissue construétsecent study highlights the ability of the
active SFmoddling framework to guide thé vitro engineering of cardiac tissue

(Thavandiran et al., 2013)

Previous studies have used simplifighssive models analyticabr
numerical models of passive homogeneous elastic or viscoelastic cells to interpret
experimentally observed aspiration curg8sato et al., 1990, Theret et al., 1988,
Jones et al1999, Xinyu et al., 2009, Sato et al., 1996, Byfield et al., 2004, Baaijens
et al., 2005, Trickey et al., 2006, Zhou et al., 2005, Zhao et al., 2009, Jafari Bidhendi
and Korhonen, 2012, Haider and Guilak, 2002, Haider and Guilak,.ZDgfi¢ally
such studies report elastic or viscoelastic material parametersdrasecurve fit
of experimental results. While it could be argued that a viscoelastic model may have
some validity for the simulation of a tadhered suspended cell, which do not

contain a network of SFs, the currehaipterclearly demonstrates such a slisiic

112



Chapterd

modelling approach is not appropriate for spread adhered cells. Specifically, it is
demonstrated that such a passive material model does not capture the
experimentally observed response if the applied pressure is changed. Hence the
curvefitting of viscoelastic material properties to a MA curve is entirely dependent
on the applied pressure used experimentally. In addition to the inability of a passive
viscoelastic cell model to predict cell aspiration over a range of applied pressures,
an earlier stdy by Thoumine et al. (1999)emonstrates that elastic stiffness and
viscosity must besignificantly altered as a functioof the level of cell spreading.
Furthermore, a study dyicGarry and McHugh (2008)lemonstrates that when the
cytoplasm ismodelledasa passive viscoelastic, treell elastic stiffness must be
artificially increased as a function of spreading in order to capturatro cell

detachment forces.

In the curent chapteran activeSF framework is used to investigate the
biomechanical role of the actin cytoskeleton during the MA of spread adhered cells.
It is demonstrated that the simulation of SF remodelling and contractility
throughout the cytoplasm is criticia order to accurately predict experimentally
observed cell response to a wide range (BR&0 800 Pa) ofapplied pressures
Furthermore, the predicted distribution of SFs is closely aligned with results of
fluorescentimages i.e. SFs stretch along tih@eng axis of the aspirated section of
the cell forming a peripheral ring at the inner wall of the micropipette. The
stretching of aligned contractile SFs along the axis of the micropipette provides an
increased resistance to MA. Wh8Fs are eliminated ungj the gtoD treatment the
reduced resistance to deformation results in significantly increased aspiration length
for applied pressures of 18@&, and aspiration of the entire cell into the micropipette

at higher pressures? 00 Pa). It has been widely esblished in pevious
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experimental studies that the actin cytoskeleton remodels during cell spreading,
with spread cells exhibiting a highly developed network of contractile SFs
(Haghparast et al., 023, ReinharKing et al., 2005, Huang et al., 2003, Barreto et
al., 2013, Li et al., 2007, Lemmon et al., 2005, Tee et al., 20h&)development

of a network of contractie Sktsn der | i es t he vast dsisfof erenc
between round and spread cézille et al., 2002, Thoumine et al., 1999, Darling

et al., 2008) Furthermore, highly contractile cell phenotypes exhibit a higher
apparent stiffness when sulijed to cell compression. For example, very high
compression forces (~2500 nN) have been reported for spread my¢Bkestisrs

et al., 2005whereas lower compression forces (~360 nN) have been reported for
less contractileibroblastgDeng et al., 2010A recent study bjRonan et al. (2012)
demonstrates that the acti® model usedn the currentchapteris capable of
capturing the relationship between the level of cell contractility and the
compressiomesistance of spread cellshe current chapter advances on this work,
providing a detailed experimertabmputational gantitative analysis of the role of

SF elongation during cell MA.

The current chapter provides a detailed investigation of nucleus deformation
in single spread adhered cells subjected to MA. In the absence of external loading
the coupled interaction betewe the actin cytoskeleton and the cell nucleus has
recently been investigated experimentdlly et al., 2014, Weafer et al., 2013)
where it is sbwn that the contractile action of apical SFs result in changes in
nucleus morphology. Building upon this work, the MA technique presented in the
current chapter allows for the precise application of force to this key region of the
cell, and measurement dhe resultant nucleus deformation and stress fibre

extension/remodellingThis provides new data for validation and calibration of
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constitutive models for the nucleus and surrounding SFs, as presented in the current
paper. A high level of nucleus defornuat is observed; nuclei are fully aspirated

into the micropipette for pressures of 500 Pa or higher, with nucleus strains in
excess of 100% being computed. Simulations suggest that complete aspiration of
the nucleus into the micropipette occurs only faryMew nucleus shear modulus
values Gnuc<0.1 kPa). Simulating isolated nucl#aziri and Mofrad (2007also
computes a low shear modulus based on experimental data for isolated endothelial
cell nuclei(Deguchi et al., 2005and isolated chondrocyte nucl&uilak et al.,

2000) However, it should be noted that nucleus mechanicabelr may be
altered by the isolation technique used. It is demonstrat&aublgk et al. (2000)

that the long term mechanical properties of nuclei isolated using chemical and
mechanical techniques angrsficantly different. Previous experimental studies of

MA of suspended cells also reveal significant nucleus deformé®iajerowski et

al., 2007, Dahl et al., 2005, Rowat et al., 2006, Ribeiro et al., 2BLu&hermore,
Pajerowski et al. (2007)eport that permanent viscoplastic deformation redf t
nucleus occurs due lamin A/C and chromatin remodelling. A careful
characterisation of nucleus deformation, as presented in the current chapter for
spread adhered cells, and in the studyajerowski et al. (2007pr suspended

cells, is of critical importance as nucleus deformation has been linked to cell
mechanotransduction due to the reshaping of nuclear lamina aratiaite in
chromatin distribution(Dahl etal., 2008, Rowat et al., 2008, Tsukamoto et al.,
2000) Direct modulation of ntiear shape has been shown to affect the regulation
of type Il collagen as well as gene expresgi@ampbell et al., 2007, Buschmann

et al.,, 1996, Shieh andthanasiou, 2007, Thomas et al., 2Q03jgnificant

deformation of the nucleus has been observed ir{(ldgnderson et al., 2013sai
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et al, 2005) and may have significant implications for in vivo
mechanotransduction and cell migration. A high level of deviatoric deformation of
the nucleus during MA is computed in the current chaptederson and Knothe
Tate (2007)eport that such a strestate will result in stem cedifferentiation
towardsan endothelial lineage. The chaexcsation of nucleus behaviour presented
in the current chapter may aid the development and calibration of microfluidic
devices for cell sortindYamada et al., 2007and direct cytosolic delivery of
transcription factor¢Sharei et al., 2013)

Using the system described in the cura@pter a mirror is aligned at 45°
in orderto provide side view visualisation of cells. However, a limitation of this
setup is that the mirror obstructs the light source of the microscope and makes it
difficult to manoeuvre the micropipette into position beneath the mirror. In a
previous study b ao et al. (1997jwo mirrors are usetb obtain side view images
of cells subjected to fluid flow. The first mirror redirects light coming downwards
from the microscopes light soureeross the substrate. A second mirar the
opposite side of theubstrate to thé&rst mirror, redirects this light downwards to
the microscope objective. Using a §ammethodology in thexperimental system
describedn the currentchapterwould negate the need for a separate light source
and custom built micropipettes, and reduce difficulties manoeuvring the
micropipette into position. However, custom built mirroreuld be required.
Another potential limitation of the currenhapteris that cells are assumed to be
rigidly bonded to the substrate in simulations. In reality, cells are adhered to the
substrate, primarily via focal adhesions attachments. In a previodyg biu
Dowling and McGarry (2013)a cohesive zone model is used to investigate cell

substrate adhesion rupture during applied shear. In separate simulations in the
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current chapter, the same cohesive zone model and parameters were included and
no rupture of the cellrdm the substrate was predict@esults not shownjn line
with experimental observationSurthermore, the reaction force of the sudte at
the end of simulations the current chapter was negligibBeeshpande et al. (2008)
proposed an active framework in which actin cytoskeleton contractility is coupled
with traction dependant focal adhesion formation and growth. Such a model could
be included to investigate the experited results. Furthermore, using the
experimental platform described in the current chapter, future studies in which the
cell is retracted from the substrate post aspiration could be used to investigate the
mechanical behaviour of focal adhesion rupture.

The current chapter presents a number of significant advances in the field
of experimental and computational single cétimechanics, providing a platform
for several further investigation§uture experiments in which the level of cell
spreading is conttled via micrepatterned substrates should be performed to
further investigate the relationship between cell geometry and the development of
a highly contractile actin cytoskeletdithery et al., 2006Chen et al., 1998)
Furthermore, the role of substrate stiffness and adhesion promoting proteins
(Byfield et al., 2009, Solon et al., 2007, Shao et al., 200@)e biomechanical
response agpreachdhered cells to MA should be considerHae current technique
only allows observation of SFs at the end of aspiratigmeriments. In order to
observe the evolution of the actin cytoskeleton and nucleus deformatimig du
experiments, fluorescent staining could be performed at a number of time points or
live imaging techniques could be implemented, for example ushagtif
transfection. Live imaging could also allow measurement of intracellular strain in

experiments ¥ tracking specific markers such as mitochondria in the cytoplasm
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(Knight et al., 2006pr DNA in the nucles(Henderson et al., 2013) recent study

by Dowling et al. (2012)demonstrates that the mechanical response of cells to
applied shear isrpnarily influenced by the actin cytoskeleton, while the disruption

of microtubules and intermediate filaments had a less significant effect on
chondrocyte response. A future MA study in which microtubules and intermediate
filaments are systematically digated would allow for the investigation of the role

of these cytoskeletal components in the regulation of nucleus deformation. MA
induced membrane and nucleus stretch could be used to examine the enhanced
intracellular delivery of macromolecules such asoa nanotubes, proteins, and

SiRNA (Sharei et al., 2013)

A custom system that facilitates the visualisation of adhered cells during
MA is developed to experimentgllinvestigate the contribution of the actin
cytoskeleton to the spread cell biomechanical response. Additionally,
computational simulations are performed in order to interpret experimentally
observed phenomena. Theurrent experimentatomputational invegiation
uncovers a number of significant findind§ The significant contribution of the
actin cytoskeleton to cell biomechanical behaviduring MA is demonstrated
experimentally; (ii) a passive viscoelastic material model is not capable of capturing
experimentally measured aspiration lengths over a range of applied pressures; (iii)
an active SF model, including the key features of remodelling and contractility of
the actin cytoskeleton, accurately predicts the response the cells over a range of
appliedpressures and the redistribution and stretching of SFs into the aspirated
portion of the cell; and (iv) finally, a detailed experimem@amputational
investigation of the nucleus mechanical behaviour demonstrates that the nucleus is

highly deformablen cyto reaching strain levels in excess of 100% during MA.
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These findings represent a significant advancement in the understanding of the
characterisation of the biomechanical behaviour of the actin cytoskeleton and cell

nucleus.

Appendix 4.A

Figure Al: Representative fluorescent image of cytochalasin-D treated cells (cytoD cells) with
actin shown in red and nuclei shown in blue. Scale bar =20 pm
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Appendix 4.B
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Figure B1: Normalised aspiration length shown as a function of time for cells treated with two
different concentrations of cytoD. Note that all results correspond to a 100 Pa applied
pressure.
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5 Investigation of cell nucleus

heterogeneity

5.1 Introduction

Numerous studies suggest that nuclei are stiffer than the surrounding
cytoplasm(Guilak et al., 200, Caille et al., 2002, Caille et al., 1998, Maniotis et
al., 1997, Jean et al., 2005, Ferko et al., 2007, Deguchi et al., 2007, Ofek et al.,
2009a, Knight et al., 2002)n contrast to this findingl.eipzig and Athanasiou
(2008)report that cytoplasm and nucleus strains had a 1:1 ratio during compression,
suggesting that the stiffness of the cytoplasm and nuclewssnaitar. However, it
should be noted that the extracellular environment in these aforementioned studies
is not the same in al/l cases. It is wel/l
can alter due to substrate compliagBgfield et al., 2009)the level of spreading
(Thoumine et al., 1999and the contractile nature of the g#ienotype in question
(Rodriguez et al., 2013, Calille et al., 2002, Peeters et al., 2005, Deng et al., 2010,
Ofek et al., 2009b)To overcome thisomplex factorDeguchi et al. (2005and
Guilak et al. (2000jsolated nuclei from cellbefore testing. However, it has been
suggestedhat nucleus mechanical behaviour may be altered by the isolation
procedure use@Guilak et al., 2000)Simulating experiments of isolated nuclei,

Vaziri and Mofrad (2007)compute a shear modulus of 0.008 kPa for the
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nucleoplasm of nuclei, which have a stiffer outer shell. Furthermore, previous
experimental studies of micrette aspiration (MA) of suspended cells reveal
significant nucleus deformatiofPajerowski et al., 2007, Ribeiro et al., 2012)
Pajerowski et al. (2007eport that permanent visgastic deformation of the
nucleusoccurs due to lamin A/C and chromatin remodelling. In summary, the
mechanical behaviour of the nucleus has not been definitively characterised in the
literature, with a wide range of elastic properties being reported. A detailed and
robust methodology fomnalysis of nucleus biomechanics would represent a

considerable contribution to the field of cell mechanics.

In an experimental investigation yenderson et al. (2013D strain
distributions inside the nuclei of single living cells embedded within their native
extracellular matrix (ECM) were determined during applied shear strain. During
deformation of a cartilage tissue explant, strainaagferred to individual nuclei
resulting in submicron displacements. Local deformation gradients were
determined from confocal images of nuclear DNA distributions before and after the
application of an applied shear loading. 3D distributions of -inticlear shear
strains were established. Compressive, tensile, and shear strain localisations in the
nucleus were shown to be fifeld higher than the macroscopic applied tissue
strain. The possibility that intrauclear material heterogeneity may result iaistr
magnification should be investigated through mechanical simulations of the

experiments oHenderson et al. (2013)

The current chapter outlines a methodology to construct a heterogeneous
finite element model of the chondrocyte nucleus. Greyscale values obtained from
confocal zstacks of the DNA in nuclei within cartilage tissues expléAenderson

et al., 2013)are correlated to shear moduli at each material point in the nucleus
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finite element mesh. A representative volume element (RVE) for cartilage tissue,
originally developed byDowling et al. (2013) is adapted to include the
heterogeneous nucleus material behaviour. The range of heterogeneous intra
nucleus material properties required to replicate expetatigrobserved strain

distributions is established.

5.2 Model development
5.2.1 Cartilage representative volume element (RVE)

A previous study byowling et al. (2013peveloped a RVE for cartilage
tissue.A similar RVE is used in the current chaptéigure5.1). Full details of
RVE development can be found in the studyofvling et al. (2013)Briefly, an
RVE comprising of a chondrocyte cell surrounded by a@atular matrix (PCM)
embedded in a cuboidal ECM is modelled. The cuboid has a side dimension of 60
nm, based on observed cell spacing in situ. Ti@aus, cell, and PCM are assumed
to be spherical with diameters of fn, 16 nm, and 22mm, respectively, again
based on experimental observation. It should be noted that dimensions are chosen
such that the volume fraction of cells and ECM is represeatat cartilage tissue.
In the study oDowling et al. (2013pnly half of the overall RVE is simulated due
to symmetry. In the current study the nucleumimogeneous 3D, therefore,

simuldion of the full RVE, including the entire 3D scanned nucleus, is required.
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Figure 5.1: (A) Confocal image of cartilage tissue explant showing DNA in red and nascent
RNA in green. Image adapted from Henderson et al. (2013). Image captured using 60x water
immersion objective with a resolution of 1600 x 1600 pixels. Scale bar = 20 mm (B) Schematic
of a RVE of cartilage consisting of a single chondrocyte cell surrounded by a PCM embedded
in a cuboidal ECM. All dimensions are in mm. Image adapted from Dowling et al. (2013). In A
and B, boundary conditions are indicated in red. The bottom of the explant/RVE is rigidly held
while the upper surface of the explant/RVE is subjected to 15% shear.

5.2.2 Greyscale mapping
Before application of shear deformation in the studyehderson et al.

(2013) image stacks of nucleus DNA from the studyHainderson et al. (2013)
were provided by Prof. Corey Neu (Purdue University) andiakers.Figure5.2-

A shows the 8 &tacks of the DNA for a singlnucleus in the cartilage explant.
Each of the experimentally obtainedtacks shown ifigure5.2-A has a resolution

of 50x50 pixels. To obtain a full cube of geegle values, i.e. 50x50x50, 6 pseudo
z-stacks between each of the observestarks shown must be generated. It is
assumed that the greyscale value of each pixel follows a linear progression from
one experimentally obtainedstack to the next. Thereforer a pixel at@Qn the

50x50 imagethe greyscale value of the first observestack,M ,is assumed to
follow a linear progression to the corresponding greyscale value in the second

observed =mtack (zstack 8),M . Figure 5.2-B gives an example of how the

greyscale value varies for a pixel 8@lQBy performing this interpolation on all
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50x50 pixels between each observedtark, a full 50x50x50 d&e of pixel
intensities is obtained. Before mapping is performed, a finite element mesh for the
spherical nucleus is created using the commercial finite element software Abaqus
(DS Simulia, RI, USA). By assuming the diameter of the spherical nucleusalk equ

to the edge dimension of the cube of pixel intensities, a mesh density is chosen such
that the number of finite elements per unit volume is similar to the number of pixels
per unit volume in the cube of pixel intensities. The 3D coordinate of the icentro

of each element is associated with a corresponding greyscale value in the 3D cube
of pixel intensities. Elements are assembled into 10 groups based on greyscale
values. Group 1 contains all elements with greyscale values betweerand

— M v , WhereM andv¥y  are the maximum and minimum greyscale
values for the finite element mesh, respectively. Group 2 then contains all elements
between— 1 v and— v v , group 3 then contains all elements
between— M v and— v \ , and so forth. The pseudestack
generation centroid coordinate calculations, greyscale mapping, and element
grouping assignments are performed using scripts written MATLAB (The
Mathworks, Natick, MA). Ta@ompare the greyscale map in the finite element mesh

to experimentally observedstacks, each group in the finite element mesh of the
nucleus is assigned a greyscale value so that colour ranges from black in group 1 to
white in group 10. The planes shomrFigure5.2-C are chosen to correspond with

the experimentally observedstacks inFigure5.2-A. A close correlaon with the

experimentally observed greyscales is obtained.
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Figure 5.2: (A) A representation of image stacks of a cartilage tissue explant. Greyscale
images of a single nucleus from each confocal z-stack showing DNA intensity. Scale bar = 20
mm. Z-stacks for the single nucleus were provided by Prof. Corey Neu (Purdue University) and
co-workers. (B) Graphical representation of linear interpolation between observed greyscale
values. (C) Corresponding slices of the nucleus in the finite element RVE. The contour plot
illustrates assigned material sections ranging from stiff (light) to compliant (dark). (D)
Graphical representation of shear modulus assignment to each group.

5.2.3 Material properties
For full details ormaterial properties of the ECM, PCM, and cell cytoplasm

the reader is referred to the studyDwwling et al. (2013)Briefly, the ECM and

PCM are modelled using an isotropic Ndookean hyperefdic constitutive
formulation. The shear and bulk moduli are 0.4 MPa and 2.0 MPa, respectively.
The mechanical behaviour of the cytoplasm is described by the active stress fibre
modelling framework as described in Chapter 4. Parameters for the active
modeling framework were determined previously using force data obtained by

applying shear loading to single chondrocyi@swling et al., 2012)In the current
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chapter, the nucleus mechanical behaviour is modelled usingHbi@kean
hyperelasticity. However, sgific material properties are assigned to each
individual element in the nucleus mesh based on the greyscale value associated with
each element. As illustrated Figure 5.2-D, each nucleus greyscale group (as
defined in Sectiob.2.2 is assigned a shear modulus such that values range linearly
from a minimum value in group 1O , to a maximum value in group 1@

In the current chapter, values ranging fr@n 0.03 kPa toO 2 kPa are

used. In line with the findings of Chapter 4, a ratio of bulk modulus to shear
modulus 0 O of ~30 is used, enforcing a condition of near

incompressibility throughout the nucleus.

5.2.4 Boundary conditions
To replicate the 15% shedran applied to the cartilage explants in the

experiments oHenderson et al. (2013¥isplacement boundary conditions are
applied to the uper surface of the RVE. The bottom surface of the cartilage explant
and the RVE are rigidly fixed in all directions. Images of the tissue explant, RVE,

and nuclei before and after shear deformation are shofigume5.3.
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Figure 5.3: (A) Undeformed and deformed confocal image of cartilage tissue explant showing
DNA in red and nascent RNA in green. The blue line indicates the relative motion between two
nuclei in the explant before and after shear deformation. Scale bar = 20 mm. (B) Greyscale
confocal image of a DNA in a single nucleus before and after shear deformation. Scale bar =
2 mm. (C) Mid-section of the RVE before and after shear deformation. Each colour represents
a specific material as outlined in Figure 5.1. (D) Finite element mesh of underformed and
deformed nucleus showing assigned material sections ranging from stiff (light) to compliant
(dark). For all A-D underformed configurations are shown in left panels and deformed
configurations are shown in right panels. A and B adapted from Henderson et al. (2013).

5.3 Model predictions

Computed RVE and nucleus deformations are shov#agimre5.3-C and-D. Both

the cell and its nucleus deform into an ellipsoidal shape. The predicted displacement
of high concentration DNA regions of the nucleus (@h#gions) can clearly be

seen inFigure 5.3-D. In Figure 5.4 experimentallyobserved shear strains in the
nucleus are shown are compared to computed shear strain distributions. For each
contour plot the shear strain along a linear path through the centre of the nucleus is

plotted (rightmost panels).
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In Figure5.4-A, experimentally observaegions of high strain align generally with
darker regions oFigure5.2-A. In Figure 5.4-B, the computational pdéction of
nucleus strain is shown. Strain gradients genecalirelate with the experimentally
observed values. In particular, the large region of low strain in the lower right region
of the nucleus is accurately captured. The strain path for the computational contour
plot of Figure5.4-B does not follow the same trends as that observed experimentally

in Figure5.4-A.

During greyscale magng, the experimental-gtacks are mapped onto a perfect

sphere. Greyscale values at transitional regions at the edge of the nucleus are very

low. Therefore, greyscale mapping at transitional regions at the edge of the nucleus
modelmay result in very |l ow stiffnessés occ
element mesh. To overcome this, an outer shell layer of the nucleus is assigned
maximum shear modulusQ ) for the prediction shown ifigure5.4-C. The

predicted strain gradients generally correlate with the experimentally observed

contour plot, similar tarigure 5.4-B. However, the addition of stiffened shell

elements improweprediction of the experimentglobserved strain path fRigure

5.4-A.

In Figure 5.4-D a homogenous nucleus is assumed and properties previously
calibrated in Chapter 4 are usatfhile the overall nucleus deformation to an
ellipsoid is simiar to that predicted by the heterogeneous modefsgure 5.4-B
and-C, the strain distribution within the nucleus is relatively uniform. Clearly the
assumption of a homogeneous nucleus prohibits the prediction of localised strain

concentrations observed experimentally.
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Figure 5.4: Nucleus deformation and contours plots of max shear: (A) experimentally
observed by Henderson et al. (2013); (B) predicted during simulations in which a
heterogeneous nucleus model is used; (C) during simulations in which a shell layer is added
to the heterogeneous nucleus model; and (D) simulations in which a homogenous nucleus is
assumed. It should be noted that a deformation scale factor of 0.5 is used for the
computational contour plots

5.4 Discussion

In the current chapter 3D experimental images from the studgrmderson
et al. (2013pare used to construct a heterogeneous model of the chondrocyte nucleus
of an in situ chondrocyte. Greyscale values are used to assign the shear modulus of
each element in the finite element mesh. To replicate experimental loading, th
chondrocyte is placed in a cartilage ECM. The cytoplasm of the cell is modelling
using the active modelling framework described in Chapter 4. Active modelling

parameters for chondrocytes were determineBdwyling et al. (2012)Assuming
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anextremely high stiffness is used for regions of highly compacted DBIA (

2 kPg and extremely low stiffness is used for spaces devoid of DA (  0.03

kPg, with linear interpolation of intermediate grey scale shear modediged
intra-nucleus strain distributions are reasonably similar to the highly heterogeneous
strain state observed experimentallyHigndersoret al. (2013)Henderson et al.
(2013) observed that regions of low DNA have a high RNA concentration.
Therefore, simulations presented tinis chapter suggest that RNA is highly

deformable. In contrast, DNA appears to be highly undeformable.

The heterogeneous image based nucleus model represents a significant
advance in numerical techniques to quantify nucleus deformation. Previous studies
have modelled the nucleus as a homogenous isotropic continuum m@&aeiial
et al., 2002, Ronan et al., 2014, Mullen et al., 2014, Deguchi et al., 208¥¢ver,
the current chapter demonstrates that a highly inaccurate prediction of the local
intra-nucleus strain state is obtained if material heterogeneity is not considered. The
accurate prediction of nucleus deformation is a key step in understanding
mechanotransduction. Previous studies have demonstrated the link between nucleus
deformation and regulation of type Il collagen as well as gene expré&sica
Cusachs et al., 2008, Thomas et al., 2002, Campbell et al., 2007, Buschmann et al.,
1996, Shieh and Athanasiold@), possibly due to the reshaping of nuclear faami
and alterations in chromatin distributigpahl et al., 2008, Rowat et al., 2008,
Tsukamoto et al., 2000)Jsing a geometrally accurate 3D model of osteocytes,
Verbruggen et al. (2012)emonstrated that the cell experiencesalised strain
amplifications due to ECM projections and the presence of a PCM. It was suggested
that these strain amplifications are an important mechanism in osteocyte

mechanobiology(Adachi et al., 2008)The computational investigation of the
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current chapter suggests thatteus heterogeneity couddsobeameandy which

strain amplification mechanisnpsomotemechanotransduction

The model results presented in this chapter suggest that the range of shear
moduli within the nucleus span twadars of magnitude, resulting in nucleus strains
that are five times higher than applied tissue strains. This large range of shear
moduli within a single nucleus may explain the conflicting reports of macroscale
nucleus stiffness in the literature. For exdenin previous MA studie@ajerowski
et al., 2007, Deguchi et al., 2005, Guilak et al., 2000, Zhou et al.,,20@bLhapter
4 of this thesis, the apparent shear modulus of a homogeneous nucleus ranges in
values from 0.041 kPa In investigations of cell and nucleus mechanical response
to unconfined compressiqiCaille et al., 2002, Ofek et al., 2009#)e apparent
shear modulus of a homogeneous nucleus ranges fron8@3kPa. Vaziri and
colleagues modelled the nucleus as a highly compliant nucleoplasm (with a shear
modulus of 0.008 Ra) surrounded by very stiff lamina and membrane regions to
accurately predict AFM indentation resu(aziri et al., 2006)and MA results
(Vaziri and Mofrad, 2007)Therefore, values reported for nucleus shear properties
range over three orders of magnitude in the liteea The nucleus may be perceived
to be highly deformable under shear type loading, such as MA. However, under
hydrostatic type loading the nucleus may be perceived to be highly undeformable,
due to a high bulk modulus. The high bulk moduli used in theentichapter are
based on evidence reported in Chapter 4 and on microscopic image analysis

performed byAvalos et al. (2011)

A potential limitation of the current chapter is that the shear modulus of each
element is assumed to be directly proportional to its associated greyscale value.

Even with the high stiffness assgd to the outer shell region Figure 5.4-C,
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predicted strain at the nucleus periphery is still much higher than the experimentally
observed result. However, a gopdediction of strain is obtained in the more
compliant regions. This suggests that a linear proportionality of nucleus stiffness to
greyscale intensity may need to be modified to an exponential type relationship in
order to more closely capture the expenmal observations. Previous studies
reported that the nucleus is viscoelagtfaziri and Mofrad, 2007, Guilak et al.,
2000, Zhou et al., 2005Another potential limitation in the current chapter is that
the nucleus isssumed to be hyperelastic. The deformation appligddmyglerson

et al. (2013)is monotonic and DNA distribution is observed at two timen{si

once before and once after applied shear deformation. Therefore, viscous effects
cannot be determined from the published experimental tests. A thirehirtlaus

3D image could be taken at a later time point to investigate viscoelastic stress
relaxaton/creep. Alternatively, imposing the applied tissue shear at different
loading rates could be considered. Nenoverable plastic deformation of the
nucleus during large strain loading has also been observed at extremely large levels
of deformation(Pajerowski et al.,, 2007)However, another limitation of the
experimental results used in the current chapter is that it is not cleareibgie

limits are being approached/exceeded. If the cartilage explant is returned to the
underformed configuration after applied shear, the strain distribution at this point
could be compared to the initial undeformed strain distribution to investigate n

recoverable intrauclear strain.

In conclusion, the current chaptansiders the highly heterogeneous strain
distribution of chondrocyte nuclei in cartilage explargsbjected toshear
deformation(Henderson et al., 2013\ heterogeneous model of the chondrocyte

nucleus is constructed based on 3D imagddearfderson et al. (2013nd placed
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in an RVE that consists of a chondrocyte cytoplasm and cartilage ECM. Simulations
reveal that a very large range of intraclear shear moduli (ranging over two orders
of magnitude) provides a reasormlgrediction strain heterogeneity and strain

magnification observed in experiments.
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6 Single cell active force
generation under dynamic
loading 7z Overview and

analysis of AFM experiments

6.1 Introduction

6.1.1 Declaration of tasks completed

In this chapter key experimental results on the response of single cells to
dynamic loading are presented. This work recently been published by authors P.P.
Weafer, N.H. Reynolds, S.P. Jarvis, J.P. McGarry (Acta Biomatergihgle cell

active force gemation under dynamic loadirig Part I: AFM experimen{sDOI:

10.1016/j.actbio.2015.09.0p6The precise contribution of Ph.D. candidate Noel
Reynolds to this body of experimental work is detilin this chapter. Key
experimental results are also summarised in this chapter. This experimental data
provides key input for a novel computational study performed by Ph.D. candidate
Noel Reynolds. This companion computational study is presented ineCiTapt

this thesis, and was recently published by authors Reynolds and McGarry (Acta
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Biomaterialia,Single cell active force generation under dynamic loadiRgurt II:

active modelling insightdDOI: 10.1016/|.actbio.2015.09.0p4

Statement of Contribution to the work presented in the papafdafer et al. (2015)

and in the current chapter:

1 Patrick McGarry designed the study.

1 Suzi Jarvis provided AFM facilities and technical support.

1 Paul Weafer developed the bespoke AFM system for single cell dynamic
loading.

1 Paul Weafer performed the experimental tests andrautahe raw data.

1 Paul Weafer performed statistical analysis on maximum and minimum
forces at steady state.

1 Noel Reynolds performed statistical analysis on transient force data and
created transient foregeformation loops for untreated contractile cetld a
cytochalasirD treated cells.

1 Patrick McGarry, Paul Weafer, and Noel Reynolds wrote the paper.

In Section6.2, key experimental results from the studywééafer et al. (2015re
presentedOnce againtishould be notethat thedevelopment and implementation
of the experimentaltechnique and the acquisition of the experimental
measurementsere performed by PaM/eafer 012) Statistical analysis and post
processing ofransient forcestrain loops was performdxy Noel Reynolds as part
of the current PID. Thesis.The figures presenteth Section6.2were prepared by
Noel Reynolds using the experimental data obtained by\Waafer (2012)The

experimental datpresented in the currenbhapter forms the basand motivation
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for the companiorcomputational study presented ima&pter7 and published by

Reynolds and McGarry (2015)

6.1.2 Background to AFM cell mechanics experiments

Single cell mechanical investigation®rgrally entail static/monotonic
loading(Lam et al., 2012, Mann et al., 2012, Butler et al., 2002, Caille et al., 2002)
or localised AFM indentatiorfNawaz et al., 2012, Watanabakayama et al.,
2011) The use of standard AFM tips to indent céRocaCusachs et al., 2008,
Prabhune et al., 2012¢sults in a highly localised strain field in the region of the
cell membrane. Such highly localised measurements performed on thedealgth
of sub cellular components is of limited value in characterising whole cell
biomechanical behaviour. In an aitpt to overcome this, previous studies have
performed large number of indentations over the entir§Ratlmacher et al., 1996,
Hofmann et al., 1997, Rotsch and RadmacherQ2Relly et al., 2011)However,
acquiring data over a large area is time consuming and does not overcome the
problem that the applied strain field is primarily restricted to the cell membrane.
Furthermore, the neaniform strain state due to indentation with a sharp tip is not
easily determined. Previous studies have replaced sharp AFM tips with spheres of
60 mm diameter or lesd_ehenkari et al., 2000, Lulevich et al., 2006, Jaasma et al.,
2006, Zimmer et al., 2012, Titushkin and Cho, 2007%)iDget al., 2008attached
to the end of the AFM cantileverh&strain state that results from indentation with
such spheres is significantly less localised than that produced by sharp AFM tips.
However, the contact region is still much smaller than pineagl cell radius and the
applied strain is still primarily localised to the membrane region. To overcome this
problemWeafer et al. (20123jttacleda 150 nm sphere to the AFM cantilever. As

this large sphere has a much greater radius than a spreadlaaike aelisphere

145



Chapter 6

contact area can be achieved, and a reasonably uniform and easily characterised
strain state can be applied to the cell via displacement of the AFM cantifethes.
experiments ofVeafer et al. (2015)vhole cell cyclic deformation is performed
using this system, allowing for a highly accurate characterisation of resultant cell
forces (accurate to the pidtewton level). Technical details relating to the
modification of the AFM system for whole cell loading are outlinetlVieafer et

al. (2012) where solutions for altered cantilever bending profile and thermal drift

are developedd schematic of the experimih system is showim Figure6.1-A.

A detailed series of tests was performed on osteoblast cells whelry
strain magnitude waalteredat the halway point ofeachexperiment, with the
applied loading and unloading strain rates remaining unchafWedfer et al.,
2015) Whole cell cyclic corpressiorwas applied using theodified AFM system
Figure 6.1-B illustratesthe applied cyclic deformation. In regime 1 cellsere
cyclically loaded between 35% ah@% nominal strain for 1 hour. In regime 2 cells
were cyclically loaded between 25% and 0% nominal strain for 1 I@rlls are
cyclically loaded at a frequency of 1 Hz for the full duration of the experiment. It
should be noted that while strain magnitiglaltered between regime 1 and regime
2, the strain rate remains the same for the entire experigestiown inFigure
6.1-C, maximum forcewvas recorded when cellgere a nominal strain of 35% in
regime 1 and 25% in regime 2. Minimum fora@s recorded when cells are a
nominal strain of 10% in regime 1 and 0% in regime 2. Fet@n curvewere
generated byNoel Reynolds byaking the forces recorded for a singlele and
plotting them against the applied stratigure6.1-D). Key results are summarised

in Section6.2, reveaing that patterns of measured forces are dramatically different
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for untreatectontractile cells in comparison ¢ells in which the actinytoskeleton

has been disrupted.
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Figure 6.1: (A) Schematic of modified AFM cantilever consisting of a flexible cantilever and an

attached sphere. (B) Graphical representation of the cyclic deformation experiment. The AFM

setup is used to cyclically deform cells at a constant loading and unloading nominal strain

rate at a frequency of 1 Hz .rec)lcells bre aydlicallgdeforengd me 1
between 10% and 35%. In loading regime 2 (Tre O T £),@ell¥ are cyclically deformed between

0% and 25%. Loading regime 1 starts a t +=30%, however, force data collection began from

&n= 10% of the first cycle. (C) Example of measured force indicating maximum and minimum

force values.(D) Measure forces from a single cycle are plot against the applied strain to create
force-strain curves.

6.2 Key experimental results

In Figure6.2-A, maximum and minimum forces obtained from experiments
of untreated cells are shown. It should be noted that a positive force indicates that
the cell is resisting compression as the prokpldces downwards during loading

and that negative force indicates that the cell is adhered to and resisting probe
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retraction during unloadingF{gure 6.2-B). The following key observations are

made:

1 A significant decrease in maximum and minimum force is observed at the

onset of cyclic deformation. Forces subsequently stabilise to a steady state.
For the untreated cells, steady state maximum forces of 78.1+19.8chN a
61.6£15.0 nNare observed in regime 1 and regime 2, respectively. Steady
state minimum forces 670.5+24.5 nN and72.0+25.0 nN are observed in
regime 1 and regime 2, respectively. Therefore, negative (pulling) forces are
similar in magnitude to posite (compressive) forces.

The percentage change in steady state maximum force from regime 1 to

regime 2 is 2147.8%. A negligible change in steady state minimum force

IS observedetween regimes

“4—— Regime 1 >« Regime 2 ——p
200 L 1 L [ L 1 1
150 . - ¢
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Figure 6.2: The maximum and minimum force measured from deformation experiments of
untreated cells (average + standard error of the mean, n=7). Schematic of a cell resisting
compression during probe displaces downwards (top) and during probe retraction (bottom).
Raw data obtained by Paul Weafer, figure creation performed by Ph.D. candidate Noel

Reynolds.

In Figure6.3, maximum and minimum forces obtained from experiments of

cytoD treated cells are shown and the following key observations are made:
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1 A significant decrease in maximum and minimum forces is observed at the
onset of cyclic deformation. The maximum and minimum forces
subsequently stabilise to a steady state.

1 For theuntreated cells, steady state maximum forces of 41.3+7.7 nN and
15.7£4.9nN are observed in regime 1 and regime 2, respectively. Steady
state minimum forces 0f11.9+5.1 nN and9.5+5.0 nN are observed in
regime 1 and regime 2, respectively. ThereforgBytreated cells provide
little resistance to probe retraction (pulling) and strong resistance to loading
(pushing).

1 A significantly greater maximum force is observed in regime 1 compared to
regime 2.The percentage change in steady state maximum foooe fr

regime 1 to regime 2 82.016.7%.
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Figure 6.3: The maximum and minimum force measured from deformation experiments of
cytoD treated cells (average * standard error of the mean, n=7).. Raw data obtained by Paul
Weafer, figure creation performed by Ph.D. candidate Noel Reynolds.

By comparing data obtained for untreated cdfigre 6.2-A) to that for cytoD

treated cellsKRigure6.3), the following key observations are highlighted:
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1 Maximum forces are significantly larger for untreated cells compared to
cytoD treated cells at all time points.

1 Untreated cells provide strong resistance to probe retraction (high minimum
forces) whereas cytoD treated cells exert very little pulling force (smal
minimum forces).

1 Between regime 1 and regime 2, maximum steady state force reduces by
only 21.1+7.8% for untreated cells. The percentage reduction for cytoD
treated cells is almost-f8ld higher (62.06.7%) than that for untreated
cells. However, the magude of force associated with these reductions are
similar for both the untreated (16.5 nN) and cytoD treated cells (25.6 nN).

1 After 10 minutes the reduction in force from the maximum value obtained
in the first cycle is similar for cytoD cells (48.0 néhd untreated cells (45.0

nN).

Forcestrain curves measured for loading cycles at four distinct time points
are shown irFigure6.4. The cycles shown are at th@lowing time points: the
initial loading cycle at the start of the experiment; the last loading cycle of regime
1; the first cycle of regime 2 and; the final cycle of regime 2. The following key

observations are made:

1 The initial loading cycle of regimé follows a typical viscoelastiype
loading curve for both the untreated and cytoD treated cells. However, the
force recorded for untreated cells significantly higher throughout the cycle,
in line with observations of maximum and minimum values.

1 For unteated cells the steady state farggadualy increase/decrease

between maximum and minimum valudsing cycling.
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i1 Steady state forestrain curves are extremely similar in both regimes for
untreated cells.

1 During loading, steady state forces for cytoDatesl cells only begin to
increase rapidly after the probe has reached ~15% deformation (i.e. 15%
applied strain in regime 1 and 25% applied strain in regime 2). During
unloading, a rapid decrease in force is observed initially in the first 5% of

deformatia. The rate of force decrease subsequently reduces.

First Cycle Steady State
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Figure 6.4: Mean * standard error of the mean force-deformation cycles for untreated (A and
B) and cytoD (C and D) treated cells. The cycles shown in A and C correspond to the first
cycle of regime 1 (black curve) and regime 2 (grey curve). The cycles shown in B and D
correspond to steady state cycles of regime 1 (black curve) and regime 2 (grey curve). Raw
data obtained by Paul Weafer, data processing and figure creation performed by Ph.D.
candidate Noel Reynolds.

6.3 Discussion

In the current chapter, the experimental findinggvafafer (2012pre used
to construct transient foradeformation loops for both untreated contractile cells

and cells treated with cytoDrI he following key findings are highlighted:
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(i) Measured forces for the untreated cells are dramatically differegptdo
treated cells, indicating that the contractile actin cytoskeleton plays a
critical role in the response of cells to dynamic loading

(i) Following a change in applied strain magnitudénilev maintaining a
constant applied strain rate, the compression force for contractile cells
recovers t078.9+7.8% of the steadstate force. In contrast, cydocell
compression forces recover to only 38.0£6.7% of the steady state force

(i) Untreatedtontractie cells exhibit strongly negative (pulling) forces during
unloading haHcycles when the probe is retracted.cbmtrast negligible

pulling forces are measured for dptoells during probe retraction

For untreated cells the steady state fesirain cuve in regime 1 is
extremdy similar to that of regime 2n terms of (a) the gradual force
increase/decrease as the probe progresses through the loadin@pttfedepatterns
of nortlinearity, and(c) maximum/minimum force measurements. Significantly
increased negative and positive forces are measured for the untreated cells
compared to cytoD cells. This suggests that the forces generated by the actin
cytoskeleton dominate the response of single cells to dynamic loading. In terms of
the minimum force, thetrong negative (pulling) foraesults from active tension
generated by actimyosin crossridge cycling. Astudy byMitrossilis et al. (2009)
demonstrates that isolated myoblasts obey a-typk tensiorstrain rate
relationship(Hill, 1938) underquaststaticconditions: higher shortening velocities
and lower levels of active tension generation occur when the cell is attached to a
flexible cantilever; low shortening velocities and high levels of active tension
generation occur when the cell is attached to a stiff cantil&daelitionally, several

studes demonstrate that a Hiljpe contractility law explains several
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experimentally observed cell responses to gsttic monotonic applied loading:
Ronan et al. (2012)emonstrated that more highly contractile cells provide a higher
resistance to static compression due to stretching of-typapfamilies of stress
fibres; Dowling et al. (2012)demonstrated that Hill type behaviour of the actin
cytoskeleton of chondrocytes provides accurate predictions of experimental force
measurements during monotonic shear loading. The high magnitudes of
compression (maximum) force and stretching (minimunydoeported iWeafer

et al. (2015)may, in part, be explained through active Hytbe contractility of

stress fibre famiés in the cell cytoplasm.

In terms of the transient behavia@ported inFigure6.4 above,a gradual
increase&nddecrease force is observed during loading andaading halfcycles,
respectively At the end of each hatfycle, the strain rate in the cell instantaneously
shifts froma constanpositivevalue (during loadingdo a constanhegativevalue
(during unloading)If stress fibres in the cell followed alHtype contractility law
they wouldinstantaneouslghange from dow tension state to a high (isometric)
tensionstate (or vice versajpon transition from loading to unloadinthis would
lead to a step increase/decreasdorce at the start of eachdding halfcycle.
However, this isnot observed in the experimentakasured forestrain curves
reportedin the current bapter.Hunter et al. (1998)lescribed a model whereby a
history dependent strain rate is used to phenomenologically explain the transient
behaviour of cardiac tissueA similar formulation for the transient active

contractility of cells will be examineahiChapter 7 of this thesis.

For cytoD treated cells steady state fors&ain curves in regime 1 are
dramatically different to that of regime 2. The high dependence of force on strain

magnitude, coupled with the observed stress relaxation and hysierésise
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strain curvesuggest that cytoD cells may follow a videgperelastic type material
behaviour(Chung and Buist, 2012t was demonstrated in Chapter 4 of this thesis
that a viscehyperelastic formulations required to characterise the mechanical
response of cytoD cells during micropipette aspiration. In the current chapter, the
significant 62% reduction in steady state force observed after the applied maximum
strain is altered by 10% also suggests thaintiechanical behaviour of cytoD cells

is highly nonlinear. Even following the removal of the actin cytoskeleton, the
mechanical behaviour of the remaining material (i.e. the cytoD cell) is complex and
requires a rigorous computational analysis in ordempriavide a meaningful
characterisation. Chapter 7 considers the-lm@ar behaviour of cytoD cells, in
addition to the active behaviour of untreated cells under dynamic loading

conditions.
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7 Sngle cell active force
generation under dynamic
loading 7 Active modelling

Insights

7.1 Introduction

As summarised in Chaptergnovel single celatomic force microscopy
(AFM) experimental investigation uncovers the complex fatcain response of
cells to cyclic loadingWeafer et al., 2015Jsing a bespoke AW system(Weafer
et al., 2012)force generated by single cells during dynamic loading is measured.
Cells in which the actin cytoskeleton is disrupted using cytochalagoytoD) are
also tested. Experimental results reveal that the biomechanical behaviour of
untreatedcontractile cells is fundamentally different to mroontractile cytoD
treated cells. The following key findings are uncovered/gafer et al. (2015nd

summarised in Chapter 6

1 Untreated contractile cells are relatively insensitive to changes in applied

strain magnitude. In contrast, cells treated with an actin cytoskeleton
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inhibitor, cytoD, are shown to be highly sensitiige changes in strain
magnitude.

1 Untreated contractile cells greatly resist the retraction of the AFM probe
during unloading, pulling strongly on the probe. In contrast, cells treated
with an actin cytoskeleton inhibitor provide little resistance to AFMbero
retraction.

1 Untreated contractile cells provide a higher resistance to compression than

cells treated with an actin cytoskeleton inhibitor.

The above findings frofiVeafer et al. (2015as summarised in Chapter 6)
provide new characterisation of the complexity of single cell response to dynamic
loading. However, the biomechanisms underlying such complex behaviour cannot
be fully understood without a detailed mechanistic analysis incorporating the key
features of active stress generation and remodelling of the actin cytoskeleton.
Importantly, the trends outlined above cannot be replicated or explained in terms of

passive hype@lastic or viscoelastic material behaviour.

A simplified approach to modelling the behaviour of the actin cytoskeleton
commonly entails the adoc placement of prstressed beam elements in the cell
cytoplasm(Barreto et al., 2013, McGarry and Prendergast, 2004is approach
neglects intercellular processes governing active cytoskeletal contractility and
remodelling, and doesohallow for the simulation of the muléxial evolution and
stressgeneration of the actin cytoskeleton throughout the cell. In contrast, the active
model of stress fibre (SF) contractility and remodelling proposed by Deshpande et
al. (2007) incorpordes the key features of SF formation, dissociation, and
contractility. The extension of this active SF framework to a fully predictive 3D

finite element (FE) settingRonan et al., 2012allowed for the simulation of
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complex multtaxial patterns of SF morphology and contracti(Bonan et al.,
2014) with complex experimental tests being accurately simulated under quasi
static conditions, e.g. ndmear forcedeformation behaviour of chondrocytes
under direct sheafDowling et al.,, 2012) and the response of spread adhered

endotlelial cells to micropipette aspiratig@hapter 4)

This active 3D framework has not previously been used to simulate single
cell dynamic loading experiments. Here a computational investigation of the
experimental results reportéed Chapter 6 is preserte Simulations reveal that
different families of SFs generate tension during probe pulling and probe pushing,
resulting in elevated forces during both unloading and loadingchelés,
respectivel y. Addi tionall vy, i t rates shown
contractility model is required to replicate the transient behaviour of cells under
dynamic loading. Furthermore, results highlight that passive igperelastic
material models cannot accurately simulate the dynamic behaviour of contractile

cells.

7.2 Materials and Methods

7.2.1 Modelling the bio-chemomechanical behaviour of the actin

cytoskeleton

7.2.1.1 Fibre activation level and tension

As briefly described in Chapter 4, a libemoemechanical model is used to
simulate signal induced SF formation, active SF @mtility, and tension
dependant SF dissociation. Originally proposed by Deshpande (@0ar)and

implemented in a predictive 3D framework by Ronan gR&l12) a description of
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the key features of the model is provided here. Formation and dissociation of SFs

are described using a first order kinetic equation:

~ ~

Q% % 6 Q » % % Q (7.1)
90 P -7 (0] P - %ﬁ — 70 .
where— is the nordimensional activation level of a fibf@ - p) and

"Q and'Q are forward and backward reaction rate constants, respectivisiyhe

decay constanfThe first term in the first order kinetic equation captures fibre
formation via a spatially uniform signal in the cytoplasmy,that is typically
represented as an exponeit (A @ D0 j —) governed by the decay constaat,

and the time since the ntosecent signalp (Figure 7.1-A). The second term
describes SF dissociation when the fibre tension is lower than the isometric tension,
” » (Figure7.1-B). The fibre isometric tension is proportional to the fibre
activation level, such that —, , Where the model parameter, , is the

isometic tension of a fully activated fibre-( p).

Fibre tension,, , is related to the fibre axial strain rate, via a linearised

approximation of the Hill tensiewelocity relationshigDeshpande et al., 2007)

L ?—n R (7.2)

whereQ is the reduction in stress upon increasing the shortening strain rate,
- , by- . As described by equati@n.2) (andFigure7.1-C), during fibre shortening
(negative strain rate) fibre tension decreases linegoty the isometric tension (at

zero strain rate) to zero tension at a strain rate-ef j Q. Fibre tension remains
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at zero for strain rates less than— j Q. Finally, when subjected to positive

(lengthening) strain rates, fibres yield at the isoméénsion,, .

7.2.1.2 Fading Memory of Fibre Strain Rate
The SF model outlined in Sectioh2.1.1 has recently been shown to

accurately predict the response of contractile cells to externally applied shear
deformation(Dowling et al., 2012, Dowling and McGarry, 201®arallelplate
compression(Weafer et al., 2013, Ronan et al., 2Q1@jcropipette aspiration
(Chapter 4)and spreading on 2D elastic substr@®mnan et al., 2014All of these
aforementioned studies investigate the cell response under static conditions or
during single monotonic applied load (such loading is commonly referred to as
Astatic | oadi ng 0)chaptéoonsideosmynamacsyclic loadinge cur r
applied ata frequency of 1 Hz for a duration of two hours. In order to provide
enhanced predictions of acinyosin contractility under dynamic conditions, here

the SF contractiliy model presented in Sectidn2.1.1is modifiedto incorporate
dynamic effects. Based on empirical observations for cardiac n{tkoi¢er et al.,

1998)under dynamic conditions, a history dependant fibre straingraiefined as

0 0Q -ttt - ] (7.3)

where - Tt is the instantaneous fibre strain rate amdand| are material

parameters. To include fading memory effects in the active SF model, the Hill

contractility equation is modified so that now:

~
¥

Q

2n 2 2w (7.4)
; N g s '

|
°
||
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Full details of the numerical technique used to calculate the history
dependant strain raté&, from the actual strain rate , is described in section
7.2.2.2 An example ofQ calculatedrom - is graphically illustrated ifigure7.2-

A. A motivation for he incorporation of this fading memory contractility law will

be presented in Secti@n3.3.2
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Figure 7.1: (A) Graphical representation of the deformation induced exponentially decaying
signal activated at the onset of each loading cycle. Prior to the onset of applied deformation
an equilibrium step is simulated to compute the initial distribution of SFs. (B) lllustration of
signal dependant SF assembly and tension dependant SF dissociation. (C) Graphical
illustration of the linerised approximation of the Hill tension-velocity relationship. (D)
Equations 1-4 are solved in 240 discrete directions at every integration point in the cytoplasm,
providing a fully predictive framework for computation of the 3D SF distribution in the cell.
The total stress tensor is obtained by summation of the active and passive stress tensors. (E)
Uniaxial stress-strain curve for the hyperelastic formulation used to simulate the passive
components of the cell cytoplasm.
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7.2.2 Numerical implementation

7.2.2.1 Fibre remodelling and contractility
In order to predict the distribution of SFs throughout the cell, the fibre

remodelling and contractility equations are solved in 240 discrete directions at
every integration point in the cytoplasm. At each integration point the fibre
activation level in ayp one of these 240 directions depends on the local stress state
and the signal intensity. This provides a fully predictive framework to determine
the inhomogeneous three dimensional SF distribution throughout the cytoplasm.
The representativeolume elemen(RVE) is defined as a sphere containing fibres
that are equally distributed in 3pace figure7.1-D). The strain rate experienced

by each fibre is calculated frothe overall strain rate of the integration point, and

used to determine the fibre tensign,

The contribution of the tension in each fibre is numerically integrated over

the volumew, to determine an overall active stress tensor for the RVE:

a " Ed) . 1 Phd & Q (7.5)

whered & describes the arbitrary orientation of a fibre. The active stress
tensor is then added to the passive stress tensor to obtain thetrestsltensor at

the integration point:
a a a (7.6)

7.2.2.2 Fading memory model

In this section, the numerical implementation of the fading memory

contractility formulation $ outlined. As described by Ronan et @012) the
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original SF model has been previously implemented aseadefined material
subroutine (UMAT) in the commercial FE software Abaqus 6.13 (Simula,

Priovidence, RI, USA).

A perturbation method to determine a numerical approximation of the
material Jacobian is implemented in the UMAT. Described in full by Sun et al.

(2008) the perturbation methods is summarise8ection 3.4.2

In order to introduce the fading memory in a FE setting, the integral must

be solved numerically. The integral is approximated usingr#ipezoidal rule:

Q - Q -5 Q -5 O O - j
(7.7)
-p~h T
m-fr T

where¢ is the number of history points recordéds the current time, andl and
- j are the time and fibre strain rate associated with the history §oegpectively
As illustrated inFigure 7.2-B, the history points are the time intervals, , back
from the current timeg, until a specified history tim& , is reachedd and
0 used in the current numerical scheme are restricted for computational

efficiency, as disgssed later in this section.

Due to the unfeasibility of storing the strain rate for each of the 240 fibre
directions in the RVE at every history point, only the strain rate tensor is stored (6
strain rate components per history point) in UMAT state degengariables
(SDVs). The individual fibre strain rates must be recalculated from the integration
point strain rate at every history point per stress calculation. For further
computational efficiency, the history of strain rates stored into SDVs is lifoyted
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a user defined time)  (Figure7.2-B). Therefore, only strain rates between the
current timep, ando O  are stored for use in the calculatidiie history time
chosen is based on the exponensuch that the oldest contribution (and therefore,

any older contribution) to the numerically integrated fibre strain ra&e,is

negligible Q - ). Furthermore, the strain ratestories are stored
only at user defined time intervafs, . Once an interval is reached, the strain rates
at the oldest history poindb( 0 ) are replaced with the strain rates at the new
interval. Before inclusion into the UMAT, the robusteeof this numerical time
integration is rigorously tested. IRigure 7.2-C, for an| v, it is clearly
demonstrated that an insufficient history tinte ( T& s) results in a fading
memory strain rate that exhibits a step change each time the oldest history point is
dropped (i.eQ - 1), yielding a bad numerical approximation. It is
further illustrated that history times of 0.7 s or greaes sufficient for the
approximation wheh  v. In Figure7.2-D, a range of numerically approximated
fading memory strain rates are shown for different time interatales when

L ando ¢ s. Itis clearly shown that the time interval must be sufficiently small
(o] 18t ws) for the integral to be accurately approximated. Any increase in the
history time or decrease in the time interval has negligiliéeedn the numerical

approximation of fibres fading memory strain rate,
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Figure 7.2: (A) Plot of instantaneous applied fibre strain rate, tg (solid line) with
corresponding time integrated fading memory strain rate, . (dashed line). (B) lllustration of
history time, 4q: yand time interval, «., parameters on a timeline. (C) Parametric study of
history time, 4q: 4(&) Parametric study of time interval, ., ysed. All time parameters are in
seconds. Based on this parametric study, a q: wf{2sand a <. qf 0.05s were used in all
further simulations. =and » values of 1 and 5, respectively, were also used throughout.

166






























































































































































































































