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Abstract

Cells and tissues continuously experience mechanical loading during daily
activity. However, the mechanisms by which cells respond to mechanical stimuli are
poorly understoodThe focus of this thesis is to develop atomic force microscopy
(AFM) techniquedo investigate whole cell mechanics over physiologically relevant
time scales, providing an idepth understanding of the role of the actin cytoskeleton
in osteoblast biomechanics. The work presented in this thesis can be divided into two
categories: instrment development, and experimental cell biomechanics.

In terms of instrument development, the first key contribution of this thesis is
the adaptation of a standard AFM to apply high precision mechanical loading at the
whole cell level. @rrection factordor AFM force and indentation measurements are
developed, for the first time, to account for constraints imposed on AFM cantilever
bending due to the attachment-endolfis a sph
demonstrated that uncorrected femdentationdata may result in a dramatic ~18
fold underestimation of a sampleds el ast]i

Using this modified AFM cantilever, high precision whole cell monotonic
compression is applied to osteoblasts. It is found that the actin cytoskeleton
contributes signitantly (~4060%) to the whole cell compression force.
Additionally it is shown that the actively generated contractility of the actin
cytoskeleton has a pronounced influence on cell and nucleus morphology.

The second key contribution in terms of instrutdgvelopment is the stability
enhancement of a standard AFM system to achieve accurate displacement control
over long time scale§.he methodology developed in this thesis for the reduction of
thermal drift provides a significant #@ld enhancement in -drift stability.
Furthermore, a customised fluid cell setup is developed to eliminate liquid
instabilities during long term cell mechanics experiments.

This enhanced AFM system is used to implement cyclic single cell
deformation, with a constant loadingdaunloading strain rate being applied to the
cell. The range of applied deformation is altered during the experiment without
altering the strain rate. It is demonstrated that steady state cell forces are largely
unaffected by this change in deformatiomge. This phenomenon is not observed
for noncontractile passive cells; measured forces for cells treated witkDcgi@
found to be highly dependent on the applied deformation range.
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Chapter 1

1.1 Background and Motivation

Cells and tisswecontinuously experiencmechanical loading during normal
daily activity. This mechanical loading can involve many different loading
configurations, peak loads and loading rakechanical loading plays a vital role in
manyphysiological behaviourgor examplestrenuous exerasincreases bone mass
(Lanyon (1996, Courteix et al. (1998 whereasdisuse by inactivity reducdsone
mass Zerwekh et al. (2009. However, to date,very little is known about the
underlying bionechanisms involved in the lo&adn d u c ecldanosemsitityd of
bone In fact,the contribution of intracellular components to the mechanical response

of osteoblasts to loading haet been widely investigated

Studies have demonstratttht the response of cells tnechanical loading is
dependent orcell geometry cell phenotype, and cell contractilitdanmey and
McCulloch (2007). As an examplehighly contractile myoblasts exhibit a strong
resistance to compressive deformatiBedters et al. (200)bwhereas less contractile
fibroblasts exhibit a relatively weak resistance to compresflend et al. (201)).
Additionally, rounded chondrocytes l@kit a low resistance to shear induced
substrate detachment in comparison to spread chondro¢jtesd et al. (2003.
Furthermore, it has baeshown that the cytoskeletornn particular the actin
cytoskeletonplays a key role in thbiomechanicabehaviourof cells (Fletcher and
Mullins (2010). The actin cytoskeleton hatssobeen shown toontribute to ellular
processesincluding growth (RocaCusachs et al. (2008 mechanosignalling
transduction(McGarry et al. (2008 and gene expressidiThomas et al. (2002
However, the contribution of the actin cytoskeleton to the mechanical response of
cells to appliedstatic and dynamidoading has notbeen well established, and
consequently theconstitutive behaviour of the actin cytoskeletons not well
understood Enhancedkn o wl edge of speci yocmechamital ul ar
loading is vital for understanding mechanotransduction and is critical for
advancement of the field of tissue engineeridgang et al. (2004 Ingber (2008).

In addition, understandinghow mechanicalloading | e ad s t o speciyc

responsess critical in the development of therapeutic solutions to diseases such as
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osteoporosiswhich is attributed at least in part, to aedudion in mechanical
stimulation Zerwekh et al. (2009Burr (1997).

Numerous experimental techniques have been developed or adapigulyto
mechanical loading to cellsor examfe, the atomic forcenicroscope (AFM) was
initially developed as a high resolution imaging technid@ienig et al. (1989 but
has since emerged as an important technique for ingéstigcell mechanics due to
its unrivalled force resolution and displacement precigMpstaert et al. (2006
Fukuma et al. (2008 In general, AFM is used tmvestigate cell mechanics by
applying highly localised deformatipwvia an AFM cantilever with a sharp fipp
specific regions of the cell membra(fRotsch and Radmacher (2Q00@rabhune et
al. (2012). However,physiologicalmechanical dading is typically applied to the
whole cell via the extracellular matrix (i.e. fluid shear and matrix deformatao)
not at localised points of the membrane tyscally applied byAFM indentation
The in vitro implementation ofwhole cell deformatin provides a more accurate
representation ofell deformation due tphysiological loading. Techniquesich as
microplatesmanipulation(Thoumine et al. (1999, substrate stretchinVang et al.
(2001)) and micropipette aspiratiofHochmuth (200)) have been developed to
apply deformatiorat the whole cell level However these systems are somewhat
crude in terms of accuracy of applied deformation and force measurenment
comparison to the precision offered by AFM systeAdapting the AFM toapply
nortlocalised whole cell deformatiorwould provide physiologically relevant
loadingswith unrivalled precisionin terms of applied displacement and measured
force

1.2 Objectives of this Thesis

The focus of this thesis is to advance the Atéldhnique to investigate whole
cell mechanics over physiologically relevant tiswles. This modified system will
then be usedo gain a more Hdepth understanding of the role of the actin
cytoskeleton in cell biomechaniesmder static and dynamic loadi by performing
novelin vitro whole cell experimentshat take advantage the highforce precision

and displacement resolutioh the AFM.
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The objectives of this thesis are as follows:

1 Modification of a standard\FM to implementhigh precision deformatn-
controlledloading ofsingle cells, where the deformationapplied at the
whole celllevel over physiologically relevant timgcales.

1 Experimental investigation of the role of the actin cytoskeletdhearsingle
cell resppnse tomonotoniccompressie deformatiorapplied at the whole

cell level

1 Experimental investigation of the role of the actin cytoskeletdharsingle
cell response teonstant strain rateyclic deformatiorapplied at the whole

cell levelover physiologically relevant timezales.

1.3 ThesisOverview

Figurel.1 shows a flowchanportrayingthe oerall structure of this thesi$he
work reported in thighesis can béroadly divided into twocategories (i) AFM
instrumentation modifications (ChapteBs& 5), and (ii) novel single celstatic
(Chapter 4) and dynamic (Chaptere&peiments using the modified AFM.
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loading at the whole cell level deformation control

Tipless cantilever Customised
closed fluid cell

@150 pm m
glass sphere .

Modified D AFM Stage
Cantilever Objective

AFM Modifications

\ Active temperature control within AFM hood )

( Chapter 4 Chapter 6
" Monotonic compressive deformation of single Constant strain rate cyclic deformation of single
£ osteoblasts applied at the whole cell level osteoblasts applied at the whole cell level
]
§ 08 — Untreated Regime 1 Regime 2
B 06 — Cyto-D =15 g 5
- 2 o
% Z 04 525 155e _3‘;3"
W s g g3
£ 02 £ [s%=3
Q £ [ 8 *3
= 0.0 g 10
s 3 # ®
S| T T 1 Akl T Tec T
Z-displacement (pm) . Time (T)
\ y, \. y,
FiglLblte Flowchart eshowi sgrubéuoe ohbnthbheddihéedi $ woT
sect(iahmAEFMystem enhanci nigmpnioedneinigd a tsii mmgd et el | e

and (apgpl!l itchetmoan fofedt mggstem to perform these nove

In Chapter 2, firstly a brief descriptionof the structure of the cell is provided
(Section 2.2 An outline of the cellular sponse to mechanical stimub then
presented in Section 2.3Next, a broad overview ofin vitro techniques for
mechanical manipulation of cells is presente@ection 24. Finally, an overview of
the role of mechanical stimulation in bone mechanics is preséntaddition to the
background literature presented in Chapter 2, the reader should note that detailed and
focused discussion dfirectly relevantiterature is providedh each technical chapter
of this thesigChaptes 36).

In Chapter 3, AFM cantilever modificatiors performed tofacilitate the
application of deformation controlled loading at a whole cell level presentedA
large sphere is attached to thiee-end of a tipless AFM cantilever, such that the

bottom of the sphengermits mechanical loading at tivnole celllevel. For the first
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time, an extensive investigation of the effects of sphere attachrteersin AFM
cantilever bending profiles performed Correction factors necessary for the accurate

interpretation of forcendentation data for modified AFM cantileveage proposed.

In Chapter 4, a series ofn vitro experiments are performed which single
osteoblasts are subjectedhigh precisiormonotoniccompressive deformation using
the modified AFMcantilever developeth Chapter 3Experiments g repeatecn
the samecells following treatmentwith the actin cytoskeletowlisrupting agent,
CytochalasirD (cyto-D), to elucidate the role of the actin cyeketon in the
resistance of cells to compressive deformatidaditionally, detailed confocal
microscopy is performed to establish the effect of the actin cytoskeleton on cell and

nucleus morphology.

In Chapter 5, a readily implementable, cosffective method of modifying a
standard AFM fordeformation controlled operation over long timscales is
developedThis involves a novetombination of(i) active temperature control and
(i) a customised closed fluid cetb eliminate thermal drift and liquid related

instabilities in the AFM system.

In Chapter 6, a series ohovelin vitro experiments are performed in which
single osteoblasts are subjectedd&formationcontrolled cyclic loading using the
AFM modificatiors developed itChapter 3and Chapter SExperiments e repeated
on cells treated with the actin cytoskeletasrdpting agent, yto-D, to elucidate the
role of the actin cytoskeleton in thesponsef cells todeformationcontrolled cyclic

loading

In Chapter 7, a discussion of the main findings of this thesis is presented

together with concluding remarks and future consideratioemgrirom the work.
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2.1 Introduction

The importance of mechanotransduction in regulating numerous physiological
processes has become increasingly evigterecent yeardiigber (2003, Ramaekers
and Bosman (200Q4Ingber (2008). Mechanical sthuli have been found to play a
significant role in the cellular pathology of numerous diseases, including
osteoporosis Rurr (1997, Zerwekh et al. (2009, arthritis Cammi (2004), and
cancer KMakale (2007, Prabhune et al. (202 These findings highlight the
importance of research in the field of cell mechanics, and empltlasisecesty of
understanding the complex mechanical behaviour of céds (Vliet et al. (2008
Lim et al. (2009, Discher et al. (2009. Numerousin vitro studies have
demonstrated that cells actively respond to mechastgsauli (Wang et al. (2001
Shieh and Athanasiou (2007Adachi et al. (2008 Balestrini et al. (2010
WatanabeNakayama et al. (20)11 Specifically, the role of the cytoskeleton in
response to mechanical loading has been demonstrated through the use of chemical
agents that disrupt individual cytoskeletal componddjihgra et al. (2008 Ofek et
al. (2009, Dowling et al. (201p or using fluorescent imaging techniqu&¢ang et
al. (2009, Huang et al. (2010 Pravincumar et al. (20)2 However, despite such
extensivein vitro investigation, the biomechanical response of cells to mechanical

loading is still poorly understood.

In this chapter, an overview of the stu@l components of the cell is first
presented in Section 2.2, with a particular emphasis on the actin cytoskeleton.
Leading on from this, the processes by which a cell semsksesponds to forces are
discussedn Section 2.3In Section 2.4 experiment&chniques used to investigate
single cell mechanics are reviewed. In addition, relevant findings obtained using
these techniques are highlighted. Finally, the imporéetts of mechanical stimuli
in bone mechanics areutlined in Section 2.5. The readshould note that, in
addition to the background literature presented in this chapter, a detailed and focused
discussion of directly relevant literature is provided in each technical chapter of this
thesis (Chapters-8). Finally, in the final chapter dhe thesis (Chapter 7) the key

10
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findings of the thesis are discussed in the broad context of cell mechanics and AFM
experimentation, with further discussion of relavliterature being provided.

2.2 Cell Structure

The cell cytoskeleton provides the keyechanical components of the cell,
providing resistance to deformation, active contractility, maintenance of morphology,
intracellular transport, regulation of lakion, spreading and motilitfthe three
components of the cytoskeleton are shown Figure 2.1, namely the actin
cytoskeleton, microtubules, and intermediate filaments. The cytoskeleton has been
the subject of extensive investigation in recent years, given its important role in the
physical properties and biomechanical behaviours of cells. However,c el | 6 s

membrane, nucleus, and cytoplasm also contribute to its mechanic behaviour.

FigBre The cytoskeleton of the cell consists of t
(bl ue) ,bumecr(ogtrue e n) and i ntémmgei actoeur t-Bs @ meonft s C
Schoenenb&rogerar aed Suetterl in, Bi ozentr um, Uni ve

per mi.ssi on
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The nucleus is the largest organelle within a eukaryotic cell. The main role of a
cell 6s nucleus is to regulate gene expr e
stiffnress and plasticity that can play a role in cell mechanics and
mechanotransductio(ilak et al. (200§ Caille et al. (200§ Lammerding (201)).

The cytoplasm is the intracellular material between the cell membrane and the
nucleus. It contains a crowded microgowment of proteins, protein complexes, and
organelles Martini (2004). Due to its mainly liquid composition, the cytoplasm is

often considered to be incompressible. The cell membrane is the outer boundary of

the cell that separates the cytoplasm from the extracellular environment. It is
composed of a thin lipid bilayer, apprmately 5 to 10 nm thick. Besides acting as a

physical barrier, the cell membrane also plays many other important roles. It contains
protein structures that act as receptors for signalling molecules, transport channels

for ions, and connection points betve n a cel | 6s cytoskel eton
environment Alberts et al. (2002 Martini (2009).

The cytoskeleton lies within the cytoplasm and, as mentioned above, consists
of three groups of protein filaments; intermediate filaments, microtubules, and actin
filaments, as showin Figure2.1 andFigure22. Due to the cytoskel
resist, transmit, and generate cellular forcé&detCher and Mullins (202},
interactions between these interconnected cytoskeletal components dynamically
influences cell shape, motility, adhesion and stiffnddsfiad (2009). Intermediate
filaments are composed of tetramer sutsurwhich bundle together to form
filamental structures with an intermediate diameter of 8 to 12 nm relative to the other
cytoskeletal filaments. These filaments are arranged in a network surrounding the
nucleus Figure2.1), providing strength and organisaiito both the cell and nucleus
(Alberts et al. (2002 Lammerding (201). It is believed this filarant group
contributes to the overall mechanical response of the cell during large cell
deformation, when intermediate filaments hmeo fully extended and stretched
(Wang and St a)n®tnameé d o V)i Mcod@BuRD Be stiff, hollow
structures with filament diameter of 24 nallferts et al (2003, Martini (2009).

These filaments are composed of alterrgataelical layers of its monomer protein,
tubulin Wade and Hyman (1997 Microtubules radiateoutwards from the

12
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centrosome (also known as a microtuboiganising centre) which is a ceaitr
organelle near the nucleus. Microtubules serve as the transportation pathway for
molecular motor proteins to shuttle cargo around the Eilbkawa (1998 and to
separate chromosomes during cell divisigmaphase (200). In most adhemt

cells, they play only a minor mechanical role in stabilising the cytoskeleton and
balancing stress fluctuationS¢ amenoVW)i I (2008

(a) Actin Filaments

monomer subunit
FORILLe00663 |-

Filamentous actin (F-actin)

Globular actin (G-actin)

(b) Microtubules

monomer subunits

a-tubulin - @
B-tubulin @

T X & 2 & XX F Frs.,

24 nm

Protofilament

Intermediate Filaments
(c) ®

supercoiled sheet
(8 tetramers)

Monomer Q ’

\/28-12 nm

FigRZe The three filamentous groups fhaame@lke up
mi crotubules, and (c) inBéamaedi(2009f il aments. Adec

Actin filaments act as the primary structural component of the cytoskeleton,
and with the aid of myosin motor molecules, are integral in creating and maintaining
the forces required for cellular movement and amtion Kumar et al. (2005 Sato
et al. (2008, Fletcher and Mullins (20D Actin filaments are doubibkelical

arrangements ¢gctin) composed of polymerised globular actin monomeradii®),
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and arereported to be the most abundant protein in eukaryotic wéhsa diameter

of 5-9 nm (Alberts et al. (200p. It is known that the actin cytoskeleton is essential
for cellular functions such as morgbgy, motility, adhesion and contractility
(Guilak (1999, Fernandez et al. (20p6&Blain (2009, Ofek et al. (200Q Fletcher

and Mullins (2019). In a suspended or resting state, the cytoplasm corgams

actin filaments ¢apped by the protein Capzctin monomers, and myosin Il (in an
inactive state). Consequently any interaction between actin and myosin is prevented.
In response to an activation signal, several intracellular pathways (Cdc42, Rho and
Rac)stimulate actin filament growth and myosin Il activation. This signal stimulates
the release of calcium ions from endoplasmic reticulum into the cell cytosol, which
then results in the activation of gelsolin, which cleaves capped actin filaments into
small fragments. This process of severing and uncapping leads to the formation of
long actin filaments which are then bundled together3@Gilaments) to either
fimbrin or Uactinin Burridge and Wennerberg (2004Fimbrin causes actin
filaments to be tightly bundled and thus prevents any interaction with myosin I,
whereasU-actinin loosely bundles actin filaments together, allowing myosin |l
(active state) to enter and form contractile actin filament bundles rkra®astress
fibres, Figure 2.3. Phosphorylation of myosin Il into an active state is the result of
either a response to the influx of calcium ions (lighainkinasg or due to an
externally applied signal (RFkinase). Active state myosin Il then assembles into
bipolar filaments and interacts with actin filaments that are bundled togetHér by
actinin, resulting in the formation of stress fibrédbgrts et al. (2009. The cross

bridge interaction between the bipolar myosin Il and actin filaments leads to
contractile force generation in a cell, analogous to the shortening of sarcomeres in
muscle cells Burridge and Wennerberg (2004 Contractile forces have been
measured in the range of-89 nN for fibroblasts and 150 nN for myofibroblasts
(Balaban et al. (20Q1Goffin et al. (200%).
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Actin filament

contraction

Fopuk® Stress fibres are the contractile force ge

actin filamerdastimyosin |1 and

The shortening of many stress fibres in a cell can lead toote@asipoints of
contact outside the cell, e.g. esiatrix adhesions and/or celll junctions,Figure
2.4. This membrane tension gives rise to ateresion, or prestress, within the cell.
Tension at celtell junctions acts predominately at adherens junctions, which
connects the actin filament$ adjacent cells through cadherin protdiatberts et al.
(2002). Tension at celmatrix junctions acts predominately at focal adhesions,
which are protein complexes that have both a structural and mesiggradling role
(Shemesh et al. (20PD5 Focal adhesions proteins, like vinculin, talin and focal
adhesion kinase, connectaktin to transmembrane receptors known as integrins,
which subsequently connect to ligands in the extracellular ma@eigér and
Bershadsky (200l The reorganisation of antfilaments into stress fibresauses
more focal adhesions, thus enhancing the extracellular matrix binding in a positive
feedback system F€réol et al. (2009 Mofrad (2009). The interconnected
relationship of the actin cytoskeleton, cell shape and the number of focal adhesion
complexes formed may perhaps explain why a highly spread cell is stiffehthan
when rounded Gaille et al. (200R Bacabac et al. (2008 Contractile forces are
believed to be necessary for this cell spregdirocess, as it has been shown that cell
area decreases in the absence of contractile foiéaisatsuki et al. (2003
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Image renoved due to copyright restrictions

Fi g24 e Schemati ecesdhHowiumgc tcdeolnls (adnerenx jadmetsi oms)
adhesions) and their interconnected relGitriaondshi p
et al). (2007

Mechanical loading can either be directly applied to the cell or transmitted to
the cell via the extracellular matrix or adjacent cells. These forces can be sensed by
the same mechanosamy structures that detect internal forces, that is, focal
adhesions and/or adherens junctioBhdnesh et al. (200%, but they can also be
sensed by structures like the stereocilia, primary cilium, and stretch ion channels
(Alberts et al. (2008, as highlighted irFigure 2.5. Stereocilia and primary cilia are
protrusions of the cell membrane that deflect much like cantilever beams when
subjected to fluid flow. Stretch ion channels are protein caxeplen the cell
membrane that open their central pores in response to externally applied strains
(Sachs (201). It is believed that forces applied to the cell membranesl&adn
increase in membrane tension which in turn opens the stretch ion channels, thus
increasing the transfer of extracellular ions and activating signalling pathways that
affect cell inction and gene expressiofingber (2008, Janmey and McCulloch
(2007).
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Image removed due to copyrigiastrictions
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2.3 Cellular Response to Mechanical Stimulation

It is well established that cells respond to mechanical loafdrg et al
(20069). Changes at the cedhvironment interface, due to a variety of chemical and
mechanical signals present in the extracellular environment, are sensed by cells and
converted into biochemical responses in a process known as mechanotransduction
(Ingber (2009). Although the response of cells to mechangtahulation may differ
betweencell phenotypescommon signalling mechanisms have been identified.
Specifically, integins interacting with the extratlalar matrix mediate increases in
intracellular C&" levels and activate cascades of mitogetivated protein kinases,
ultimately resulting in the phosphorylation of two members of a subclass of this
family, namely extracellular signatégulated kinaseERK) 1 and 2. This occurs
irrespective of the mechanosensitive cell phenotype involvgbal( and Zaidi
(2005). Phosphorylated ERK 1tRen causes the activation of the activator pretein
family of transcription factors, the major components of which are the Fosami ¢
protein families. APL binds to the promoter of various mechanosensitive genes
(Liedert et al. (2009, ultimately leading to a cellulaiesponse. Although much is

known about the signalling cascadetated to mechanotransducti(Burridge and
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Wennerberg (2004, less is understood about the underlying mechanisms by which

cells feel and response to mechanical stimulation.

Cells in tissues @here to and interact with thextracellular environment via
specialised celtell and ceHlextracellular matrix contacts Alberts et al. (2008.
Cells sense theienvironment through ion charleeand other mechanosensors
present on the celmembrane(Shemesh et al. (20p5Ingber (200%). Some
transmembrane recepsdiorm clusters and associate intr@lularly with groups of
proteins which link them to the cytoskeleton. For example, focal adhesions are
specialised areas of the cell membrane Iwvea in cel-extracellular matrix adhesion.
Structurally, these complexes link a cell to the underlying matrix throtgh
association of transmembrane integrin receptors with specific extracellular matrix
ligands Geiger and Bershadsky (2001Shemesh et al. (20D5 For celicell
adhesion, adherens junctions are involved in coupling adjacent cells throfigh Ca
dependant linkage of transmembrane cadherin molecules. The cytoplasmic domain
of cadherins associates with catenins, which link the complex to the actin
cytoskeleton Girard et al. (200)j. Therefore, in anchoragalependent cells
mechanical stimuli may be sensed at sites ofamlland ceHextracellular matrix
adhesion due to the physical deformation of the membrane sufiatieermoreas
the cytoskeleton is connected to these -cell and ceHlextracellular matrix
junctions, mechanical stimuli are therefore transferred through the cell via these

structural component8(rrridge and Chrzanowsk&/odnicka (199%).

Studies have highlighted the effects mechanical stimulisuch as tension,
compression and shear stress at the singleesad| (Lehenkari et b (2000, Huang
et al. (2004, Barron et al. (2007 Janmey and McCulloch (20p7Shieh and
Athanasiou (2007 Dowling et al. (201}p. Stress applied to a cedill deform the
cell according to the mechanical properties of its internal architecture. This
mechanical response is known as the passive mechanical behaviour of the cell and it
is widely assumed that this response falls in the class of viscoelastic bodies
(Thoumine and Ott (199/Alcaraz et al. (2003 Peeters et al. (200hDarling et al.
(2009). However, in contrast to inert atter, cells may also exhibit an active

response to nohanical stimulationThus, cells may develop internal stresses from
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different motor proteins associated to the cytoskelesach as actmyosin cross
bridging In addition, cells may reorganise their internal structure and modify their
stiffnessdramatically without the existence of any external force, as occurs during
cell migration and cell divisioiiSmall et al. (198), Fletcher and Mullins (20D
Studieshave shown that it is possible to distinguish the active and pgssivesses

on a timescale basisThoumine and Ott (199/Fernandez et al. (B8), Watanabe
Nakayama et al. (20))L A study byThoumine and Ott (199 demonstrated that the
immediate mechanical response following an applied whole cell deformation (in the
first minutes) comes from the passive viscoelastic respavisereas the response
several tens of minutes after applying an external force falls in a contractile regime,

in which actindependent traction forces were develojesponse to uniaxial load.

Although it is unclear how cells modify their internal sture to exhibit such
different mechanical properties, evidence suggests that the cytoskeleton, in particular
the actin cytoskeleton, of the cell is mainly responsible for this complex mechanical
behaviour(Rotsch and Radmacher (200Charras and Horton (20pXumar et al.
(2006). The whole cytoskeleton is embedded in the viscous cytoplasm and it is
mechanically coupled to the cell nucleus, as well as attached to the cell membrane at
specialisedsites. However, it is still not clear how the cytoskeletahigats, their
associated proteins and other cell structures are organised and coupled to respond to
a mechanical stimulus. Despite the complexity of cell mechanical behaviour, some
mechanical aspects have been identified, such as the existence of agréiséres
stress bearing elements, suctstsss fibresf the actin cytoskeletgmwithin the cell
carry a preexisting tension that is developed prior to the application of an external
load. A major implication of this is that because stress bearing eleroktiie cell
are prestressed, forces can be transmitted effectively across the cytoplasm. Fhus, pre
tension provides a structural basis for cell mechanotransduction processes in
response to changes in tegtracellular environment around the céfi addtion to
biochemical mediators, intracellular tension has been proposed as a candidate
mechanical mediatoiof stress fibre reorganisatioKuymar et al. (2005 Sato et al.
(2007). The intracellular tension within a cell is influenday the force of myosin
contraction, the deformability of the actin cytoskeleton, and the constraints on the
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deformability of the cell due to matrix attachment and external force. The interplay
between these factors and the resulting formation of stras filsovides the basis

for a cell s response to mechanical st
strengthens stress fibres along the direction of maximum resistance to myosin
contractility. This not only allows the cell to stiffen itself in atgadar direction to

protect against excess stress and strains, but it also allows the cell to feel the matrix
rigidity and migrate towards the stiffest directioho(et al. (200), Saez et al.

(2007). Furthermore,changes in stress fibre patterns affect cell shape and
orientation Noria et al. (200% Flavahan et al. (20Q05Kumar et al. (200§.

Although much is known about the biochemical signalling pathwalgsed to
mechanotransductiorfBurridge and Wennerberg (2004 and the role of the
cytoskeleton, particularly the actin cytoskeleton, in response thanaal loading,
it is still unclearhow and what cells sensécell behaviour is dependent @tress,
strain strain rate or a combination of such effect&dditionally, it is unclear what
cellular structures are responsible for cell mechanioahaviour. The exact
mechanisms by which a cell senses and actively genefatess remains to be

determined.

2.4 Experimental Techniques to Investigate Cell Mechanics

An extensive range of techniques have been developed to investigate cell
mechanics at botthe tissue and single cell level. Experiments in which a mechanical
stimulus is appliedat the tissue levglHillam and Skerry (1995 Lanyon (1998,

Hsieh and Turner (200 or on celipopulated construct§Wille et al. (2008,
Nekouzadeh et al. (20p8Balestrini and Billiar (2009 Buxboim et al. (2010

Thorpe et al. (2019 have the ability,n a reproducible and efficient manner, to show

that applied mechanical stress alters cell structure and fundtowever the
heterogeneity among cell responses is largely ignored. Furthermore, the response of a
single cell to mechanical signatannot bedecoupled easily from the response of the
entire populationFurthermore, the contribution of the extracellular matrix cannot be
trivially decoupled from the active cell response to mechanical loatingder to

measure the response of cells to meclamtmuli, experiments must be performed
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at the single cell level. The single cell approach allows for the observation of
resulting changes in cellular behaviour after the application of specific mechanical
stimuli. This may include examining mechanicabgerties, cellular signalling, and

intracellular structural changes such as remodelling of the cytoskeleton.

Locaised deformation is applied to cells to investigate the biomechanical
response to location specific loading and/or to measure ¢gicbanicalproperties of
specific structures or parts of alic(AFM, cell poking,optical tweezers In the
body, mechanicalloading istypically applied tothe whole cell via the extracellular
matrix (i.e. fluid shear and matrix deformation). The cellular resptmséole cell
deformationon single cellsis therefore a more accurate method noimicking
physiologically relevantoadingexperienced by cellSeveral experimental systems
have been developed or adapted in order to examine the effect of whole cell
defamation on cell behaviouin this section, these techniques are reviewed and the
most relevant findings obtained using each technique discussed.

2.4.1 Micropipette Aspiration

This technique uses a suction pressure to partially or wholly pull a single cell
into a micropipette. The cell elongation into the pipette as a result of suction pressure
IS measured using video analysis from which the whole cell mechanical properties
canbe evaluated. In general, this technique is used for cells in solution, although it

can also be used on cells adhered to a substrate.

This technique has been used to investigate the mechanical properties of the
cell and the contribution of the cytoskelettm these properties. A study Bjou et
al. (2009 found a decrease in cell stiffness for fibroblasts following disruption of the
actin gitoskeleton using cyt®, indicating that the actin cytoskelet@snan important
load bearing structure of the cell. This finding is consistent with the recent work of
Reynolds et al. (2032n which the role of the stress fibre contractility and nucleus
geometry in response to micropipette aspiration has been investigated. Furthermore,
a study byTrickey et al. (2006 found that disruption of the actin filaments

significantly increased the deformatyilof chondrocytes, whereas the disruption of
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microtubule and intermediate filaments did not significantly affect the cells

deformability.

A recent study byPravincumar et al. (20J2using micropipette aspiration
combined with fluorescence microscopy found that cell deformation involved
distortion, disassembly and subsequent reassembly of the actin cytoskEigtoe (

2.6). Furthermore, it was shown that the cell mechanical properties and actin
remodelling were dependent on the rate of applied pressure. The micropipette
aspiration telbnique has also been used to study nuclear mechanics by gently
extracting the nucleus from the cell and testing it with a pipette. It is suggested that
the nucleus is-& times stiffer than the cell cytoplasm and almost twice as viscous
(Guilak et al. (200)). However, it is difficult to definitively quantify the nucleus
stiffness, since studies have demonstrated that the nucleus stiffness changes

significantly when extracted from the celidille et al. (2009.

Phase contrast

Fluorescence

FigaB.e Sel ected images frormctime tsamisde®csbdwichgn
micropipette aspirathnonAdSpRéecavbrecmmagpeesaht (B¢

Micropipette aspiration ig relatively simple and cost effectitechnique to
use The main disadvantages of this technique are the stress concentration at the
pipette lumen and friction betweehnet micropipette and cell membrane, which can
both affect the accuracy of the forces calculatedtitionally, drift in the pressure

zero settingan aris§Hochmuth (200)).
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2.4.2 Substrate Stretching

The substrate stretching technique involves the application of a global strain to
an elastic membrane or gel and is typically applied using a vacuum or substrate
indenter. This static or cyclic strain can be applied in one direction (uniaxially), in
two directions (biaxially), or equal strain in all direction (equiaxially) to single cells
or a population of cells. Substrate stretching has been used to investigate the
phenomena of straimducedcell morphology and cytoskelet@hangesKrishnan et
al. (2009 Balestrini et al. (2010DiPaolo et al. (201). It has been demonstrated
that both the cell morphology and actin cytoskeletoralign in response to the
applied deformatiomnd this reorientation is in the direction of the minimal substrate
strain Figure2.7) (Kaunas et al. (20Q5Barron et al. (200)j. Furthermore, it has
been demonstrated that cell and actin cytoskeleton reorganisation and realignment
are strain rate dependent, with increased realignment with increased straireeate (
et al. (2019, Hsu et al. (201)). A study by ThromQuinlan et al. (2011 have
investigated the response of cells to combined dynamic stretch and tunable substrate
stiffness. It was found that inhibition of spreading due to a lack of matrix stiffness
surround the cell may be overcome by externally applying a stretching losd. Th
suggests that similar mechanotransduction mechanisms are used by cells to sense
stretch and stiffness.

Fi g% e Phase contrast images of endot hel3i anlr odl | s
10% pure wuniaxi al stretching, the cells reorient
stretching direcdd9®ndevparseetshenCedHangaegai n reorie
stretching direction.d®Sphé¢Wabgpomtr ppresea®81100 Or
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