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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




Chapter 1

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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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
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Globular actin (G-actin)

(b) Microtubules
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a-tubulin - @
B-tubulin @

T X & 2 & XX F Frs.,

24 nm

Protofilament
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(c) ®
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(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
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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 EFigure 2.7) (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 &hlr odl | s
10% pure wuniaxi al stretching, the cells reorient
stretching direcdd9®ndevprseetshenCedHasngaegain reorie
stretching direction.d®Sphé¢Wabgpomtr ppresea®81100 Or
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The substrate stretching technique ha® deen used to investigate the
biochemical response of cells to static and dynamic loadirgjudy byWang et al.
(2004 demonstrated that tendon fibroblastsragulate the expressiaf U-smooth
muscle actin wheactin cytoskeletomeorientation occurs during cyclic stretching. A
similar finding has been reported ®'Cearbhaill et al. (20Q8following the
realignment ofthe actin cytoskeleton iMSCs, with an upregulation of calponin
also being reportedimilarly, Kurpinski et al. (200phave demonstrated that MSCs,
which were forced to align parallel to the strain direction, induced areguation
of calponin. However, this was not induced in cells forced to align perpendicular to
the strain direction. This suggests that the effectaafhanotransduction depend on

the orientation of the cells with respect to the applied loading.

As presented above, the substrate stretching technique is an important
technique for investigating the morphological, cytoskeletal, and biochemical
response focells to dynamic loading. However, the biomechanical response of
individual cells is not easily measured using this technique in its standard form. A
recent study byann et & (2012 have advanced the substrate stretching technique
by investigating the contractile response of smooth muscle cells to stretch using an
elastomeric substrate miefabricated with microposts. In response to an equi
biaxial static stretch, the K first increased their contractility (~20 min), before
gradually softening. Furthermore, combining substrate stretching with AFM and
confocal microscopyNa et al. (2008have demonstrated that cyclic stretching (10%
at 0.25 Hz) rapily altered the cell stiffness and focal adhesion associated paxillin
and vinculin. This suggests that remodelling of focal adhesions plays a critical role in

regulating cell stiffness by recruiting and anchoring actin filaments.

The main advantages of thiechnique are its relative ease of use and low cost,
the wide variety of different strain profiles possible, control over the stiffness of the
substrate that the cells are seeded uponl the ability to observihe cell during
testing. The disadvantaged this technique include the namiformity of the
applied strain at the grip regions, and the inherent heterogeneity of the elastin

substrates used in this technique.
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2.4.3 Microplates

The microplates technique is used to measure mechanical responses¢ationdi
unidirectional whole cell compression, tension and shear. Several different versions
of this technique have been develop&dqumine and Ott (1997Shin and
Athanasiou (1999 Miyazaki et al. (200)) Peeters et al. (20p3Nagayama et al.
(2007)). Thoumine and Ott (199 developed a microplate manipulation system in
which the cell to be tested was placed between two parallel plates, one stiff and other

flexible (
Figure 2.8 (a)). Similarly, Shin and Athanasiou (19P@eveloped a system,

referred to a acytoindenter, in which the cell to be tested was grown on a rigid
substrate and indented with a tungsten prétmvever, achtechnique follows the

same basic methodology. Cell indentation is performed using a probe that is larger
than the size of the cell. A piezoelectric actuator drives the probe a set displacement
and cantilever beam theory is generally used to determirepiiieed force based on

the deflection of the beam. The deformation imparted on the cell may be either force

controlled or strain controlled.

Using this technique, a study Wyaille et al. (200 showedthat spread
endothelial cells are much stiffer than rounded endothelial cells. Furthermore, it was
reported that the endothelial nuclei are <tdld stiffer than the cytoplasm. By
globally compressig myoblasts until rupture, the mechanical and failure properties
of myoblasts were demonstrated Beeters et al. (200palt was found that
compression beyond ~72% resulted in cell membrane bulging and subsequent
bursting. The reaction force measured at 60% whole cell compression O&as/23
for thesehighly contractile myoblastshis is in comparison to lower forcespated
for less contractile cells (at the same level of whole cell compres&0a)nN for
endothelial cellg¢Caille et al. (200p and 3® nN for fibroblastfDeng et al. (201)).

This trend suggests that highly contractile cells provide a greater resistance to
appliedwhole cellcompressionThis technique has also been used to investigate the
role d the cytoskeleton to global compressive deformation using selective

cytoskeletal inhibitorsOfek et al. (200pfound that the actin cytoskeleton plays a
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significant role (~50%) in the compressive stiffness of cell, whereas microtubules
and intermediate filaments had little effect on this parameter.

Image remoed due to copyright restrictions

Fi gu2Be ( a) The microplate manipulation system an
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The specific contribution of passive viscoelasticity and active cellactidn has

has been distinguished in cells using the aforementioned techifiigmengiine and

Ott (1997, Micoulet et al. (200p Peeters et al. (200hb-ernandez and Ott (2008
By performing dynamic compression and stretch experiments (

Figure 2.8 (b)), Thoumine and Ott (1997ound that fibroblasts have anitial
elastic response (second®llowed by a viscous behaviour (minutes), and finally a
contractile regime in which actidependent traction forces were developed (tens of
minutes). Itis also suggested that the tirseale and the rate of applied load are
critical determinants of the resaiht mechanical measurements, as also suggested by
the findings ofPeeters et al.2005h) on myoblast cells. The cellular response to
cyclic loading has also been investigated using this technigemmandez et al.
(2009 have shown thaapplying snall amplitude oscillations on a mechanically

prestressed fibroblast resulted in a transition from viscoelastic behaviour to a stress
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stiffening behaviour. A study bylicoulet & al. (2005 demonstrated that repeated
stepstretching resulted in the recruitment of emhtractile elements upon
mechanical stimulation, and the actin cytoskeleton becomes increasingirtdkeds

in response to mechanical stretélurthermoreMitrossilis et al. (2009 found that

the response of myoblasts to stiffness exhibited a miikeléehaviour Figure2.9.
Isolated myoblast were seeded between a rigid plate dlekible probe. The
stiffness k) of the flexible probe varied between experimehtsvas demonstrated

that the tensiowelocity rehtionship of the cells obey a Hill-type relationship,
similar to that observed for skeletal musdhali((1938)). The biochemical response

of cells to whole cell static and cyclic stimulation has also been demonstrated with
the mcroplates.Shieh and Athanasiou (200Teport that static compression of
chondrocytes results in a decrease in gene expression (aggrecan and collagen),
however interestingly, an wggulation of gene expressios bbserved during
dynamic compression of the same cell type.

Image removed due to copyright restrictions
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function of the | oad were found to fit the Hill
fromtrossili)s et al. (2009

The advantge of the microplate technique is that it allows a wide range of
different mechanical stimulation profiles to be tested. However, as force
measurements are generally calculated by video analysis of probe deflection the
accuracy is limited to a maximum prgion of 110 nN and measurements are
susceptible to human error during deflection interpretafiolalitionally, the nominal
strain imparted on the cell cannot be accurately controlled due to significant
deflections of the flexible probe during compression

2.4.4 Atomic Force Microscopy

Developed originally byinnig et al. (1985 AFM is a high resolution form of
scanniy probe microscopy. AFM was originally developedl be a qualitative
imaging tool,in which information about thes a mpl e i s gathher ed b
surface with a mechanical probélowever, AFM is now also an established
technique in the field of cell mechanics for measuring localised cell mechaittics w
unrivalled force and displacement precisi@olton et al. (199) Lim et al. (2009,
Simon and Durrieu (200B As will be presented in Chapter 3, this system also has

the potential to be an important technique for measuring whole cell mechanics.

The prnciple components of the AFM af the flexible cantilever at the end
of which asharp tip is typically mounted (mechanical probe)), ffie cantilever
deflection detection system, usually consisting of a laser diode and @omposi
sensitive @tector(PD), and (iii) the sumanometre precision positioning of the
cantilever (zaxis) and sample stage-yxaxis) using piezoelectric actuatighigure
2.10). As illustratel in Figure 2.10, a laser beam is reflected off the back of the
cantilever onto a four wpdrant PSD permitting the measurement of both normal
(vertical) bendingand torsion of the cantilevevith accuracy on the order of 0.1 nm
(Lim et al. (2008, Mostaert et al. (2005. Forces of between T@and 10" N can be
measured using AV (Colton et al. (199)f Simon and Durrieu (200% During AFM
operation, the position of the cantilevisr controlled by a piezoelectric actuator

which moves relative to the sample in three dimensions.
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Since the AFM was adapted for use in ligeivironments, it has become a
valuable tool for studying biological material&l¢ssandrini and Facci (20)5 Its
most common use in the field of cell hhanics has beeto measure and compare
the characteristic differences in both the elastic and viscous properties of various cell
types Radmacher et al. (198&Rotsch et al. (1997Hofmann et al. (1997 Lulevich
et al. (2008, Jaasma et al. (20D Darling et al. (2008 Deng et al. (2019 Prabhune
et al. (201). As the techniqueis typically used to apply highly localised
deformation to the cell membranie has also pneed useful in confirming thatells
are highly heterogeneous, wittlifferences in the observed stiffness of the nucleus
and cytoplasmSato et al. (2000 Yamane et al. (20Q0Pand due to the underlying
cytoskeleton NicGarry et al. (2008. Furthermore, AFM has been used to
investigate the difference in mechanical properties between normal and diseases cells
(Cross et al. (2008Li et al. (2008). A study byPrabhune et al. (2012ound that
malignant thyroid cells were ~Bold softer than primary normal thyroid cells.
Additionally, the observed actin cytoskeleton was also found to be different between
the healthy and diseased cells. The change in mechanical properties of cells has also
been investigated during the cell B/cA study byKelly et al. (201} reports that
both the elasticity and morphology of bone cells changes during the cell cycle. Cells

in S phase were found to have a modulus 1.7 times that of G1 cells, this correlated
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with an increase in actin conceattion during the cell cycle. It was also found that
both the cytoplasm and overall cell height increased between G1 and S phase.

To elucidate how the mechanigabperties of a celire related to the structure
and functionof the underlying cytoskeletoa number of studies have employed
chemical treatments or genetic mutations that target particular cytoskeletal
componentyHofmann et al. (1997 Goldmann et al. (1998Charras and Horton
(2002, RocaCusachs et al. (20p8WatanabeNakayama et al. (20))1 A study by
Rotsch and Radmacher (2Q0hvestigated the effect®f disrupting different
cytoskeleton components the stiffness of fibroblastlt was foundhat theaddition
of actintargeted drugs made thellceofter whereas microtubukargeted drugs
produced no mechanical changes. Additionagldmann et al. (1998eported that
the elastic modulus of vinculideficient cells was lower than that of control cells,
but when vinculin expression was reinsthteells recovered an elastic modulus close
to that of the control cells. This result shows that vinculin, known to connect
integrins to the actin filaments, stabilises the focal adhesion structure as well as
transferring mechanical stresses to the cytestie network. An AFM study by
Wakatsuki et al. (200Found that inhibiting myosin activation reduced the stiffness
of spreading fibrofalsts. It is proposed that this was due to a decrease in the
crosslinking of actin filaments and myosin. It was also found that this decrease in
stiffness resulted in an increased cell deformability and an increased rate of cell
spreading. AFM indentationals also been used to investigate the mechanical
properties of stem cells during differentiatidnitushkin and Cho (20Q7ound that
osteadifferentiaton of human mesenchymal stem cells (hnMSC) caused a decrease in
cell elasticity and an increase in membragtskeleton interaction. These
modulations were related to remodelling of the actin cytoskeleton from thick stress

fibres in stem cells into the timer filamentous networks in osteoblasts.

Further enhancing the importance of AFM as a technique for cell mechanics,
AFM can be combined with fluorescent microscopy to simultaneously apply
localised strain and visualise the cells respofisache and Meininger (20p3Haupt
et al. (2008, Pelling et al. (200)J. Using this combined technique, studies have

monitored the redime intracelllar nitric oxide and calcium ion response to applied
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loading, thus allowing the correlation of localised mechanical deformation and
biochemical signal transductioMcGarry et al. (200Bobserved a location specific
response to applied indentation. It was founat ihdentation on rigid locations of

the osteoblast membrane correlated with activation of nitric oxide, suggesting that
the cytoskeleton is involvement in nitric oxide transduction. A similar study was
performed byCharras and Horton (20P® stimulate intracellular calcium responses

in osteoblasts. Two cell response pathways were found; during AFM probe contact
with the cell (dependent on activation of stresaivated ion channels) and
following stress relaxation (required an intact mtabule cytoskeleton).
Furthermore, it was found that the cell response was dependent on the indentation
strain magnitude. More recentlgato et al. (20Q7found that the calcium response
was deformation velocitgependent and the cells responded with a higher sensitivity
to a higher velocit. Using the aforementioned technigMéatanabeNakayama et al.
(2011 applied stegstretching to localised regions of fibroblasts. When the
cytoskeleton was disrupted using cy@oor blebbistatin (an inhibitor of myasill
ATPase activity) a passive viscoelastic type relaxation of the cell force over time
was observed. For untreated cellsth an intact contractile actin cytoskeleton, a
passive force relaxation was not observed; rather, a gradual inaneassasured
force was reported, which correlated with an increaseastif in the cell Similar
findings were also reported in the microplate studiedippulet et al. (200pand
Thoumine and Ott (1997

AFM force spectroscopy measurements are typically performed using a sharp
tip or small colloid to measure the response of cells to localisedntkgion Bao
and Suresh (2003Titushkin and Cho (20Q7Darling et al. (2008, RocaCusachs et
al. (2008, Prabhune et al. (20)2 However, this technique can bgtended to the
study of whole cell mechanics by taking forcaprarrays over the entire cell surface
(Radmacher et al. (1996Hofmann et al. (1997 Rotsch and Radmacher (2000
Kelly et al. (201})). Although measuring data over large areas with sufficient
resolution generally requires acquisition times comparable to those associated with
remodelling of the cytoskeleton. Alsindividual curves within a force map depend

greatly upon the local environment and its position relative to the underlying
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cytoskeletal components, often resulting in measurements spanning an order of
magntude within a single force mapn an effort toovercome these problema
number of studies hawdtached a sphefiess than @6 um) to the end of the AFM
cantilever (Lehenkari et al. (20Q0 Lulevich et al. (2008 Jaasma et al. (206
Zimmer et al. (201p. While providing an improvement on AFM tip measurements,
the contact radius between these spheres and the cell will typically be smaller than
the cell diameter, hence measurements still suffer the drawback of significant
localisation. In Chapter ,3a significantly largersphere of diameter 150 pm is
attached to an AFM cantilever in order to perform whole cell compression of
osteoblastsThe contact radius between such a large sphere and a cell is of the same
order as the cell radius. Hence, compression of a cell with such a large sphere

provides a reasonable approximation of parallel plate cell compression.

2.5 Mechanical Stimulation in Bone

Mechanical stimulations considered essential for bone homeostasis, growth,
healing and remodellingF(ost (200%). Age-related bone loss andubsequent
osteoporosis have beeattributed, atleast in part,to a reduction in muscle
mass/function and the resultant decrease in mechanical usage of the skeleton
(Zerwekh et al. (2009Burr (1997). On the other hand, mechanicakerloading has
been shown to enhance bone formation and cause an overall gain in cancellous bone
mass, the major structural component of skeletal-bxsting sitegLanyon (1998,
Courteix et al. (1998. In the body bone cells are exposed to a dense matrix
composed primarily of minerabsl type | collagen. As osteoblasts deposit this
matrix, they become trapped and differentiate iosteocytesOsteocytedive in
pockets of urmineralid matrix known aslacunae and connect with adjacent
osteocytes and bo#dming cells through small ptousions known as canaliculi,

forming an interconnected network of cells throughout theeb

The response of bone cells to mechanical loading occurs over a range of time
scales; from seconds to day@h@rras and Horton (20pZGabbay et al. (20Q6Sato
et al. (2007, Rath et al. (2008. Mechanosensitive responses include changes in

gene expression, proteins, enzymes, and signalling molecules associated with
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osteoblasts and osteocyte function. Mechanical sttmoulaof bone is transmitted
through the extracellular matrix to resident osteocytes, osteoblasts, and osteoclast;
however it is still unclear what form of mechanical loading bone cells are subjected
to during physiological loadindt is generally acceptetb be a strairas a result of
deformation of the extracellular matrio@ncan and Turner (19950wan et al.
(1997) and straiAnduced fluid flow through the lacunaanalicular network
(Burger and KleinNulend (1999, Hillsley and Frangos (200% Furthermore, it
remains to be elucidated what bone cell type are the main regulator of bone
mechanotransduction. édhanically stimulated steocytesare known toexpress
multiple paracrine factors that stimulate osteoblast funcéiod bone formation
including nitric oxide prostaglandin E2 (PGEZ2), and insdike growth factor.
Osteoclast activity is decreased in mechanically stimulatece librough both
positive and negative factors released by osteocytes, though little is known about
these factorsRaisz (1999).

In vivo studies have demonstrated the effects of compressive forces on bone,
which include increasenhineralisation and fracture stiffness during fracture healing
(Egger et al. (1993Rubin et al. (200p Gardner et al. (20Q% Furthermore, animal
studies have demonstrated that strain rate is more important than strain amplitude to
induce bone formation in response to loadiNpgley and Lanyon (1998 This is
consistent with pulsatile fluid flow studies of catl vitro (Kaspar et al. (2002
Bacabac et al. (2004Mullender et al. (2009. Furthermore, studies using tissue
constructs have shown that letegm compressive forces induced mineralisation
(Gabbay et al. (200% while cyclic loading enhanced differentiation of osteoblastic
cells Rath et al. (2008. A study byMullender et al. (2004describe the response of
primary osteoblasts to both pulsatile fluid flow and cyclic mechanical strain over 1 hr
timeframes. In the strain experiments, it was found thaagenh type | significantly
increased, however nitric oxide and prostaglandin responses were unchanged.
Interestingly, in the fluid flow experiments, the opposite responses were observed: an
increase in nitric oxide and prostaglandin, and doggulation ofcollagen type 1.

This suggests that bone cells can distinguish modes of loading, perhaps via activation
of different signal transduction pathways.
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Studies in whth osteoblasts have been investigatethe single cell level have
also demonstrated respassto mechanical loading. Localised probing of the cell
membrane was found to result in intracellular calcium ion and nitric oxide signalling
(Charras and Hoon (2003, Sato et al. (2007 Adachi et al. (2008 McGarry et al.
(2008. Interestingly,McGarry et al. (200Breports that nitric oxide signalling was
associated with the application of force to more rigid membrane sites, suggesting
cytoskeletal involvement in mechanotransduction. Furtherntaey et al. (2007

reported that the cellular response was more sensitivigher deformation velocity.

Although such studies highlight the importance of mechanical stimuli in bone
homeostasis and remodelling, the underlying mechanisms in which osteoblasts
respond to mechanical stimuli are still poorly understood. Based ontéha&ture
discussed in this chapter, it is hypothesised that the cytoskeleton, in particular the
actin cytoskeleton, plays an important role in the cellular response to mechanical
stimulation. The studies reported in the thesis aim to parse the contribbtiba
actin cytoskeleton in osteoblasts to mechanical deformation in order to gain further
insight into the biomechanical behaviour of cells to mechanical stiifhil. could
provide unique insight into bone remodelling mechanisms, diseases in whicrehey
affected, as well as bone tissue engineering

2.6 Conclusions

In this chapter, an overview of the structural components of the cell is
presented. A particular emphasis is placed on the actin cytoskeleton since it has been
shown to play a critical role in the behaviour of cells to mechanical stimuli. The
processes bywhich a cell responds to mechanical loading are also discussed.
Furthermore, a review of experimental techniques in which mechanical stimulation is
directly applied at the single cell level is presented. Relevant findings obtained using
these technigues aralso highlighted. Finally, an outline of the important role of
mechanical stimulation in bone biomechanics is presented. It should again be noted
that further detailed and focused discussion of directly relevant literature is provided
in each technicall@apter of this thesis (Chapter$63
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Despite the numerous experimental techniques developed to investigate cell
mechanics, the biomechanical response of cells to mechanical stimuli is still poorly
understood. A technique which is becoming increasing itapbin the field of cell
mechanics is AFM. However, standard AFM systems apply highly localised nano
scale deformation of the cell membrane, hence provide limited insight into
biomechanical behaviour at a whole cell levetlapting the AFM to apply noen
localised whole cell deformation would provide physiologically relevant loadings
with unrivalled precision in terms of applied displacement and measured lorce.
this thesis, the developmental steps to enhance the AFM technique to investigate
whole cell mehanics are presented. This modified system is then be used to gain a
more indepth understanding of the role of the actin cytoskeleton in cell
biomechanics under both static and dynamic loading conditions by performing novel

in vitro whole cell experimesst
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3.1 Introduction

The use of whole cell compression testing to determine mechanical properties
was initially reported byThoumine and Ott (1997in which fibroblasts were
monotonically compressed between two parallel plates to examine cell
viscoelasticity. Parallel plate compression was also use@dile et al. (200R2in
order to characterise the elastic properties of endothelial cells and their isolated
nuclei. Similar studies have been performeddigk et al. (200pon chondrocytes
andPeeters et al. (200®n myoblasts. Typically, cell compression experiments are
performed by seeding cells on stiff substrates. A flexible prtteg is initially
parallel to the substragtes used to impart a compressive deformation on the cell. By
observing the deflectionf the probe using a microscogbe compressive forcis
computed using beam theory. Timaximumaccurag of such force measements is
typically in the range of -1.0 nN. Additionally, the nominal strain imparted on the
cell cannot be accurately contrallelue to significant deflection and bendioigthe

flexible probe during compressiaf the cell

AFM is widely used to inv&tigate the mechanical behaviour of c@efmann
et al. (1997, Rotsch and Radmacher (200Cross et al. (2008RocaCusachs et al.
(2008, Kelly et al. (201}). AFM systems can accurately measimees of the order
of pico-Newton (Lim et al. (2009, Mostaert et al. (2008 Additionally, sub
nanometre displacements can be accurately applied to(Cell®on et al. (199)
Simon and Durrieu (2006 However, previous implementations of AFM based
force spectroscopy fohé mechanical characterisation of cells have used sharp nano
scale probethatapply a highly localised deformation to the cell membrane. Such an
approach suffers from a number of setbacks: applied deformations are restricted to
the upper surface of the Icemeasured forces are highly influenced by cell
inhomogeneityandlarge deformations occur in a highly localisregion of the cell.
These issuemake it difficult to characterise thapplied strairfield and to interpret

measured forces.

Efforts to overcome problems associated with highly localised measurements
using standard AFM systems have involved the measuremdotoef map arrays
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over the entire cell surfacRédmacher et al. (1996 However measuringatia over

large areas with sufficient resolution generally requires acquisition times comparable
to those associated with remodwdl of the cytoskeletonntlividual curves within a

force map depend greatly upon the local environment and its positionegdtatihe
underlying cytoskeletal components, often resulting in measurements spanning an
order of magnitude within a single force mdpo{mann et al. (1997 Rotsch and
Radmacher (200D Additionally, localised nanagcale deformations are highly
influenced by cell structures in the membrane, and immediately below the membrane
layer. Consequently whilst force maps offer greatdetais about intracellular
mechanical heterogeneiyong the cell membrangheinterpretationof such data as
being representative of mechanical propertesthe whole cell scalés highly
guestionableIn an effort to overcome theg®oblems, a number of studies have
attached a sphere (@ -80 um) to the end of the AFM cantilever to increase the
contact area between the cell and probehénkari et al. (2000 Lulevich et al.
(2006, Jaasma et al. (20p&immer et al. (2019. While providing an improvement

on AFM tip measurements, the contact radius between these spheres aridvitie ce
typically be smaller than the cell diameter, hence measurements will still suffer the
drawback of significant localisatiom this chapterasignificantly largersphere ofd

150 pm is attached to an AFM cantilever in order to perform whole @glpression

of osteoblastsThe contact radius between such a large sphere and a cell is of the
same order as the cell radius. Hence, compression of a cell with such a large sphere
provides a reasonable approximation of parallel plate cell compressionveétowe
this modified AFM system offers an advantage over previous parallete pla
compression devices given hggh level of precisionn terms ofcontrol of applied

cell deformation antheasurementfaeaction forces.

In this dapter, the progressiveevelopmental steps to achieve whole cell
loading using a standard AFM system are presented. Firstly, a description of the
AFM system used in this thesis is presented (Section 3.2). In Section 3.3, a
modification of the AFM cantilever to facilitate wholelcdeformation experiments
is proposed. A initial assessment of the design issues is also presenttsin

section. In Section 3.4, an extensive investigation of the effects of sphere attachment
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on AFM data is presented. Examination of the cantilevedipg profile reveals that
the optical lever system assumption of fesgled cantilevering is inappropriate as
the sphere introduces additional constrairitss important effecthas not been
considered in previous studies. In Section 3.4, correctionrfackecessary for the
accurate interpretation of forgedentation data fothe modified AFM cantileverare
determined. Throughowach section athis technical chapter, presented results and
analysesare discusseith reference to previous studies. Adfrsummary of the

key pointsis then providedn Section 3.5.

3.2 Investigating Cell Mechanics using an AFM

Following from the general introduction to the AFM technique presented in
Section 2.4.4, the standard AFM system used in the current study is described
Section 3.2.1. AFM calibration techniques are outlined in Section 3.2.2.

3.2.1 The Integrated AFM/Fluorescence Microscopy System

All work presented irthis thesis igperformed using a MFBD AFM (Asylum
Research, CA, USA) combined with an Eclipsefllioresent microscope and A1R
confocal systemNikon, Japa)y Figure3.1. The system is configured such that the
AFM head is positioned above the stage ofittverted microscopeHgure 3.1 (a)),
thus allowing independent movement of the sample and the AFM cantilever relative
to the objective lens of theionoscope. The major advantage of this system is that it
facilitates concurrent viewing of the sample and AFM cantilever, hence allowing
appropriate positioning of the cantilever relative to the sample during experiments. In
addition, this system allowsaktime measurement of the sample within the field of
view of the objective lens, allowing cellular responses to be monitored and quantified
during AFM indentation experiments. To minimise thermal and acoustic noise, the
system is positioned on a vibrati@olation table (Micro 60, Halcyonics, Germany)
and housed within a large acoustic isolation hood (BIBGHAsylum Research,

USA), Figure3.1 (b). Air conditioning maintained the lab temperature at 21 + 1 °C.
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Prior to experiments, organic contaminants are removed from the cantilever
using UV/Ozone cleaning (UV/Ozone ProcledffeBioForce Nanosciences, lowa,
USA) for a period of 20min. This is followel by cantilever immersion in 70
ethanol for 5min and rinsing (x3) with ultrapure water (MHQ Integral System,
Merck Millipore, Ireland). Additionally, the cantilever holder is cleaned by

sonication in 70% ethanol for 1Bin and rinsed (x3) with ultrapure water.

The cantilever is positioned in the tiéaver holder, which is then attached to
the AFM head. A clean sample holder is placed on the AFM stage, directly above the
lens of the inverted optical microscope. The AFM head is placed in position on the
stage and caris taken not to allow the cantiter tip to contact the sample. Laser
intensity reflected from the cantilever, detected by BfD (position sensitive

detectoy is maximised, wie deflection signals minimised. The height of the AFM
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head is initially lowered so that the tip is positidne few millimetres above the
surface of the sampléAt this point, the cantilever is approached to the surface.
Briefly, cantilever deflection is set at(Qe. the laser spot is centred on the PSD)
while a setpoint of 0.5 V is chosen as the criteriaefagaging the surface. With the
z-feedback loop enabled, the AFM head is manually lowered until the setpoint

condition is met.

3.2.2 Calibration of Cantilever Spring Constant and Deflection Sensitivity

A schematic of an AFM cantilever is shown kigure 3.2. In AFM force
spectroscopy experimentse force applied to the AFM tip (reaction forcé€), is
calculated from the measuredntilever deflectiont). Typica | | vy , a | inear
law relationship is applicable whereby the reaction férde given ad= = k U. The

cantilever stiffnes& must be accurately calibrated to provide precise valuEs of

Hooke’s Law

F=k.o

FigBx®chematic illustrating Hookebds Law. The cant
relate the meldstioweandeMpécteidomofce (

Cantilever deflection 1y is measured using the optical lever technique
proposed byMeyer and Amer (1988wherebya laser beanhits the cantilever at a
cantilever positionX = LS and the reflected laser beam is directedo a PSD
(Figure 3.3). Whenthe cantilever deflectsthe slope of the cantilever at positign
q(x), changes, whereis the axial coordinate along the length of the cantilever. As a
result, the reflected angle of the laser beam changes and its position on the PSD is
consequently altered. The position change of the laser beam on the PSD is
proportional to the change inogle of the cantilever at position g(x). Additionally,

when the deflection of the cantilever is much lower than the length of the cantilever,
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the cantilever deflection at poimt U(x), is proportional to the cantilever slope at
point x, g(x). Thereforethe change in laser beam on the PSD is proportiongkjo
(Butt et al. (200 Evans and Craig (2006

Q Laser

Mirror

PSD

Fi gB3 e Schematic of the optical l efger osyatemne mp le
whexies the axial coordinate al®sgthéel heddgt Bpof
is the | oading point against the surface.

The difference idaser beanintensity between the top and bottom quadrants of
the PSDleads to a change of the PSD output volt: & . This voltage change is

proportional t§¢ « , and therefore:
Q® 1 « (3.1)

Cantilever @flection calibration iperformedby calculating the optical lever
sensitivity (OLS).This is achievedy applying aload that moves the cantilever a
known distance. Typically, this is performed by probing a hard surface until the
cantilever deflects at the loading po{t= LP) by a knavn distance relative to its
fixed end. The deflection change at the loading point is proportional to the deflection
change at the laser spat) ((again with the constant of proportionality being
dependent on the specific choice®™ 0 ™andw 0 J. Herce, he ratio of the

change in voltage signal from the PSD 0 ' vis provided bythe OLS calibration
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(Equation(3.2)), typically the loading point (LP) is at the fread of the cantilever
for a standard AFM setup.

60 ™ —s (32)

As described above, while AFM measurements r@orted in terms of
deflection,based on OLS calibratioit,is in factthe change icantilever slop¢hat is
actually detectedn the PSD Any variation in the optical arrangement, such as
movement of the laser spot positicd JY will result in a different OLSas the ratio
of cantlever deflection to cantilever slope is a function of the axial coordinate
along the cantileverFollowing from the background AFM theory outlined in this
section, adetailed description of the methodology used to calitre€®LS for the

modified canitevers used in thithesisis later providedn Section3.4.1

Cantilever spring constant nominal values (provided by the manufacturer) tend
to differ significantly from the precise value associated with a given cantilever, thus,
calibration of the cantilevers stiffness atso a prerequisite for quantitative AFM
force measurementsNumerous calibration methods have been developed to
determinethe spring constaniof AFM cantilevers The most common methods are
are (i) the thermal methodButt and Jaschke (1995which uses equpartition
theorem to deduce the spring constant from the thermahtioh spectrum of a
cantilever, (ii) he Sader (Dublin) methodSader et al. (199b which uses
geometrical dimensions aralquality factor to calculate the stiffness, and (iijet
added mass methofCleveland et al. (1993 which measures the change in
resonance frequency at different loddsdeduce the cantilever spring constdnt.
Section3.4.2 adetailed description of the methodology used to calibttetespring

constant for the modified cantilevesed inthis study is given.

3.3 Adaption of an AFM Cantilever to Measure Whole Cell

Mechanics

AFM measuremendf whole cell mechanal behaviouy via the application of

an approximatelyuniform deformation field to the cellis not possibleusing a
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standard AFM tipless cantilevefhis isdue to(i) its narrow geometryresulting in
deformation of only a localised section of the cell (Figure 8)% énd (ii)its ande
of inclination (typically 1015°), which results in a nenniform applied deformation
(Figure 3.4 (b)) Modification of an AFM cantileveras proposed in this sectias,

required to overcome these issues in order to achieve ansyst@mparable to a

parallel platecompressiorsetup.

Fi gB84 kemage antraacntsifnrected osteoblast wunder-a NSC1;
down view highlights thevemarrelwatgiewenetoytoé ¢all
view highlights the cantil evles/As)s.tam@ghk £ aorfe itnakeém
confocal mode for -adref ocalll mordde fefrl-etthhec & @ a mtriel e
combined thi 9r®»0atbtussstatbemar i s sof (Batel paeka®geit ze

Scale bar Gmepresents 10

3.3.1 Large Sphere Attachment Design Considerations

In the current study, kole cell deformations achieved by attaching a large
sphereto the cantiéveis freeend, Figure 3.5. By choosing a sphere of sufficiently
large diameter, the bottom surface of the sphere can be approximated as a planar

surface relative to the dimensions of the cell.

A number of considerains and issues must be addressed wiing a
modified cantilever with asphere © the scale required tperform whole cell

deformation:

(i) A cantilever must be chosen thatsufficiently stiffto support an attached
sphere while on the other hand being féiciently compliant to allow for

accurate force measurements for the sample being tested (Section 3.3.1.1).
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(i) A sphere radius must be chosen that is sufficiently large to approximate a
planar surface for whole cell deformation, without becoming oversized

relative to the cantilever leng{Bection 3.3.1.1)

(i) Hydrodynamic force effects must be exami®dction 3.3.1.2)

(iv) A sphere attachment critenn must be develope(®ection 3.3.1.3)

(v) The effects of sphere attachment on cantilever calibration must benexh
(Section 3.4)

The remainder of this Chaptés devoted to addressintyese considerations and

issues

Tipless
cantilever

Mechanical
‘ Stimulus

Sphere acts as top surface
for whole cell loading

- Cell

Fi g% e Schematic of proposed whmt iell aaedirin gnolWy fuseat
|l arge microsphere @&t fteanedh e B yt ac htoloes i cnagn tai lseuMdri ci en
to t e mealsliiotntswak| t he top (approximately) planar

whol e cel |l |l evel .
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3.3.1.1 Cantiever andSphereSelection

Figure 3.6 shows a scanning electron microscopy (SEM) image tbé
cantilever (Lever F, NSC12/Tipless/AIB%, & 0.65 N/m, MikroMasch, Spain)
selectedfor use with an attached large sphere to perform whole cell deformation
Selecting a tipless cantilever allowed sphere positioninghatfreeend of the
cantilever. Thealuminium coating on the backside (the side the laseeatsflon)
enhanceghe signal to noise ratioTable 3.1showsthe cantilever specifications

reported by the manufacturer.

Aluminium coated
on backside

Tipless

Fi gB6:8ENM mage of the NSC12Thtei pclaenstsi | ceaadtre diesy ea It thmi
backside to increase reflection of the | aser. Thg
X from the basléh ecafdaat hhee &g ¢ htew e r .

Tab3le Resforneagnutency, spring ctoaisltsanftorantdhe i NMR@Qls2 oma

Resonant frequency (kHz Spring Constant (N/m) Dimensions (um)
Min  Nominal Max Min Nominal Max Length Width Thicknes:
33 41 49 0.35 0.65 1.2 250+5 35+3 2.0x05
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The sphere selected for attachment to the cantilewver & 150um glass
monodisperse standard (MS0156, Whitehouse Scientific, UK). The sgtkus is
such that it idess than the length of the cantilevbut greater than the size of a
typical osteoblast, so that whole cell deformation is achiededlustrated inFigure
3.7, for a contact radius dfo um between the cell and the sphetee cotact point
elevation differs byD.67 um at the outer limit of the contact area than at the sphere

centre.

Sphere @150 3| = 5| B S 3/
Flat Substrate
25
5

7.5
10

15

Fi gBtRel ationship between elevation off d@®er cont

spher® menB@n ons in
3.3.1.2 Hydrodynamic lérce

A sphere approaching a substréteough a liquid mediummust displace a
certain quantity of liquid The force requiredot displace liquid is known athe
hydrodynamic forceThe hydrodynamic force iproportionalto the velocityof the
sphere the square of thephereradius, and the fluid viscosity. Additionally the
hydrodynamic force is inversely proportional to the diseof the sphere from the
substratesurface (Butt et al. (200p. When the distance between the sphere and
substrate is small in comparisam the radius of the sphere, the hydrodynamic drag

force Fu) is given by the equation;

(pu _'Y TY

= (33)

e

whered is the viscosity of the fluid (Newtonian fluidR is the radius of the sphere,

U is the velocity of approach, ailis the surfacaseparation$hannon et al. (2008
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It is necessary to consider hydrodynamic force effects when perfoRikg
experiments with a large spheareliquid. Figure 3.8 shows the hydrodynamic force
calculated using Equatio(8.3) for a @ 150um sphere mawg towards a @nar
substrate in water at three velocitidsum/s, 10um/s and 100um/s. When the
sphereis 0.5 um from the surface, the hydrodynamic drag force is ~0.2 nN at a
velocity of 1 um/s (blue), ~1.8 nN at 1Qm/s (red) and ~18.1 nN at 1Q0n/s
(green). Theref, the velocity of the cantilever during experiments is restricted to a
maximum of 20 um/s in ordeto minimise any hydrodynamic force contribution
(Fan and~edorov (20038 Attard (2007).
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%
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Fi gB88 e Hydr ody ncaaniccu |l faa dad@Depher e apporlcaancatri nsgur f ac
wa eart tdhfder ent On/esl o chibnies) s ¢ riéod/)s; (1gor0e en) .

3.3.1.3 Sphere Attachment

Figure 3.9 showsa SEM image of the modified cantilever, whereby theye
sphereis attached to the freend of thetipless cantileverSphere attachment is
performed using a glass micropipette onradélway micrepositioner over an optical
microscopeas illustrated irFigure 3.10. The micropipettesra formed by pulling @
1 mm glasgubules (Bilbate, UKpver asmall Bunsen burner flamé&irstly, using
the setup shown irigure 3.10, a small quantity of epoxy (Loctite 3430, Henkel,

Germany)is placed at the freendof the @antilever using a micropipette. The sphere
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is thenpromptly positioned on the epoxy spepoxyinitial setting time of Smin)
using a clean micropipettdt is found thatan electrostatic interaction between the
micropipette and the glass sph&sestrongenoughto move and position the sphere

on the cantilevefThe epoxyis left to fully curefor a minimum of 24 hr.

Attachment at
cantilever free end

@150 pm
glass sphere

Substrate

Fi g8 e SEM i mage of the MmoH50m egl aAsFsM miamrtd d pehveerre i
t hfer-eed of an AFM tipless cantilever. I n this i ma
resulting in a deflection of the cantilever.

X-y-z
micromanipulator

Pulled glass micropipette

Sphere centred
on epoxy spot

Tipless cantilever
(secured to surface)

_ uncured epoxy spot

Microscope stage

Fi g3rr0Schematic illustrating the sphere attachmen:

61



Chapter 3

SEM with a customied sample stages iused to verify sphere attachment,

based on the following criteria:

1 The ghereis positionedsufficiently close to the freend of thecantilever
(distance from aatre of attachent to freeend of cantilever 40 um).

1 The centre of thephereis alignedwith the axis of the cantilever.

1 A minimum quantity of epoxy is used

1 There is noepoxy on thesphere or on theantileverother than at the

attachment point

1 The phere § smooth and free of defects.

FigBIrEExamples of mo d e f efedlleldoawitnig eSEf ais EXTEHES M v
quantity essédephkiggt,ance from centerna ooff atatna dH meret
On:(c) epexyaarksti e of tspeheraenits d efmade hgat)i vtehe( al

observet@hénsc¢al)ld H@n. represents
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3.4 Modified Cantilever Calibration

Quanttative AFM force measurement requsraccurate calibration of the
cantileve. For optical lever systems, this involves calculating (i) the cantilever
stiffness and (iipptical lever sensitivity, OLS. The methods used to determine these
values (liscussedn Section3.2.2 require careful consideration and adaptation when
using a modified cantilever. In this section, the methods used to determine the

cantilever stifiess and OLS for the modified cantilever are outlined and discussed.

3.4.1 Optical Lever Sensitivity

OLS calibration is taken as the ratio of the change in voltage signal from the
photodetector to the distance moved by the cantilever whessgut against a rai
substrate The linear slope of the resulting voltadisplacement curve provides the
OLS in units of V/nm. Friction between the sphere and substrate results in
uncharacteristic voltagdisplacement curvesAs the sphere slides along the
substrate, fricon results in the loading and unloading sections of the curve often
exhibiting a substantial hysteresas previously reported b€hung et al.(2009,

Hoh and Engel (1993 and Stiernstedt et al. (2005Consequently, obtaining an

accurate linear slope of the voltadisplacement curves can prove difficult. In this
study, the mean of the slopes bétloading and unloading dat ¢alculated as the

best estimat of OLS(Figure3.12), as previously reported §hunget al. (2009.

- Mean OLS (V/nm)

Photodiode voltage (V)
o
IS
1

08 06 04 02 0 -02 -04 -06
Z-displacement (um)

FigB8I2 Representative example of thwhemphptrodiinde

cl ean gl asswistlh dtehaet hsapclhegtdél Idever . The sl ope of 't he

is estimated from both the | oading (red) and unl

calculated as a best estimate of the OLS.
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It is important to note thaéven thaigh optical lever measurements are usually
reported as a deflection, it is the change in slope of the cantilever that is actually
detected. When the cantilever deflects, the slope changes and this causes the laser to

move across the detector.

3.4.2 Spring Constant

Due to the scale of thattachedmicrosphere, standard AFM calibration
methods could not be utilised to calculate the spring constant of the AFM cantilever.
In the current study accurate calculation bé tcantilever spring constarg not
achievale using the thermal methoBytt and Jaschke (199%or the Sader method
(Sader et al. (199bdue to the additional mass of the attached sphestead, the
spring constantsi determined after sphere attachmaetording to the added mass
method proposed bleveland et al. (1993 The added mass method calculates a
cantilevets spring constant by measuring the change in resonance frequency at
different loads, according to Equati(®4). Briefly, calculation of cantilever spring
constantK,) due to the addition of a madd)(to the cantilevéy fee-end resuk in
a resonant frequency shifbom the resonant frequency without an added m¥gs (
andto thatwith an added mas¥/1).

P P (3.4)

A thermal noise spectruns collected for thecantilever prior to sphere
attachment \{(;) and following sphere attachment;). A thermal noise spectrum
determine the natural resonant frequency of the cantilever by monitoring the
spontaneous vibration of the cantilevamplitudg over a user defined frequency
rangewhile it is excited by the Brownian motion of either the air or water molecules
in its vicinity. Spectra data recorded represent the average of 100 safiglese (
3.13). The mass of the spher®) is taken as the nominal value specified by the
manufactureas4.87 ng.Calculated pring constantk,n) values rangérom 0.3- 0.5

N/m and are within 2% of values obtained prior to sphergaahment via the
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thermal methodk;), as shown inTable 3.2. Measured alues a within the lower

tolerance specified by the manufacturgalgle 3.).

(a)
=
2 (b)
£
£
<
1 1 IIIIIII 1 IIIIIIII 1 1 IIIIIII 1 1 IIIIIII
102 103 104 10° 106

Frequency (Hz)

Fi gBIr3 Resonance specvtera iod daihre (Sa)newictamautl eand (

On sphere. (a) The spectrum for the cantilever wi
M) , and (b) the spectrum with a¥W)lntacheddaspherw
t hedded mass met hod, t hi s f r e qcuaelnichyraagtreidf ¢ v eorf  s3por.

constant of 0.42 N/ m.

Tab3d2e Mean and standard devi ati\n anrfdWdfetheere e(onan
attactwmeaoh arcealwsuddtteo t he spring co=rRslt)a nuts i onfg mad
added masSprmertd oddufetgacmtl cdul asieng the added mass
comparable to those cal puli@aredousipegrehattlehmaln:!

VO Vl kam kt
Mean 39.6 kHz 1.5 kHz 0.41 N/m 0.42 N/m
Standard dev. (1) 2.7 kHz 0.2 kHz 0.08 N/m 0.11 N/m
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343 Cantil ever Bending Profiles: o0Sliding

Application of the calibrated cantilever stiffness and OLS in order to obtain the
applied force is accurate oniythe cantilever behaves as a fereded cantilever. If
friction between the sphere and substrate is sufficient to inhibit sphere sliding, the
cantilever will no longer act as a freeded cantilever due to a rotation coaistr at
the cantilevers freend To illustrate this important point, Figure 3.13 shows SEM
images obtainedsing a modified sample stagéa cantilever, inclined at 11°, Wi a
sphee attached to the freend. In Figure 3.13 (a) the cantilever is lowered vertically
until it is compressed into a smooth horizontal glass surface. The friction coefficient
between the sphere and the rigid substrate is sufficiently low to dildwg of the
sphere along the substrate, heneiferredtoas @ s | i di n(figuepld &). e 6
In contrast, in Figure 3.1(b) the sphere is in contact with a fixed inverted AFM tip,
which prevents horizontal movement of the sphere as the cantilever is lowered
vertically (i.e. the contact point at the bottom of the sphere is fixed in space). A
similar effect is achieved if the spie contacts a rough surface with sufficiently high
friction coefficient to prevent sliding of the sphefde term&onstrained sphefas
usedhereinto describe a sphere that does not slide along the substrate, leading to a

rotational constraint on thend of the cantilever.

Fi gBIXr48 EM i mages of a)sclaindtii(nfmgeotersrdiwietdh sap h(ear e . I n |
indicates the sliding directionralnt (bYhgheamt ik

inclined to 11A to represent its angle during AFN

The SEM imagesincovera fundamentaldifference in the cantilever bending
profile betweerthe case of the sliding sphere and the constrained sphéne case

of the sliding sphere, the bending profile is similar to that of a-&neéed cantilever
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(Figure 3.14 (a)). In the case of the constrained spherenamentis appliedby the
constrained sphere to the cantilevpreventing rotation at thé f reeneabbthe
cantilever essentiallythe cantilever undergoes zero rotatiah both ends(also
described as encastre at both erfBg)ure3.14 (b)).

(@ & (b) &
FEL
A 28 5
i 2 j
‘ Friction
Sliding Constrained

Figat® (a) A sliding sphere allowsddachebeaeam.ti (bYy

constrained sphere raseaelas anng tdérhaeit nceadn tlwedaenver t o

As outlined above, aliding sphere allows the cantilever to behave as a free
ended beam, whereas a constrained sphere results in a beam that has rotation fully
constrained at both endas indicated irFigure 3.15. From simple beam theory,
cantilever deflection and slopan be determined for each caBer a sliding sphere,

cantilever deflectin 1 and slope — (subscriptsindicates slidingare as follows.

A N 3.5

| 0 P0G (3.5
—_ 5 _ 3.6
o' (3.6)

whereFs is the force pplied at the cantileveree-end x is the axial position along
the cantileverL is the length of the cantilevek, is the elastic modulus ands the

moment of inertia.

In the case of the constrained spheemtitever deflectior] and slope —

(subscriptc for constraired)can also be calculated from simple beaeory
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"o
1 T~ o0 « (3-7)
poJ° ¢
.
_ 25 ¢ 38
o b o« (3.8)

Following from the demonstration8EM images presented in Figure 3.18% t
influence of substrate material on cantilever bendingesmext investigately side
profiling the cantilever during indentation of glagsgure 3.16 (b)) and silicone
(Figure 3.16 (c)). Confocal reflection microscopy iused to create-stacks of the
cantilever (the attached sphere istrshown inFigure 3.16 for clarity). A clear
difference in the cantilever bending profile for glass and siBces eviént even
though the cantilever deflectiordj(is identical for both materials. The cantilever
bending profile against glass appears similar to that of eefided cantilever and is
comparable to that shown figure3.14 (a) suggesting sphere sliding is not inhibited
by the glass substrate. The cantilever bendingfile for silicone suggests a
constrainedsphere, thus constraining rotation of the end ofct@ilever (similar to
the SEM image irFigure 3.14 (b)). This difference in bending profile results in the
PSD measuring a larger change in voltage (slope changeh fglass substrate
(Figure3.16 (b)) than for a silicone substrateigure3.16 (c)) even though the actual
deflection (i) is identical for both. Therefore, the conversion of measured voltage
change (slope) to cantilever deflection is not appliciddnlex constrained spheras

this conversion is basl on the assumption of a freeded cantilever.

As itis not possible to charactezishe bending profile of the cantilever during
the course of an AFM experiment, it is proposed that monitoring of the horizontal
displacement of the sphere during indentatvill indicate if a spheras constrained
Image analysis (ImageJ, National Institutes of Health, USA) of the spheres front
edge during substrate loading in PBS found that 1 um of cantilegdeplacement
resulted in sphere forward displacement of 0t60.03 um for glass (n = 5). In
contrast, no detectable sphere forwdisplacement (0.04 + 0.08 uny observed for
a silicone substrate (n5). Furthermoreimportantly, inspection of the sphere during

2 um cell indentatioralsoshowedno detectable fovard displacement of the sphere
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(0.00 £ 0.13 um)n = 5) indicating thenecessity of developing a method to account

for a constrained sphere during cell indentation experiments.

Fi gBr6& Sidegpodfialicantil ever (a) not in contact
(sliding sphere profile) and (c) in contact with
fromtacks captured usi ng confeadc aslphreefel encotti owni snii
phot odetector measures a |l arger change i@ voltag

is the same in each Ilcwisten aTxhiealc apnotsiilteivoer i s | engt
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3.4.4 Correction of Force-Indentation Measurements

It is demonstrated that the cantilever does not act as-arfced cantilever for
the case of a constraineghere. A constrained spie applies an additional moment

at thefree-endof the cantilever and thus affects AFM measurements in two ways:

() The forcedeflection relationship changes. Rotation at the cantilduess
endis prevented by a constrained sphere, resulting in cantilevering at both
ends. Hencethe spring constant of an equivalent fexeled cantilever
cannot be used to convert deflection ppleed force The calculation of
an appropriate foredeflection relationship correction factor will be
presented in Section 3.4.4.1.

(i) The conversion of measured slope to reported deflection does not follow
that of a conventional AFMwhere free rotatiorof the cantilever is
assumed. As will be demonstratedSection 3.4.4.2the determination of
an appropriate correction factor is dependent on laser spot positioning on
the cantilever

Accounting for these relationship changes is vital for accuratencietion of
AFM measurements for a constrained sphere, i.e. when standard calibration for a
sliding sphere scenario (e.g. OLS calibration on glass) is no longer sufficient. Here,
the steps required to correctly determine AFM measurements for the case of a

constrained sphere are presented.
3.4.4.1 (i) Force-deflection relationship

The forcedeflection relationship differs for a sliding sphere and for a
constrained sphere. The correction factor that accounts for the different force
deflection relationship may be dat@ned by comparing the analytical solutions for
identical cantilever deflections for constrained and sliding beams, EquéB&js
and(3.7).

T (39
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As discussed above, simple beam theory allows the sliding sphere case to
behave as a freended beam and tlednstrained sphere case to behave as a beam

with rotation fully constrained at both ends.

0 & (3.10

If it is assumed that force is applied at the ibewer freeernd, x = L.

CO 0

— T (3.11)
o000 pOO

Elastic modulusK), moment of inertialj and cantilever lengthL] are identical for
all caseshence,for a given deflection of the freend of the cantilevethe applied

forceis four times highein the case of a constrained sphere

O 0 (3.12)

3.4.4.2 (ii) Relationship between measured slope eauatilever deflection

Conversion of the reported change in voltage from the photodiode to the actual
cantilever deflection is dependent upon identifying whether a constrained sphere or a
sliding sphere case is present. This is due to the difference ia slopg the
cantileverbetween the case of a sliding sphere and that of a constrained, gzhere
shown inFigure 3.16. The difference in slope (sloperection factor 0 ) for a

sliding — and constrained sphe — is calculated as follows
5 — (3.13)

For each case, slope is calculated as fttet derivative w.r.t. x of cantilever
deflection(Equationg3.6) and(3.8)).
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5 QU (3.14)
o ¢

)

Equation(3.12) showsthat the force applied by a cantilever for a sliding sphege (
is four times lower than the force applied by a cantilever for a constrained spere (

for the same cantilevéree-enddeflection.

"% ;

. Ouw

O ; (3.15
0"

o’

Again, assuming identat Elastic modulus E) and moment of inertial) for both

cases:

C:
|

0 — (3.16)

N

Hence, the correction factor faantileverslope as a function aformalisedaxial

position along theantilever /L) is given as:

o ¢ -
5 —— (3.17)
TP i)

The slope correction factor (@epends onlyon x/L, i.e. it depends only on the

position of the laser along the axis of the cantilever.

Analytical solutions from simple beam theory are used to compute the slope
profiles along the axis of @eantilever (Equation§3.6) and (3.8)) when identicaend
deflections areimposed in both cases shown kigure 3.17 (a). Clearly, the
difference in slope between the constrained sphere and sliding sphere is a function of
axial position ) along a cantilever of length.). Only at a cantilever position &fL
= 0.66 is the slope @htical for both cased he ratio of slopebetween asliding

sphere and a constrained sphere (he. slope correction factor (C)) is shown in
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Figure 3.17 (b). It can be observed that the slope ratio is highly sensitive to axial
position near the freend of the cantilevex(L > 0.9).

As demonstrated iRigure3.17, in order to determine the correct deflection for
the case of a constrained sphere, it is essential that the laser spot position on the
cantilever is known. For all experiments reported ia thesis a laser spot position of
x/L = 0.8 is chosen. This position is selected as a compromise between the maximum
OLS at the freeend of a cantileverx(L = 1) for the sliding sphere (i.e. during
calibration on glass) and the maximum OLS at the midélthe cantilever /L =
0.5) for the constrained sphere (e.g. during subsequent experimental measurement of
cells or silicone). Atx/L = 0.8 a constrained sphere profile will result in the
measurement of a slope that is 1.5 times lower than the slopeahlatbe measured
at this position for a sliding sphere (as indicated by the dashed liRgune 3.17
(b)), assuming andentical end deflectiom both casesTherefore, for constrained
spheres, when the laser spot position idlat 0.8, a correction factor of 1.5 must

applied to the default AFM deflection measurement in order to obtain the correct

deflection.
~101, . e 20
@ T e
3 S 151
]
Q / N\ (o}
s / N o
o 0.5 / \\ %’10-
— / \
(0] / \ o
E_) lll \\\ T 5-
= / \ o
o / | Y
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Cantilever Position (x/L) Cantilever Position (x/L)
FigBr®2 (a) Cantilever slope along the axis of a
constrained sphere (dashed) bending profile. | det
a cantil ewdlr poBithenddbfference in slope is x1.5

In summary, to correctly determine the deflection and force measured for the
caseof a constrained sphere, (he slpe change recorded by the AFM has to be
corrected according teigure 3.17 (b) and is only dependent on the relative axial

position of the laser spot along the cantilever. In all experiments performed herein,
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the laser is positioned afL = 0.8, therefore a slopaeflection correction factor of
1.5 is applied to default AFM measured deflection values. (ii)) Due to rotation
constraint at the cantilever fremd the cantilever stiffness is four times higher than

that of a freeended cantileer.

3.4.5 Validation of Correction Factors

Validation of the slopeleflection and forceleflection relationship @nges s
achieved by indenting flat silicone substratef kn o wn Youngdés modul u
testing (010% strain) of four sections dlfie siliconesubstrate indicateheY o un g 6 s
modulus to be 0.9 0. 08 MPa. To calculate the Yol
using the AFM, the OLSsicalibrated on glass in PBS according to Sec3idgnl
Forcedeformation measurementseaperformed on the silicone in PBS at five
separate locationat an approach velocity of Olim/s Figure 3.18 shows the force
(mean = standard deviation) at 10 sample indentation depths for both the uncorrected
and corrected data. The uncorrected default AFM data reports a maximum force of
0.48 £ 0.08 uN at an indentatiaf 0.9 um. This resultén a calculated¥ o un g 6 s
modulus of 0.05 MPaising standard Hertzian contact theoApplication of the
correction factorsdetermined abovéo the data results in a maximum force of 2.88
+ 0.47 pN at a corrected indentation depth0.4 um.This results in a calculated
Youngods modul us o & within 2% of MhéYao, u nwldisc hmoid u |
calculated from the tensile testing experimeiite uncorrected AFM datresultan
a substantial (8 ol d) under est i matastewmmodalds. Thihhe si
highlights the significant error that can arifeantilevermodification, resulting in
an alteredbending profile is not carefully analysedillustrating the necessity of

careful interpretatioand indepth analysisf reporteddefaut AFM measurements.
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3.5 Discussion

In this hapter, a method of performing whole cell deformatismng an AFM
is successfully developedihereby a large sphere is attached to the end of a tipless
cantilever. The bottom of the sphere forms the effective top planar syfaeeling
more uniformapdied cell deformationThe spher used in this study is significantly
larger (@ 150 um) than those used in previous stud{gs@ 60 um), and as such
provide a closer approximation to the planar surface assumption over the contact area
(Lehenkari et al. (2000 Lulevich et al. (2005 Jaasma et al. (20p&Zimmer et al.

(2012).

It is found that careful reinterpretation of reported AFM data is required to
account fora constrained spheré constrained spherapplies amomentto the
cantilever preventing rotation of the freend of the cantileveiThis in turnchanges
the slopedeflection and forcedeflection relationshipsThis serious issue, which can
significantly alter the reported force measuremeamis perceived indentation depth
has not been considered in previous AFM studies where a spleadtacised to the
cantilever (Lehenkari et al. (2000 Lulevich et al. (2005 Jaasma et al. (206
Zimmer et al. (2013. In this chaper, a methodology is outlined in ordercorrectly

determine force and indentatioralues when sphere sliding is prevented and a
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rotational constraint is applied to the freed of the cantileverFurthermore, it is
demonstrated that observation of thent edge of the sphere is sufficient to
determine if the correction factor is applicabRrevious studies have attempted to
account for the effects of altered cantilever bending. A theoretical pajteiviogrds

et al. (2003 developed correction factors to account for the effects of cantilever tilt
and induced torque on force measurements. FurtherrBoems and Craig (2006
proposecequations to determine cantilever deflection for dédfedoading scenarios;
uniformly distributed loading and momeidading. However the current study
presentsfor the first time, a practical methodology that accounts for both altered
cantilever stiffness and alteredntilever slopaleflectionrelationship for theorrect
interpretation ofAFM force-indentation measament The methodology described
hererequiresonly the monitoring of the forward displacement of the sphere during
loading in order to determiniécorrection factors for a constrained sphere should be
used It is demonstratedn this chapterthat uncorected default AFM force and
indentation measurementesult in & 18fold underestimationo f the Young
modulus of a silicone sample, where spheugbstrate friction was sufficient to
prevent sphere sliding. In conclusion, this chaptestrates, for the first time, the
necessity of careful interpretation default AFM measurementd a sphereis
attached to a cantilever. The work presented in this Chapter is published in the

Review of Scientific Instrumer(i&/eafer et al. (2012
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The Role of Actin Cytoskeleton
Contractility in the Resistance of

Osteoblasts to Compression
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4.1 Introduction

Mechanical loading is necessary for the healthy function of many cell types.
For instance, mechanical deformation is considered essential forr&moelelling
(Frost (200%). The respons of osteoblasts to mechanical loadirgyattributed to
deformation othe cell and its surrounding matri®gncan and tirner (199%, Owan
et al. (1997). Previousstudies have shown that corapsive deformation induces
mineralisation of osteoblastic cell@Gabbay et al. (200p and is an effectie up
regulator of osteogenesiRdth et al. (2008. Furthermore, localised deformation of
osteoblasts has been found to induce calcium and nitric oxide signalling, both of
which are important in bone fumah (Charras and Horton (20pZ%Sato et al. (2007
McGarry et al. (2008. While the role of mechanical loading on cell function has
beenreported the basic mechanisms undémty these cellular mechanosensitive
responses are still not fully understood. In order to elucidate the effect of mechanical
loading on cell function it is esstial to accurately charactexishebiomechanical

behaviourof thecell.

The resistance of aelt to compressive deformation largely depends on the
mechanical properties of the cell, which are determined by its intracellular
components (cytoskeleton, nucleus, cytoplasm, and several other organelles)
(Thoumine and Ott (1997Rotsch and Radmacher (200®fek et al. (2009 and
its interactions with the environment around Ergler et al. (2006 RocaCusachs
et al. (2008, Janmey et al. (20))L Ofek et al. (200Rinvestigated the contribution of
the cytoskeletal components of chondrocytes to compressive deformation using
selective cytoskeletal inhibitors. It was found that the actin cytoskeleton significantly
contributes to the compressive stiffness of cell, wderanicrotubules and
intermediate filaments provide little resistance to cell compression. Furthermore, it
has been shown that the nucleus contributes significantly to a cells ability to resist
compression Caille et al. (200p. Additionally, resistance to compressive
deformation has been shown to be highly dependent on cell pheneggters et al.
(20053 reported high levels ofesistance to compressive deformation aghly
contracile myoblasts, whereathe less contractilendothelial cells Gaille et al.
(2002) and fibroblastsieng et al. (201)) were found tdhavesignificantly reduced
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compres®n resistance. This link between compression resistance and contractility
further highlights the importance of the actin cytoskeleton in the mechanical

behaviour of cells.

The objective of this study is to investigate the role of the actin cytoskeleton in
theresistance of osteoblasts to compressgpecifically, experiments are performed
in which the resistance of single spread osteoblasts to monotonic whole cell
compressionis observed. Additionally, tests are also performed on osteoblasts
following the inhibition of the cell actin cytoskeleton usiogto-D. Whole cell
compression is applied using the modified AFM cantilever described in Chattter 3.
is found that the cordctile actin cytoskeleton plays a significant role in the cells
ability to resist compression. Furthermore, detailed confocal microscopy
demonstrates that the contractile nature of the actin cytoskdiatra pronounced

effect on celland nucleusnorpholay.

4.2 Materials and Methods

4.2.1 Cell Culture

The cells investigated in this study arsezondary cell line known as MC3T3
E1l, subclone 4 (ATCLGC, Middlesex, UK). These adherent m&teoblastsare
derived from the calvarial tissue of newborn mice and aravikrto behave similarly
to primary calvarialosteoblasts Wang et al. (1999. This cell line is robust,
homogeneous, andhe predominantchoice in bone cdl mechanotransduction
research Pavalko et al. (1998 Charras and Horton (20p2VicGarry et al. (2008
Adachi et al. (2008.

Cells ae cultured in monolayer in alpha minimum essential medaxNIEM;
SigmaAldrich, UK) supplemented with 10% foetal bovinersm (FBS), 1%
penicillin-streptomycin, 2% 2nM L-glutamineand 1% 100mM sodium pyruvate
(Invitrogen, Ireland).Cells ae maintained in an incubator at 3T, with 95%
humidity and 8% CQO,.. Medum is changed every-2 days. Cell subculturesi
routinely performed at 800% confluency, as assessed by visual inspection of

cultures.Cell are useavhen the confluence is less than 88¢fpassages 10 to 20.
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4.2.2 Cell Preparation

MC3T3-E1 osteoblastsra cultured according to the thed described in
Secton4.2.1 Prior to experiments, cellseaseeded at a singlelldevel andallowed
to spread for 24r. Briefly, the mediums removed and culture flasks rinsedoine
warmed sterile phosphate buffered sali@soid, UK) in order to remove any traces
of medium To detach cells from the surface of flasks] ml of prewarmed 0.25%
trypsin EDTA SigmaAldrich, UK) is added, and flaskseaplaced in an incubator at
37 °C, for 4min. Cultures ae then briefly reexamined undea light microscee to
ensure sufficient cell dachment had occurred. Tliaespension is collected in a 15
ml falcon tube containing-3 ml prewarmed medium and centrifuged at 2@p@r
5 min. The supernatents discarded and the pellet resuspended in nil0
supplementeda-MEM. This suspensionsi aspiratedhrough al ml pipette three
times to obtain a single cell suspensidie cell concentration is counted using a
haemocytometer. Cells aseeded on a sterile @6 um petridish at a density of

3,500 cells/crhand left to spreaih an incubatofor 24 hr.

4.2.3 Experimental Procedure

The AFM is setup according to Sectior2.3. A modified cantilever is used to
measure whole cell mechanics, as pesly described in Section43.The coverslip
to whichthe cells are adheredpsl aced wi thin a Bi oH@ater E
USA), which B in turn secured to the stage of &kieM. Experiments g performed
at 37 °C with cells remaining immersed inltave medium for the duration of the

experiments.

The AFM head is centred on the stage and the modified cantilever lowered into
the media until a few millimetres from the surface. Air bubble formation on the
cantilever or sphere is assessed by visualectsgn. If required, bubbles are
removed by raising the AFM head until the cantilever is removed from the media and
then lowered again. Laser alignment on the cantilever and cantilever calibration are
performed according to Section 3.4. The modified caweilis examined during
experiments tassess that the sphere remaipsstrained during cell indentation.

Consequently, all measured force data are corrected using the factors identified in
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Section 3.4.4All force-displacement curves are performed irseld loop modat an

approach velocity of 500 nm/s, unless otherwise stated.
4.2.3.1 Cell Height Measurement

The height of the cell of interest is measured directly before each deformation
test. As demonstrated iRigure 4.1, the sample stage is moved via thg stage
positioners until the cell of intereg located adjacent tthe modified cantilever.

Cell height is determined as the difference 4piezo position between th@oint of
contact for a forcalisplacement curve taken on the glass substrate beside a cell (z
piezaupsiray @and that taken over the cell of interest (z piggoas shown irFigure

4.2. This is represented in Equati¢hl) below. Phase camast optical microscopy

allowsaligning of the microsphere above the centre of the cell.

O QEHC an QO~ “ an QO+ ¢ 4.1)

Figdl e Bovitewm phase contrast | exsdowi oify tolue | moai foif
cantilever (dashed), attached sphere (br@wn), an
shows the modifiedotantnitlgeelst ebéesiede abhocecel t he s:
schematermrct ateiparesof sphercef ithhe omdlalc.t ™hHa hs adalee thog
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4.2.3.2 Cell Deformation

In this thesis ell deformation - ) is defined as the change in cell height
normalised by theneasured cell heigtgrior to applied compression (i.e. nominal

strain in the compressive directiog)ven as:

0 € QQQ¢ W TR

(4.2)

Each cell(n = 11) issubjected to a monotondeformationat a constant strain
rate — - @i ) until a compressiveeformationof - = 60% & achieved

An identical (negative) strain rate is used for unloading of cells (probe withdrawal).

Each cell is subped to a monotonic deformation under two sampleditmms;

untreated control andyto-D treated. Firstly, untreated cells are tested, prepared
according to Sectiom.2.2 Secondly, following 30min of actin cytoskeleton
disruptian, using 10 pMcyto-D, deformation $ repeated for the samdlsdreferred

to hereagtbDbeal sa¥y. AEtNn e ac tastrages are tgkbnate e c 0
record cell spreading morphology.
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4.2.4 Cytoskeleton Morphology Analysis

Cells ae prepared as described in Sectb®.2 Following incubatiorfor 24
hr, cells are(i) fixed (untreated cells) d(ii) treated with 1QuM cyto-D for 30 min
and then fixed dyto-D cells). Fixation is achieved by incubating samples in 4%
paraformaldehyde (EMS, PA, USA) for 20in at room temperature. Samples are
washel two times in wash buffer (PBS containing 0.5% Twe€) and
permeabilised with 0.1% Triton-X00 in PBS for Smin. Cells ae then washed two
times in wash bffer, and norreactive sites r@ blocked by applying blocking
soluion (1% BSA in PBS) for 3Gnin. Samples i@ incubated with an antinculin
primary antibody (Chemiag Ireland), diluted to the optimal titre (1:200)btocking
solution for 1 hr Vinculin is found in protein complexes reported to be associated
with the intracellular domains of integ receptors which form focal adhesion
complexes. Thus, vinculin is considered to be a universal marker for focal adhesions
(Burridge et al. (1990. Cells are washed thréienes (5min each) with waslbuffer,
following which cells @& incubated with Gt x Ms FIT€onjugated secondary
antibody (1:200n PBS) and rhodamireonjugated phalidin (1:50 in PBS) for 1 hr
in the dark Phalloidin is a naturally occurring organic molecule that binds to actin
filaments. Therefore, conjugation of phalloidin with a fluorophorechsuas
rhodamine, allows visuakiion of the actin cytoskeleton in cell€doper (198)).
Cells are washed thrgames in wash buffer (fnin each) and counterstained using
the nuckar stain DAPI (1:10,000 in PB%or 5 min in thedark. Samplesra again
washed 3 times (Bin each) in wash buffer and maintained in PBS &€ 4

Samples aramaged the following day. DAPI, FITC and Rhodamineea
excited at 402, 488 and 561 nm, respetyiwvehile emitted fluorescends collected
at 470, 525 and 590 nm for each fluorophore, respectiveltacks ofuntreated
cells (n = 5) andcyto-D cells (n = 7) ee acquired using a Nikon A&Lconfocal
microscopgNikon, UK) with intervals of 200 nm betweenstack steps. The Nikon
NIS-Elements AR 3.0 software packa@ékon, UK) is used to quantify cytoskeletal

and cell morphology details.
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4.2.5 Statistical Analysis of Data

All data is presented as mearstandard error of the mean (SerBtatistical
differences between the means of two experimental groups are determined using
St u d etasts.OPsiredtests are used to investigate statistical differences between
the meas of dependent groups, i&FM measuremesttakenbefore and aftecyto-

D treatment on the same cells (Secth2.3. Unpaired ttests are used to investigate
statistical significance between the means of inddg® experimental groups, i.e.
morphology changes of fluorescently stained cells (Sedtidd). Oneway analgis

of variance (ANOVA) tests ra employed to determen statistical differences
between the means of the three independent cell groaepdifference between three
different strain ratesThe associatep-value s also determined in each case, and the
null hypothesisrejected if p > 0.05. Significant diffeences between groups are
indicated by < 0.01, **p < 0.001, ***p < 0.0001

4.3 Results

4.3.1 Cell Morphology Change

Untreated cellsKigure4.3) andcyto-D treated cellsKigure4.5) are stained to
observe the effect of disrupting the actin skeleton on cell morpholog¥igure4.3
shows the stained morphology of untreated cells. The untreated cells are highly
spread with polymerised actinefl) visible as long, linear bunel of filaments that
traversethe cytoplasm of the cell surroundiagd crossing ovehe nucleus (blue)
Focal adhesions (green) are observed as intense apibts terminal ends of actin
filaments. InFigure4.3 (a), the actin filaments are mostly aligned parallel with the
long axis of the cell. Ifrigure4.3 (b), the actin filaments are traversing the cell in all
directions with the majority of the filaments focused around the periphery of the cell.
In bothFigure4.3 (a) and (b), the crossectional views show that the cells and nuclei
are highly flattened. Additionally, the actin filaments are observed to traverse over
and under the nucleus. In order to furtdemonstrate the 3D distribution of the actin
cytoskeleton a 3D reconstruction of an untreated osteoblast is shdvigune 4.4.

The highly spreactell morphology is apparentith the polymerised actin visible as
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long, linear bundles of filaments that traverse the cytoplasm of the cell surrounding

and crossing over the nucleus (nucleus not visible).

Fi g4 eStained cell images of untreated cell s.
nucl eiCr(dsd sutaiyjanews are taken across the nucl eus

scale bar represents 20 Om.

Figure4.5 (a) and (b) shows that the cell morphology changes drastically due
to the addition otyto-D. The cells are significantly less spread appear spindly.
Crosssectionalviews showthe less flattened morphology, with a larger thickness of
cytoplasm being observed both above and below the more rounded nucleD Cyto
results in actin depolymerisati@a its monomer forpwhich causeghe disassembly
of the linear bundles ddctin filaments and correspondifaral adhesionsThe actin
and focal adhesion protein monomers appear to be concentrated together mostly
around the nucleus, indicated by the yellow/orange colour.
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Fi g4 e 3D reconstruction of thestacki mfcwyt cglaeInetdo

Thrper spectoifvet hvei e3M reconstruction are shown; (a
along the I ong axis of thewsx el e wimo hioe Wr edli maegd 3
reconstructed using the Imaris software package (
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Fi g45 ®t aicredd i mpgPesebdbf se Geaelali mead for actin (red)
nucl eiCr(dsd sntaiVi ews are trrkelnhe axsrodmtnred ¢( dans had d ca

scdlag repde®mnt s

The main geometrical characteristics of untreatedamatD cells are shown
in Figure 4.6. Analysis of experimental measurements rev#at te cell height
increases by 71% in response dgto-D treatment. Additionally, phaseowntrast
images of he cell showthat the cell base area decreases b 28llowing the
addition of cyto-D. Analysis of the stained cells showlsat the nuckus height
increases by % andthat the nucleus diameter decreases by 41% in response to
cyto-D treatmentlt is also observed that the cytoplasm thickness above and below
the nucleus increased/ lmver 200%. Further details of cell morphological changes

are presemt in tabular form in Appendix 4.A

90



Chapter 4

15 4 (a) Hekeok 5000 (b) —
£ _l_\ 54000- [
g | =
=1 \ $ 3000- | <
[=)] (o]
2 : \ $ 2000+ \
— 54 ©
o) e
O % 1000 - \
O
N . N
Untreated Cyto-D Untreated Cyto-D
10 (¢) 301 (d) —
= € T
= 89 | =
a— N 5 20 -
o 6 \\ 2
[} — © Y
® 4 © %
> ®© 104
Q 3
o 0]
5 2_ g \
& < % N\
Untreated Cyto-D Untreated Cyto-D
’E"‘ —_
= 4-(e) § 2.0 - (f)
2 S s
9] o T
T 37 2 1.5+
3 >
C \ c N
@] =
o] (]
@© Ko]
% 14 — % 054 _—T1—
5 & g 50 N
5‘ Untreated Cyto-D 5‘ Untreated Cyto-D
Fi gda6. e Cel | geometry charagbDerciestiscs (adr Cehtlr et &
using the AFM i mmediately befobasemoaoé¢anis defoul
phase contrast i mages taken during AFM experi men
di ameter, and cytoplasm (e) above and (f) bel ow
(n = &yDandadkl §) (n

4.3.2 Monotonic Compression

The mearforce versus compressive deformation curves meastir@donstant
strain rate(n = 11)for untreated (round markgrandcyto-D (square markejscells
are shown inFigure 4.7. The raw AFM data used to derive results presented in
Figure 4.7 is shown in Appendi¥.B. Mean forces r@ calculated at compressive

deformationincrements of- = 10%. It is evident that the force increasasn

91



Chapter 4

linearly with the imposed compressidefamation for both the untreated cells and
cyto-D cells For the loading half of the curve, a statistically significant difference is
measured between the untreated cells@noD cells for40% - 60% At -

= 60%, the mean force recorded ftite unteated cells is 756 + 42 nN versus 467 +
47 nN for thecyto-D cells.This is a statistically significant differenoé 38% (Table

4.1). It can be observeddm Table 4.1 that the mean compression force is ~60%
higher for untreated cellat lower deformation levels “ O 40%). Additionally,
hysteresis is observed between the loading and unloading halves of the cycle which
is similar for both the untreated cells and ttyo-D cells, suggesting viseo
hyperelastic behaviour (Appendi®.B). This suggests that measured force is
dependent on loading rate. It is important to note that, due to the difference in cell
height between untreated and cfpocells, probe velocities of 0.63 + 0.Q#n/s
(untreated) and 1.08 + 0.@8n/s (cyteD) were mplemented to enforce a constant
loading strain rate of- @i  for all experimentsStrain rate dependence is

investigated in more detail in Sectidr8.3below.

1000
Constant strain rate (0.1 s")

-@- Untreated
80071 -m cyto-D

*kk

Reaction Force (nN)

=
0 10 20 30 40 50 60

% Deformation

Fi g4n e Reaction force-veursuss %Wl tdpdtobdadc oest dnt st
(= 0DHI os untreated celdyDo(agelulnd (MmagSkagmd fraardiner
di ffebenhweeunttrlecatcegdo amred | groups at eachi 40% def
indi cat ep& BEL.0D* *
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Tabdle Di fference ( %) i n mean r eaucnttiroenatfealr cceeldts

cyDocell s

- (%) 10 20 30 40 50 60

Reaction force for

untreated cells (\N) 284 80.4 197.8 415.3 755.5

Reaction force for
cyto-D cells (nN) 2.8 9.3 27.2 73.6 195.9 467.3
% Difference 64% 67% 66% 63% 53% 38%

4.3.3 Strain Rate Dependence

The effect of strain rate- on the measured cell compression force is next
investigated. IrFigure 4.8 force-deformation curves are shown for threeaist rates
(-  0.1s* 1.0s? and 5.0 for untreated cells (n = 10). The raw AFM data used
to deriveFigure 4.8 is shown in Appendid.C. Again, t is evident that the force
increasesnontlinearly with the imposed compressigeformation for each strain
rate Additionally, hysteresis is observed between the loading and unloading halves
of the cycle which is similar for the three strain rates testeggestingviscoelastic
behaviour(Appendix 4.C) The reaction forces are statistically different #§3%

- 60% between each of the three different strain rad¢s = 60%, the mean
maximum force recordei$ 615 + 74 nN at a strain rate of &3, 917 + 73nN at a
strain rate of 1.6, and 1366 + 99N at a strain rate of 5.8". Hydrodynamic drag
effects, previously discussed in Sect®B.12, are considered insignificant since the
maximum velocity of 19.4im/s at 5.65” results in a drag foroef less than 3.5 nN at

0.5um from the surface.
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4.4 Discussion

In this study it is clearly demonstrated that the actin cytoskeleton plays a
critical role in the resistance of osteoblasts to compression. Its removal results in a
significant decrease (~480%) in the mean cell compression force compared to
untreated céd. This is in agreement with the whole cell compression studyfek
et al. (2009, in which it was demonstrated that the actin cytoskeleton contributes
significantly (~50%) to the compressive stiffness of chondrocytes. The restlis of
current study are also in broad agreement with the findingofrhann et al. (1997
on cardiocytes andRatsch and Radmacher (2000n fibroblasts. UsingAFM
probing of the cell surface, both studies report that untreated cells are ~3 times stiffer
than cells treated witlsyto-D. In these studies, localised cell indentation with an
AFM tip was used to deterine cell stiffness using standard Hertzian contact theory.
Due to the localised nature of AFM tip indentation it was required in these studies to

perform cell indention at ~5000 locations (force mapping) over a time period of 7
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min in an effort to estaldh an average stiffness value for untreatedcgnt@D cells.

Such localised probing of the cell is known to result in a wide range of reaction
forces across the cell due to its heterogeneous nale&grry et al. (2008.
Therefore, averaging of highly localseneasurements taken in a force map cannot
give a true measurement of the whole cell stiffness. More importantly, AFM tip
indentation (typically < Jum) merely deforms the cell membrane and a small region
of the underlying cytoplasm. In the current stuthgse issues do not arise as the
whole cell reaction force is recorded in a single global measurefleatcontact

area between the bottom of the sphere and the cell is approximated from the cross
sectional views of the stained control ceffgglre4.3) and cyteD cells Figure4.5).

These images show that the contaea (when the sphere is centred over the cell
nucleus) is similar for both the control and efaccells, with the contact radius no
greater than ~15 pum. The approximation of the sphere as a planar surface over this
contact radus is illustrated irFigure3.7. For a contact radius of 15 pum, the contact
point elevation differs by 1.51 um at the outer limit of the contact area than at the

sphere centre.

Experimentallymeasured whole cell compression forces are found to be highly
dependent on cell phenotype. Peak reaction forces at 60% compressi@® of\23
are repoted for highly contractile myoblastgPeeters et al. (200pa while lower
forces are reported for less contractile cells: 500 nN for endothelia(Caille et al.
(2002) and 3® nN for fibroblasts(Deng et al. (201)). This trend suggests that
highly contractile cells provide a greater resistance to applied congreasilirect
comparison of compression reaction forces between studies is difficult given that the
allocated time for cell spreading, the loading conditions, and the environmental
conditions may be different in each study. However, the compression vadsened
for osteoblasts in the current study (~756 ni- ¢ 1 pis 2fold higher than the
aforementioned reported compression forces for fibroblasts arfdld.Bigher than
that reported for endothelial cells, suggesting that osteoblasts may be more
contractile. The current study shows thamoval ofthe actin cytoskeletoreduces
the compression force by ~80%, demonstrating the significant contribution of the

contractile actin cytoskeleton to the mechanical behaviour of osteoblasts. The high
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level d tension in osteoblast strelisres s demonstrated in Appendix 4.Bevering

of a single stress fibre results in a rapid recsaction followed by
depolymerisationPellegrin and Mellor (20Q7suggest thathe level of contractility
differs among cell phenotypes due to the different levels of organisation of the actin
cytoskeleton. Highly contractile cells, like myoblasts, have very well organised actin
filament arrays, whereas fibroblasts which are less adileiahave sparse and
poorly organised contractile actin filament bundles. The present study reinforces the
link between contractility, organisation of the actin cytoskeleton, and compression
resistance, demonstrating that the highly contractile, highigaresed actin
cytoskeleton of osteoblasts results in high levels of compression force. A
computational investigation bigonan et al. (20)2uggests a mechanism by which
highly contractile aligned stress fibres provide significant resistance to cell
compression. The data presented in this chapter has been used in a joint
experimentacomputational study (Weafer and mmet al. (2013) to provide, for

the first time, aull mechanical characterisation of the active actin cytoskeleton and

the passive cytoplasm for osteoblasts.

The current study also demonstratdst the contractility of the actin
cytoskeleton has a pronounced effect on cell morphol@&pth cell heightand
nucleus height increase significantly when the actin cytoskeleton igptésr using
cyto-D. Ujihara et al. (200Balso reported significant changes in fibroblast cell
height followingcyto-D treatment, further demonstrating the link between cell height
and actin cytoskeleton contractility. Thedguby Dowling et al. (2012demonstrates
that chondrocytes, which exhibit very low levels of contractility, dosmmificantly
change height followingcyto-D treatment. Furthermoreljihara et al. (2008
observed that disruption of microtubule did not affect cell height. In the current
study, cells appearespindly and fragmented followingyto-D treatment. A similar
configuration was observed bMiguchi et al. (2009 following initial cyto-D
treatment of osteoblastémportantly, his study also reportethat the subsequent
removal of cyto-D resulted in cell morphology and cytoskeleton recovery,
demonstrating that the osteoblasts are athtersely affected bgyto-D treatment,

despite their gpdly appearance.
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Significant nucleus deformation du® actin cytoskeletorcontractility is
observed in the present study. Similarlythework of Avalos et al. (201)] nuclei in
contractile cells are shown to be significantly flatter than spherical nuclei observed in
treatedcyto-D cells The findings of tke current study clearly demonstrate the
interconnected relationship between the actin cytoskeleton, nuclear deformation, and
cell deformability. Interactions between the nucleus and cytoskeleton have been
shown to significantly contribute to the mechaniegjulation of the celfHouben et
al. (2007). Previous studies have demonstrated thatremoval of nuclear lamins
leads to a significantlecrease in the compressive strengticells Broers et al.
(2004) and disruption of the actin cytoskeletithatau et al. (2009. Knockdown
of the nuclear protein nespfinhas also been shown to alter the cytoskeleton and
inhibit cell reorientation under applied cyclic strain in endothelial ¢Elleancellor et
al. (201Q). The detailed measurement of nucleus shape change following disruption
of the actin cytoskeleton reported in this chapter ipasticular importance in light
of studies that have reported a link between nucletmmhation and gene expression
(RocaCusachs et al. (20p8Makale (2007, Vergani et al. (2008. A study by
Thomas et al. (20Q2lemonstratethat connections between the cytoskeleton and the
nudeus shapeof osteoblastgesults in alterations to gene expression and protein
synthesis (collagen | and osteocalcin).

The mearcompression force is ~60% higher for the control cells compared to
the cytoeD cells for- O 4 0 %, a sTabte h.b Wawever,nthe difference in
mean compressioffiorce between the two cell groups decreases with increased
deformation levels (409@- O60%). At - = 60%, the mean compression force is
~40% higher for the control cells compared to the &tcells. The larger difference
in the mean compression &as at the lower deformation levé:- O40%) may be
explained by the differing cell geometries between the control cells andayedis.

As shown inFigure4.6, the cytoplasnthicknessabove the nucleus is 2pn for the
cyto-D cells (cell height of 10.8um). Therefore, the sphere does not compress the
nucleus unti~ a 38%.In comparison, the cytoplasm thickness above the nucleus is
0.7 um for the control cel (cell height of 6.31m). Therefore, the sphere begins to

compress the nucleus fre=— & 11% The differing deformation levels at which the
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two cell groups interact with the nucleus would explain the larger difference in the
mean compression force #te lower deformation levels- © O 40%). This is
supported by previous studies whictdicatethat the nucleus is3-4 times stiffer

than the surrounding cytoysian Guilak et al. (200§ Caille et al. (200p. After - O

40%, the reaction force is dominated by the nucleus deformation for both cell groups.
For the control cells, nucleus deformation is resisted by the actin cytoskeleton
surrounding the nucleus, wheseéor the gto-D cells, which do not have a
contactile actin cytoskeletomucleusdeformation is less restrictedencereaction

forces measureare lower

Strain ate dependencesialso investigatedn the current study. Experiments
are performed over a range @dading rates to characterise the rate depearaleh
cell deformationlt is found thatmeasured reaction forces ateain rate dependent.
Cell deformationto - = 60%at a strain rate ¢ = 5.0 §* (mean velocity 0fL9.4
pm/s) resulted in a Zold increase in the measured reaction force compared to cell
deformation at- = 0.1 s’ (mean velocity of B um/s). This increase in the
measured reaction force with increased strain rate is likely due to the viscoelastic
behaviour of the celjiventhe short timescale of the experimer®sevious studies
have shown that the viscoelastic response dominates the measured forces for the
initial ~10 mins of loading with subsequent active remodelling contributing
thereafter \Vang et al. (2001 Kaunas et al. (2005Wille et al. (2006). Similar
strain rate dependence ieported in the dynamic whole cell compression
experiments ofPeeters et al. (200bkn which a wide range of compression
velocities ranging from 0.1 to 2(Am/s were investigated. It was shown that the
resulting strain rate dependence was due to the viscoelastic properties of the cell,
with the resulting forcelisplacement curvefitting a nonlinear viscoelastic model
The findings of the current chaptdandicate that the strainate is an important
parameterfor in vitro cell deformation experiments. In Chapter 6, the effects of
altering strain amplitude, while maintaining a constsinin rate, during dynamic

loading of cells will be investigated
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In conclusion, detailed whole cell measurements are successfully obtained by
exploiting the high precision of an AFM which was adapted to apply whole cell
deformation (Chapter 3). The impance of the actin cytoskeleton in the resistance

of osteoblasts to compressive deformation is clearly illustrated in the current study. It
is demonstrated that the actin cytoskeleton contributed te66%® of the cells

ability to resistcompressionFurihermore, the findings of this study demonstrate the
interconnected relationship between the actin cytoskeleton, cell shape and nucleus
deformation, highlighting the important role of the actin cytoskeletonpmigtin the
structural response of cells, but regulation of nucleus morphologyhe latter
finding is of particular importance given that gene expression and protein synthesis
have been linked to nucleus morphologfiomas et al. (20Qzhave demonstrated

that a nucleusf a bone cellhich is less deformed synthesises increased levels of
collagen type I. This suggests a link between the contractile forces generated by the
actin cytoskeleton and bone formation and remodelling, given that collagen type | is

the main extracellular component in newly formed bone.
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4.6 Appendix

4.A  Cell Geometry Details

Chapter 4

TabsdAe Cel |l geometry charcayeDRoeadlsits cemdanr diuhdemrancd a
values signifies the difference in anefamm cel | geomet
% di ffer
Untrea Cy tho
mean val
Cell height 6.3 N 10.8 N +71. 4%
Cell bas® ar 3898 N 2776 N -28. 8%
Nucl eus Heig 4.6 N 7.2 N +56. 5%
Nucleus Diam 25.6 K 15.1 K -41. 0%
Cytoplasm abov 0.7 N 2.7 N +285. 79
Cytoplasm belo 0.4 N 1.3 K +225. 09
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4.B  Monotonic CompressionForce-Displacement Curves

Forcedisplacement curves for 11 osteoblasts compres 2d= (60%) at a
constant strain rate = 0.1 s). Each graph shows the loadingloading curve for

a cell which is untreated (red) and subsequently treatedcytitkD (blue). This data
was used to derive the plotkingure4.7.
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4.C  Strain Rate Dependence Forc®isplacement Curves

Forcedisplacement curves for 10 untreated osteoblasts compre ~se®(%)

at three strain rate- =0.1s?, 1.0s?, and 5.0s*. This data was used to derive the
plot in Figure4.8.
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4.D Actin Cytoskeleton Contractility: Severance of a Single Stress Fibre

The contractile nature of the actin cytoskeleton is demonstrated by severing a
single stress fibre in a living osteoblast. The actin cytoskeleton of the living cell is
visualised by transient transfection with thagshid vector pGFRactin (Evrogen,

Russia). Cells are seeded at a concentration of 1.5 xel8 per @35 mm glass

bottomed petri dishesFluoroDish, WRI, Florida) 24 hr prior to transfection.
Transfection is performed using GeneJuice (Novagen, Germany) according to the
manufacturerdés guidelines, at an opti mi s

are performed using a combined AHMorescence system.

Figure 4D shows the severance of a single stress fibre. A tipless cantilever
(NSC12, MikroMesch, Spain) is positioned beside the cell of choice. Using the stage
X-y positioners, the cantilever is then slowly moved into the side of éheutil
stress fibre severance is observed (t = 0 s). Following initial stress fibre severance,
the stress fibre is observed to rapidly retract, suggesting a release of isometric
tension.The further retraction of the stress filumtil t = 240 sis mostlikely due to
the disassembly of thgolymerised actin into its monomer forim response to the
tension dissipationThis demonstration highlights the contractile nature of the actin
cytoskeleton and also shows that tension is essential in maintairfi@ctants in
their polymerised form.

The findings of thisdemonstration are very similar to those observed by
Kumar et al. (2006 wherea | as er Owasausean socsevere aostrads fibre in
an endothelial cell. A comparable rate of stress fibre retractiomu3n 10 s) is
observed in both cases.
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Stability Enhancement of an Atomic Force
Microscope for Long-Term Force

Measurement
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5.1 Introduction

AFM has been utilised extensively in the investigatiosingle cell mechanics
over timescales of seconds to minut&h@rras and brton (2002, McGarry et al.
(2008). However, otheexperimentatechniques have revealed that remodelling of
the cell actin cytoskeleton can occur on a tsoale of tens of minutes to hours. For
example, the dm cytoskeleton of endothelial cells seeded on silicone membranes
has been shown to change alignment following approximathiyf cyclic substrate
stretching Kaunas et al. (2005Wang et al. (200). Additionally, Wille et al.
(2006 has demonstrated that active stress fibre contrgabfifibroblasts seeded in
3D gels alters during the first 30in of cyclic deformation before reaching a steady
state. In order to further understatie mechanisms underlying the biomechanical
response of cells to mechanical loadiaggey requirement ithe ability to perform
single cell experiments over physiologically relevant tinseales. Such
measurements are generally trdtially implementedusing standardAFM systems

due to uncertainty in the tipample distance ovérngtime scales.

In the curent chapter it is demonstrated that uncertainties in thestmple
distanceoccurdue to thermal drift (rift), and perturbations in theaxis occur due
to instabilities associated with liquid motion (liquid instabilitBpth effectsimpose
severe imitations on the application of AFM over large tinszales, the extent of
which is oftennot considered. These limitations prohibit quantitative, long Scede
single cell experiments due to an inabilityréhiably specifydisplacement controlled
motion For this condition to be satisfied thérementionea-drift and any liquid
instability effectsmust beeliminated,such that the reference positions of the sample

and zpiezo remain at a fixed distance over the course of the entire experiment.

Z-drift is characterised as a change in the-sample distance due to
environmental temperature variations. The two main components of this motion are
(i) cantilevers with composite construction (e.g. a metal coating) which may deflect
due to the bimetalli@ffect (Thundat et al. (1994 and (ii) the tipsample distance
which may change due to thermal expansion/contraction of components within the

AFM frame. For experiments where the position of the substrate cannot be directly
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measured and therefore used as aregice (e.g. cell indentation studies) such effects
may result in significant errors in the calculateddgmple distance thus limiting the
ability to perform deformation controlled experiments over long seees. Liquid
instabilities may also be pregedue to evaporation, convection, and air currents in
open fluid cell systems, and may also arise in closed fluid cell systamyifir
bubbles are present. Here itdiemonstraté, for the first timethat such fluid motion
effects can give rise to parbations in the apparentdisplacement greater than 100
nm. The elimination of both-drift and liquid instabilities is critical foexperiments
where the precise control of cell deformatiand the precise measurement of

reaction force is requireaverlong timescales is required.

Previous drift related studies have primarily focused on thermal drift in the
lateral (XY) plane for imaging purposes, which can be compensatdualy fosing
Kalman filtering Mokaberi and Requicha (200)6or correlation method{ndt et
al. (2003), and/or reduced by instrument modificatior@ulevey et al. (1999
Similar approaches havesalbeen applied to the alleviation efldft. Spagnoli et al.
(20079 utilised a software routine wherebyetleantilever is repositioned to reference
the substrate between force measurements by moving latanaly from the sample
before recalibrating the substrate positiblowever, this method is unsuitable when
the cell dimensions exceed the lateral rangthefAFM scanneror if a continuous
cyclic deformation must be applied to the sampleference sensors have also been
used to provide tyzample distance information in parallel by monitoring either an
additional cantilever adjacent to the measurementilesger Choy et al. (200)y
Altmann et al. (2000 or a proximity sensorSchitter and Stemmer (2005parks
and Manalis (2008. The reference sensor method providestiga information for
the compensation of the effects oflaft; however great care must be taken to
ensure that the meor itself is inert to thermal effects. Such reference sensor systems
often require substantial modifications of existing instrumentation. Customised
systems have also been developed whereby thermal motion in one component
counteracts thermal motion in @her, resulting in an inherently stable instrument
(Hoogeman et al. (1998Torun et al. (2009. Furthermore, there are commercially

available products designed specifically to manage thermal drift by controlling

113



Chapter 5

environmental conditiond@rk Systems (www.parkafm.com); Agilent Technologies
(www.agilent.com); Nanosurf (www.nanosurf.comgipd/or demonstrate ulttaw

drift as a function of temperature changeHéad (www.ntmdt.com); Dimension
Edge (www.brukeaxs.com); Cypher (www.asylumresearch.cpnuch systems
represent significant advancemeimsinstrumentation but there is still a pressing
need to develop a reliable, cost effective and easily implemented method of adapting

any existing AFM for the purpose of long term displacement controlled experiments.

In this chapter, the progressigevelopmental steps tobtain displacement
controlled operation im liquid envronment over long timscales using a standard
AFM are presented. Firstly, the methodology used to monitor stability in an AFM is
described in Section 5.2. This methodologyhisn used to measure the extent-of z
drift within a standard AFM under standard operating conditions (Section 5.3). In
Section 5.4, the progressive steps to enhanced stability within the AFM is presented,
firstty for measurements in air, and then for meeswents within a liquid
environment. The AFM modifications presented here involve the use attare
temperature controsetup combined with a customised fluid cell and reservoir
system.Finally, o highlight the importance of precise displacement cgntyalic
single cell deformation is performed for both an unmodified and modified system
(Section 5.5) It is important to note that a comprehensive single cell investigation
will be presented in Chapter the sole purpose of the cell experiments preseimt
the current chaptas simply todemonstratehe significant errors that can occur in
applied celldeformation and measured reaction forden an unmodified system is
used. Throughout each section of this technical chapter, presented results are
discussed with reference to previous studies. A brief summary of the key points are
then provided Section 5.6.

5.2 Materials and Methods

5.2.1 Stability Criteria

The goalof this chapteris to minimise zdrift in the instrument without
sacrificing system stability ancorporating any additional noisk.should be noted

in this section that: (iZ-drift is the rate of change of thedisplacement of the
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cantilever relative to the surfaoghich isreported as the slope of a linear fit to 1 hr

of z-displacement datand (ii) the relative noise in the system is indicated by the
parameter sdev, which is the standard deviation of 1 hr-displacement data after
subtracting a linear fiBy subtracting the fit from the data a more accurate indication

of system stabilit can be obtained since the impact of drift on this value is
minimised.In the case of both parameters, values are reported as mean + standard
deviation.Here, long term performance is defined adrift and zsdev over a 5 hr
period as it approximates thigne limit for the cells used in this study to remain
viable on the AFM stage.

5.2.2 Stability Measurement

The AFM is setup according t8ection 3.2l. Stability measurements are
performed by monitoring the-displacement required to maintain a constant forée
60 nN) on a substrate (z integral gain = 1.0) in response to the deflection of a
cantileverft Lever C, NSC36/ Al BS, k & 0.6 N/ m,

Temperatures are recorded via a UBB interface (Measurement Computing,
USA) into the AFM software progm, Igor Pro (Wavemetrics, USApy in-house
custom software at fivaliscrete locations on the AFM {pe thermocouples,
Radionics, Ireland). All temperature andlisplacement data are collected using a
sampling rate of 1.0 Hz. Air conditioning maintaththe lab at 21 £+ 1 °C. The
acoustic isolation hood doors are kept closed during all experiments unless stated
otherwise. All measurements are performed from the same initial system
configuration ¢old systemdefined as having the hood doors closed, itiverted
microscope powered off and AFM controller on with the laser off for a period of 10
hr.

5.3 Stability under Standard Operating Conditions

To elucidate the extent of-drift under standard operating conditions
(unmodified system), measurements are performed on a glass slide in air over a
period of 18 hr using the setup described in Sechi@®. Starting from acold

systemthe laser and inverted microscope are powereamh temperatures within
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the isolation hood are observed to rise due to thermal dissipation. An offset is
observed betweetmermocouple locationfhowever, the rate of temperature increase

is similar for all positions. The AFM head temperature is observed to increase to a
maximum value of 33.04C (Figure5.1 (a), black). After5 hr of equilibration the
temperature is 32.62 + 0.3C with a linear rate of change of 0.09 + 0°@3hr. The
z-displacement is seen to closely match the corresponding temperature change
(Figure5.1 (a), grey. After 5 hr of equilibration, the-drift is found to be 111.56 +
112.97 nm/hr Kigure5.1 (b)) with a zsdev of 4.62 + 1.08 nnFigureb5.1 (c)). The
substantial standard deviation of thdrft should be noted.

The stability measurements shown for an unmodified systégure 5.1)
indicate that Arift of this magnitude would significantly affect any lotgrm
experiments where a known {fjubstrate displacement is requirad all times
Previous studies frequently state thermal equilibration times ranging fromir60
(Munday et al. (209), Zepeda et al. (200Q)Lto a few hoursRachlin et al. (1992
Gan (2009); however, it is clear from theesultspresented herthat substantially
longer times may be required in orderéach thermal equilibrium in the absence of
stability enhancement. These results highlight the need for a more systematic
approach to alleviating -drift when conducting measurements over long time

periods.
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5.4 System Stabilisation

The developmental steps towards achieving systalisy are discussed in
this fction. Enhanced stability is first established for measurements (Beaition

5.4.1),and then for measurements in a liquid environng®attion 5.4.p
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5.4.1 Stability in Air: Active Temperature Control

Initial attempts to stabilise the AFM involved counteracting drift based on the
systemtemperature changsee Appendi 5.A for detailg. However, it is found that
the most effective method to stabilise tA&M is to prevent drift rather than
counteract it. Drift prevention could be established if the system temperature is
increased to a valugreater thanthe equilibration temperature using an active

temperature co ntrol system.

Active temperature control isnplemented using aempControl 372 digital
controller and heating unit (Zeiss, Germanyigure 5.2. The temperature control
unit is mechanically solated from the AFM system to suppress acoustic and
vibration noise. An operating temperature of 35 °C is chosen to ensure the instrument
is kept above room temperature to reduce the influence of external temperature
fluctuations whilst keeping below tmeaximum operating temperature of 4D This

temperature resulted in a liquid temperature of@within the fluid cell.

! [ (b

Tempcontrol | L

7 2o 5050
o 4. o |

w
Tempcontrol 37-2 digital

AFM Hood

Heating Unit

Figbxe (a) Connection diagram of tampevatuempeonatu

and (c) heating unit. Adapted from Pecon incubatoc

To elucidate the magnitude ofdzift when active temperature control is

implemented, stability measurements are performed on a glass slide in air over a
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period of 18 hr,as shown inFigure 5.3. Starting from acold systemthe laser,
inverted microscopeand active temperature control system are poweredllog.
tempeatures within the isolation hood are observed to rise rggiulgontrast tahe
unmodified systemThe AFM head temperature increased to a maximum value of
35.51°C. After 5 hr of equilibration the temperature is 35.28 + 0@3vith a rate of
change 00.02 £ 0.02°C/hr. After 5 hr of equilibration, the-arift for the modified
system is found to be 9.28 + 5.41 nm/hr compared to 111.56 + 112.97 nm/hr for the
unmodified systenfFigure5.3 (b)). This significant improvement in performance is
primarily due tosystemoperaton at a temperature greater than themodified
equilibration temperature of the systewhich negates thenpact of slow variations

in temperature due to instrument heat dissipatimsignificant difference in system
relative noise stabilitys observed, with a-sdev of 4.94 + 0.46 nm for the modified
system compared tosdev of 4.62 + 1.08 nm for the undified systemas shown

in Figure5.3 (c).

In the case othe modified system it is found that fully opening the acoustic
isolation hood doors for 1Min required a period of 5 hr to-establish stability. As
such, all major adjustments to samples and cantilevers are performed withimia 10
period, after which the system is left for 5 hr to equilibratee system is defined as
a warm systenwhen themal stability is reachedMinor adjustments such as laser
positioning, cell injection, AFM head and sample stage positioning may also be
performed through the side portal window of the acoustic isolation hood. Such
operations are not found to affect stapiif performed intime periodsless than 1

min.

For biological experiments under physiologically relevant conditions the
addition of a fluid cell is required. As such, the performance of two fluid cells: a
BioHeatef fluid cell (Asylum Research, USA) and glass bottomed petri dish
(GBPD) (FluoroDish 35 mm, WRI, Floridayeaalso measured usingrarm system

in air over a period of 5 hr for compariséiigure5.4.
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Best zdrift performance is found using the GBPD with a value of 2.98 + 2.82
nm/hr compared to 12.51 + 5.26 nm/hr for the glass slide and 148.37 + 41.72 nm/hr
for the BioHeat er E.stadilityafithe systdmesdevieid feundi v e n
to be comparable in all cases. The origin of the highrzi f t in the Bia
system is unknown but may be attributed to the complexity of the design with a
range of thermal expansion coefficients present (PEEK, gidss coverslip, @ing,
and a metal retaining ring), as illustrated Rigure 5.5. From these results, it is
evident that the GBPD has the lowest drift rate anepresented the best candidate

for stable operation in liquid.
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__— Cantilever Holder

Membrane

_Heating Stage

{1 =— PortPlug
~p— Inlet/Outlet
PFA Tubing

O-ring
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e ——— (or cover slip)

Threaded
Bottom Clamp

Figb6%e Schematic of Bi oHeaterE assembly. Adapted
Bi oHe&tl orsied Fluid Cell .

5.4.2 Stability in Liquid: Customised Fluid Cell

Having demonstrated good stability in didure5.4), the GBPD is then tested
in liquid (PBS) in awarm systenover a period of 5 hr. With thé BPD open to the
environment, the system is unstable with changesdisgacement of over 100 nm
observed,as shown inFigure 5.6. These perturbations are attributéa liquid

instabilities arising from evaporation.

Fi gh@ edZ spl ac evmaemt siiyns tReBi® using an open GBPD.

Figure 5.6highlights the necessity of a closed fluid cell setup to prevent liquid
instabilities. However, as indicated kiigure5.5, the Asylum Researct

(a closed fluid cell) demonstrated very poor stability. Thereforapdified closed
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