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Preface

The first thought that comes to a physicist involved in biology is whether physics can
explain biology. Of course, | cannot answer this question (probably nobody can), because
maybe it is not the correct one . A better question might be: what biological processes
can be explained by the laws of physics? Since Nature appears to be governed by physical
laws, it seems obvious that the behavior, structure and function of cells, as part of Nature,
are limited by and subjected to the laws of physics. Cellular biophysics does not seek to
explain how cells are, but what can we say about cells from the physical point of view.
During the last century, cellular biology has been mostly assessed from the biochemical
point of view: studying how biochemical stimuli modify the biochemical composition
of living cells. However, most of the cells that form our body constantly exert or are
subjected to mechanical forces. Muscle cells exert forces during contraction, vascular
endothelial cellsare subjected to shear forces dueto blood streaming, and pulmonary cells
resist cyclic deformations due to spontaneous breathing, to mention only afew examples.
Therefore, mechanical forces are present in amost al cell types and it seems reasonable
that they play an important role in determining cell structure, composition, and function.
The recent development of techniques designed to manipulate molecules and cells with
nanometric resolution and to measure forces in the picoNewton range opened a new field
of study. The continuous increase in works relating mechanical properties of cells with
cellular function has shown that mechanics are asimportant as biochemistry at the cellular
level. Thus, the main aim of this thesis is the application of physical tools to better
understand the biological world.

The studies presented in thisthesisare part of thework | carried out during thelast four
yearsin the Biophysics and Bioengineering Unit at the University of Barcelona School of
Medicine. The thesis can be divided into four main sections: Introduction, Aims, Exper-
imental studies, and Conclusions. The introduction (Chapter 1) attempts to make a brief
review of cellular mechanics. It describesthe main cellular componentsinvolved, the way
in which atomic force microscopy can be used, and some relevant results found in litera-
ture. Chapter 1 also draws attention to the limitations of atomic force microscopy when
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applied to cell mechanics, and to some important questions that remain open. The aims of
the thesis (Chapter 2) correspond to each of the four experimental works described in the
thesis. The third section (Chapters 3-6) consists of four experimental works that makes
up the core of the thesis. The main theme of the thesis is atomic force microscopy and
how it can be applied to the understanding of cellular mechanics. The subtitle of the the-
sis The importance of probe geometry was chosen because three of the four experimental
studies are focussed on the manner in which the geometry of the probe may affect the
measurements and influence the results obtained. Chapter 3 describes the devel opment
and validation of the atomic force microscopy (AFM) system. Chapter 4 presents a study
of cell mechanics probed with blunted pyramidal AFM tips. The work in Chapter 5 val-
idates cylindrical AFM tips. In Chapter 6, a study of cell adhesion under inflammatory
mediators is presented. Each chapter is written as a paper in order to facilitate reading.
The last section presents the main conclusions of the thesis (listed in Chapter 7). Two
appendixes are provided at the end of the thesis.
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Chapter 1

| ntroduction

1.1 Structural componentsinvolved in cell mechanics

Cells are complex organisms formed by an enormous amount of different molecules and
organelles. The structure, organization, and nature of these components determine the dif-
ferent cell types, their function, their communication with the surrounding environment,
their live cycle, and, as described in this section, their mechanical behavior.

1.1.1 Cytoskeleton

The word cytoskeleton (CSK) has the etymological meaning of skeleton of the cell. Like
vertebrates skeleton, the CSK indeed plays a central role in the maintenance and organi-
zation of the structural morphology of the cell. But cell CSK is more than an inert, static
framework that supports the cell body. It also stands for the musculature and circulatory
system of the cell, being responsible of cell crawling, cell contraction, intracellular traf-
ficking, or cell division. The CSK forms a network of three main kinds of protein fibers
bound by a series of intermolecular linkers and molecular motors, and connected to the
extracellular environment and neighboring cells by membrane receptors. The cytoskele-
ton is thought to be the main responsible of cellular mechanics.

Actin filaments and related proteins

Actin filaments (AF) or microfilaments have shown to be the mayor determinants of cy-
toskeletal mechanics (Albertset al., 1994; Bray, 2001). Actin filaments are long and flex-
ible helical polymers (F-actin) formed by polymerization of the monomeric globular form
of the protein (G-actin). Microfilaments, with a diameter of ~8 nm, have a Young's mod-
ulus (E) of ~2 GPa. It isimportant to note that individual actin filaments are ~10° times
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2 CHAPTER 1 — INTRODUCTION

stiffer than actin gels and typical animal cells, E~100-1000 Pa. Their relatively short per-
sistence length, ~18 um, reflects their suitability to support tension stresses (Fudge et al.,
2003; Bray, 2001).

Actin is the most abundant protein in the majority of eukaryotic cells (5-10%), ac-
counting for ~20% in some cell types, such asmuscle cells. In atypica animal cell, actin
filaments are localized at the peripheral region of the cell (0.2-0.5 um beneath the plasma
membrane) forming a three-dimensional network cross-linked mainly by a-actinin and
filamin called the actin cortex. Actin is also found throughout the cytosol in both its sol-
uble and polymerized form. Most of the movements of the cells are controlled by actin
and its associated molecular motors. The polymerization of actin is indeed a form of
movement and is regulated by the hydrolysis of energy. The growth rate at the two ends
of AF are different, existing a pointed end (more static, lower growth rate), and a barbed
end (more dynamic, faster growth rate) which is supposed to be responsible of filopo-
diaformation (Mogilner and Oster, 2003). In determined cells, actin filaments can form
dense, rigid bundles cross-linked with the molecular motor myosin. Under this config-
uration, they are usually referred to as stress fibers and they can develop forces, leading
to cellular contraction or cytoskeletal reorganization, being also able to support compres-
sion (Stamenovic and Ingber, 2002). Using optical tweezers the force developed by the
stroke on an AF of asingle myosin |1 motor was estimated to be 3-5 pN, with a step size
of 5.3 nm, and an energetic efficiency of 12-40% (Bustamante et al., 2004; Finer et al.,
1994). Morphological changesin the actin CSK owed to pharmacological or mechanical
stimulus commonly paralel variationsin the global or local mechanical behavior of cells
(Nagayama et al., 2004; Rotsch and Radmacher, 2000; Bhadrirgju and Hansen, 2002).
Alteration of the polymerization kinetics of actin by Latrunculin A or Cytochaasin D
leads to CSK disruption and to a significant decrease in cellular stiffness, reducing also
the ability of cells to move and contract. On the other hand, activation of the contractile
apparatus, i.e. enhancement of actomyosin cross-bridge formation and actin polymer-
ization, has shown to induce an increment in cellular stiffness in a number of cell types
(Butler et al., 2002a; Fabry et a., 2001; Charras and Horton, 2002a; Smith et al., 2005;
de Moraleset al., 2004).

Microtubules and related proteins

Microtubules (MT) are also important determinants of cell mechanics. These have a dif-
ferent structure than actin filaments. MT are formed by polymerization of tubulin o
dimers arranged in a hollow cylindrical geometry of ~25 nm outer diameter and ~15 nm
inner diameter. Using atomic force microscopy and taking into account their tubelike
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structure, the Young's modulus of microtubules has been recently estimated to be ~0.8
GPa (de Pablo et al., 2003). Their structure and stiffness lead to a persistence length of
~5000 um, much larger than typical cellular dimensions. MT are thus more suitable to
withstand compression stresses (Stamenovic et al., 2002; Wang et al., 2002).

Although MT are present in most of animal and vegetal cells, their concentration is
much lower than that of AF. The polarized structural nature and the polymerization dy-
namics of MT strongly determine their organization within the cell. The so-called plus
end exposes B-tubulin, and tubulin dimers are added more rapidly than to the minus end,
which exposes a-tubulin. The minus end is usually anchored to an amorphous matrix of
filaments located near the nucleus called centrosome from which MT radiate out. MT
are dynamically instable, the plus end abruptly changes from phases of linear growth to
shrinkage in a random manner. As they form and disassemble MT can find a preferable
orientation if their plus ends are capped, usually near cell borders. It has been observed
that MT occasionally bend and flex at periphery in culture fibroblasts (Howard and Hy-
man, 2003). Thedisruption of M T using drugs such as nocodazole or colchicineinduced a
dlight drop in cell stiffness and an increment in theinward or contraction forces (Buscemi,
2004; Stamenovic et a., 2002; Charras and Horton, 2002a; Thoumine et al., 1996). This
findings show the importance of M T in cellular mechanics, and they support the hypoth-
esisof MT as cell responsible structures for supporting compression forces.

In addition, MT have a key role in cellular trafficking. Molecular motors such as ki-
nesin or dynein transport proteins and even whole vesicles and organelles along MT to
the different regions of the cell. The step size of a single kinesin motor while it moves
aong aMT is~8 nm, generating aforce of ~7 pN with an energetic efficiency of 40-50%
(Bustamante et al., 2004). Another important function of MT is to move chromosomes
and mitotic spindles to opposite sites of the cell during mitosis, leading to strongly dif-
ferentiated M T organization depending on the cell phase. This movement is generated by
both MT polymerization and motor proteins. Cilia and flagella are molecular machines
that generate force and movement in certain cell types, and are mainly formed by athick
coreof MT.

Intermediate filaments and related proteins

The third kind of proteins that form the CSK are intermediate filaments (IF). They are
much more varied in sequence and structure than AF or MT. Indeed, there are more than
fifty different types of IF, such as vimentin, keratin, desmin, neurofilaments, or lamins.
However, al these kinds have a similar structure formed by coiled-coil dimers. Assembly
of IF is based on phosphorylation of the terminal domains of the dimers that interlace
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between each other by longitudinal annealing forming a rode-like structure. Unlike AF
or MT, IF are not polar structures. The diameter of IF is ~10 nm and their persistence
length is ~1 um. The Young's modulus of IF dimers has been estimated to be of ~2
GPa (Howard, 2001), although a dramatically lower value of 6.4 MPa has been recently
reported for hydrated | F, which may explain the short persistence length observed in living
cells (Fudge et a., 2003).

The structure, organization, and composition of |F vary from one cell type to another.
IF are usually bonded to other parts of the cytoskeleton via linking proteins, such as
desmoplakins, filaggrin, or plectins, forming an integrated system. In epithelial cells, for
instance, keratin filaments form a network throughout the cytoplasm with higher concen-
tration near the central region, being connected to neighboring cells by specific structures
at the cell junctions. Their mechanical properties suggest that IF may contribute to the
elasticity of the cells via tensile loading. Their contribution may be negligible at low
strains, becoming more important at high loadings (Maniotis et al., 1997). It has been
also suggested that IF may prevent from excessive buckling of MT, stabilizing the CSK
and having a protective role (Stamenovic and Ingber, 2002). Disruption of the vimentin
network of cultured osteoblasts using acrylamide, showed a trend toward reducing cell
elasticity, reducing significantly both cell height and cellular reactions (Charras and Hor-
ton, 2002a). In addition, IF are also found to tailor the shapes of particular cells, such as
neurons, determining axons diameter. Even though, the function of IF, not only mechan-
ical, remains unclear, and further studies may be carried out to establish a satisfactory
theory for these complex structures.

Severa authors have tried to explain cellular mechanics in terms of measuring the
mechanical properties of actin gels (Storm et al., 2005; MacKintosh and Schmidt, 1999;
Janmey, 1991; Schnurr et al., 1997; Gittes et al., 1997). However, it seems difficult to
find a complete and satisfactory explanation to cell mechanical behavior by means of in-
dividual CSK components. The complexity of cellular mechanics comprisesits structural
organization, cross-linking between filaments, attachment to other cells and to the extra-
cellular matrix, and cooperativity with other cellular organelles. 1t seems thus important
the in situ measurement of cellular mechanics under physiological conditions.

1.1.2 Extracellular matrix

The extracellular matrix (ECM) can be seen as an external extension of the CSK. The
ECM is a dense mesh formed by several kinds of protein fibers, such as fibronectin, col-
lagen, or laminin secreted by cells themselves. The diameter of the components of this
network range from tens to hundreds of nm. Cells attach to the ECM via focal adhesion
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contacts, which are clusters of membrane receptors (integrins) and cytoplasmic molecules
(see section 1.1.3) (Horwitz, 1997). An important component of ECM is the aminoacid
sequence Arg-Gly-Asp (RGD), which is the binding site for several integrin receptors to
ECM fibers.

The composition of the ECM depends primarily on the tissue type. Its stiffness is
mainly determined by collagen fibers and it is of the same order of magnitude of that of
living cells, 100-1000 Pa. The ECM serves as a supporting scaffold for cells when form-
ing living tissues. It has been shown that the density of ECM proteins strongly determines
movement, shape and stiffhess of cultured cells aswell as it causes strengthening of cell-
ECM adhesion sites (Bhadriraju and Hansen, 2002; Choquet et al., 1997). Indeed, the
ECM supports part of the mechanical forces within the CSK. The balance of forces be-
tween cells and the ECM regulates cellular shape, stiffness, and structural stability. Thus,
the ECM appears crucial to the developing and function of living tissues, and therefore to
the way cells sense and response to mechanical stimulus.

1.1.3 Caell adhesion receptors

As mentioned in the last section, cells behavior, function, movement, and mechanical
properties is determined by the specific attachments to their surroundings. Cells form
tissues by adhering to neighboring cells and to the ECM. Thereis awide amount of adhe-
sion receptors and related structures. Integrins, cadherins, immunoglobulin cell adhesion
molecules, and selectinslie among the most important adhesion sites. The adhesion mole-
cules most related to the support and application of mechanical forces, critical for motil-
ity, or contraction, and related to the maintenance of the tissue integrity will be briefly
reviewed in this section (Bershadsky et al., 2003).

Integrins and focal adhesions

Integrins are heterodimers having an @ and a3 subunit. Both subunits have a large extra-
cellular domain, a membrane region, and a short cytoplasmic domain. In vertebrate cells,
the integrin receptor family includes at least 18 varieties of « subunits and 8 8 subunits.
An important characteristic of integrins is their ability to move within the membrane
and carry conformational changes as a response to extracellular and intracellular factors,
leading to states with different avidity and affinity (Juliano, 2002; van Kooyk and Figdor,
2000). Although some kinds of integrins attach to other cell receptors, such as LFA-1
to ICAM-1, integrins main function is related with adhesion to the ECM. The strength
of single integrin-ECM interactions has been studied by several authors on both isolated
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molecules and living cells using AFM. The rupture forces for these single complexes
has found to be Mg?*-dependent, loading rate dependent and on the order of tens of pN
(Lehenkari and Horton, 1999; Li et al., 2003; Kokkoli et a., 2004; Trache et al., 2005).

The cytoplasmic region of integrins is indirectly connected to the actin cytoskeleton
vialinking molecules such astalin, vinculin, or filamin (Horwitz, 1997; Critchley, 2000).
This linkage to the CSK regulates integrin diffusion and clustering. Indeed, integrin me-
diated cell adhesion to the ECM is commonly mediated by clusters of integrins and other
cytoplasmic molecules forming complex, specialized structures termed focal contacts or
focal adhesions (FA) (Horwitz, 1997; Critchley, 2000). The formed complexes related
with adhesion receptors serve as scaffolds for signaling cascades, and as major sites of
force application. The area of these FA is of ~1 um?. However, size and strength of FA
are modulated by the cell depending on the mechanical properties and biochemical com-
position of the ECM (Choquet et al., 1997; Galbraith et al., 2002). Stressfibersare usually
associated to FA and the forces generated by cells can be measured using different tech-
niques, such as traction microscopy using flexible gels, patterned elastomers, or arrays of
bendabl e posts on which cells are cultured (Balaban et al., 2001; Dembo et al., 1996; Tan
et al., 2003). Using such techniques the force per unit area generated by different cells
has been estimated to be in the range between 1 to 10 NN/un?.

Cadherinsand related complexes

Cadherins form an important family of cell-cell adhesion receptors. As integrins, cad-
herins are specialized molecules characteristic of the cell type, existing E-cadherins and
VE-cadherins, on epithelial and vascular endothelial cells. Cadherins are also transmem-
brane receptors, having and extracellular region which attaches to other cells, and a cy-
toplasmic region bound to the CSK via catenin, vinculin and other specialized proteins.
An interesting feature of cadherinsistheir ability to form homophyllic (self-self) connec-
tions. The interaction force of single cadherins have been recently probed with AFM and
found to be loading rate dependent, Ca?*-dependent, and in the range 35-55 pN.
Cadherins aso form structured complexes bound to the CSK. When linked to AF the
complexes are called adherens junctions (AJ), and desmosomes when connected to IF. AJ
and desmosomes are different from FA in structure and localization, and also less studied.
In epithelial cells, AJ are localized between the apical and the basal domains of the cell,
forming a continuous adhesion belt (or zonula adherens) connected to surrounding cells
and associated with a cytoplasmic plague of actin (Knust and Bossinger, 2002). AJ are
found to be important in the balance of forcesin living tissues dueto their link to the CSK.
AJ are commonly associated with other structures, called tight junctions (TJ), formed by
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a different kind of adhesion molecules (occludins, ZO-1...) (Mitic and Anderson, 1998).
These complexes also form a belt above AJ which is thought to be the responsible of the
permeability of epithelial and endothelial layers.

1.1.4 Cytoplasm

The cytoplasm of vertebrate cellsis composed by water with a 20-40% (w/v) of proteins.
This high concentration of molecules lead to a crowded cell interior, in contraposition
with the classical view of the cell asaballoon full of water with freely moving molecules.
Recent devel oped microscopy techniques enabled us to visualize the cytoplasm with high
resolution and with few changes from its native structure and composition (Medaliaet al .,
2002). Cryoelectron tomography images of Dictyostelium discoideum cells reveded a
dense cell interior which haslead to a new term to described the cell cytoplasm molecular
crowding (Ellis and Minton, 2003). This dense organization implies that between 5% and
40% of total cell volume is occupied by macromolecules, which may compete between
each other to occupy the available volume. Although the implications of macromolecular
crowding have not been already studied in detail, it seems likely animportant contribution
to the overal cellular viscoelasticity. Measurements of the cytoplasmic viscosity were
carried out in the 1950s by Crick and Hugues using micrometer sized particles embedded
within the cell cytoplasm (Crick and Hughes, 1950). More recent measurements on direct
cytoplasmic extracts from Xenopus laevis eggs using conventional rheometers reported
an elastic modulus of 2-10 Pa and aloss modulus of 0.5-5 Pa (Valentine et al., 2005), an
order of magnitude lower than that of typical cells. At the microscopic level, cytoplasmic
extracts behaved as viscous fluids with a viscosity of ~20 mPa:s.

1.1.5 Nucleus

The nucleus of vertebrate cells is formed by a lipid membrane and encloses the genetic
material densely packed in the form of chromosomes. AF, MT, and IF surrounds the
nucleus at higher concentration than in other cellular regions. The mechanical properties
of cell nucleus have been studied by different techniques founding a stiffness higher than
that of living cells (Caille et al., 2002; Dahl et al., 2005). Due to the importance of
the nucleus in the organization of the CSK it seems difficult to isolate its contribution
to cellular mechanics. Indeed, it has been shown that cells nucleus is directly linked to
the CSK and indirectly to the cell membrane viaintegrins (Maniotis et al., 1997). Thus,
forces applied to the cell contribute to the deformation of the CSK and to the indirect
deformation of the cell nucleus, contributing to the mechanical response of living cells.
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1.1.6 Cdl membrane

The cell membrane is formed by alipid bilayer with integrated protein molecules of dif-
ferent type and function. The area of the lipid layer forms the 50% of the total membrane
surface. The lipid bilayer serves as a semipermeable barrier between cells and their mi-
croenvironment. Water and small molecules (O,, CO,) are able to pass through the cell
membrane. Another important task of the cell membrane is the regulation of the osmotic
equilibrium. The embedded molecules serve as receptors, enzymes, or transport proteins.
Both lipid and protein molecul es can diffuse within the membrane, which can be seen asa
two-dimensional fluid. Using membrane attached beads, this kind of diffusion have been
studied. It has been shown that lipid-attached beads diffused randomly, while protein-
attached beads diffuse in the same way initially with sudden stationary states, explained
by the anchoring of the proteins to the CSK (Bursac et al., 2005). The tension supported
by alipid bilayer has been calculated to be ~1 nN/um using the micropipette aspiration
technique. Similar measurements on living cells revealed a softer tension for the cellular
cortex of ~1 pN/um (Hochmuth, 2000). The surface tension contributes to the whole me-
chanical properties of living cells and may control cellular functions, such as endocytosis
and exocytosis. Due to the close binding of the cell membrane with the actin cortex and
other attached molecules, it is difficult to isolate the purely elastic behavior of the cell
membrane. It has been shown that cell membranes, probed using AFM and micropipette
aspiration, form long tethers of several um that oppose a force to pulling independent of
extension (Hochmuth, 2000; Benoit et al., 2000; Benoit and Gaub, 2002). Poking mea-
surements on living cells reflected forces from hundreds of pN to tens of nN needed to
lyse cell membranes using AFM tips (Hategan et al., 2003; Obataya et al., 2005a). An-
other contribution to cell mechanical properties is the glycocalix composed mainly by
chains of polysaccharides. These brush-like structures developed steric forces that have
been studied using AFM (Fritz et al., 1994). The contribution of the cell membrane to
cellular mechanics seems complex and might need further study.

1.2 Atomic force microscopy applied to cell biology

Our knowledge of the mechanics of the cell hasincreased in the recent two decades due to
the emergence of the nanotechniques. These tools enables us to manipulate biomolecules
and cells with nanometer resolution and simultaneously measure forces on the picoNew-
ton to nanoNewton range. Moreover, most of the emerged tools allows us to carry out
measurements under liquid environment. Among the most important tools we find mag-
netic and optical tweezers (Wang et al., 1993; Maksym et al., 2000; Neuman and Block,
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2004), microplates (Thoumine et al., 1999), traction microscopy (Dembo et al., 1996;
Butler et al., 2002b; Roy et al., 2002), micropipet aspiration (Evans and Yeung, 1989), mi-
croarrays of bendable posts made of silicon or PDMS (polydimethilsiloxane) (Tan et al.,
2003), and atomic force microscopy (AFM) (Binnig et al., 1986). The last one is one of
the most versatile since it enables us to obtain both topographical images and mechanical
measurements under physiological conditions at the nanometer and picoNewton scales.

AFM appeared in 1986 and it was originally designed to obtain topographical images
of surfaces (Binnig et al., 1986). AFM was rapidly applied to measure the mechanical
properties of different samples (Burnham and Colton, 1989). The possibility of working
under liquid conditions made AFM straightforwardly applied to the study of structural
properties of cells (Haberle et al., 1991; Henderson et al., 1992; Butt et al., 1990). The
application of AFM to probe the mechanics of biological samples arrived in 1992. Tao
and co-workers applied the atomic force microscope to probe the microelasticity of soft
biological samples (Tao et a., 1992), and Hoh and co-workers used AFM, for the first
time, to measure the mechanical properties of living cells (Hoh and Schoenenberger,
1994). After these works, a great amount of studies appeared, and continue to appear,
to study the morphology and the mechanical properties of living cells under different con-
ditions, as well as various novel methods and techniques to improve measurements on
biological samples, and specialy on living cells (Dimitriadis et al., 2002; Dvorak, 2003;
Domke et al., 2000; Charras and Horton, 2002b; Florin et al., 1995; Horton et al., 2000;
Hoh and Schoenenberger, 1994; Lehenkari et al., 2000; Mathur et al., 2001; Rotsch and
Radmacher, 2000; Obataya et a., 2005b; Mahafty et al., 2000; Wojcikiewicz et al., 2003;
Zhang et a., 2004a; Lee and Marchant, 2000; A-Hassan et al., 1998; Wu et a., 1998; Han
et a., 2005; Benoit and Gaub, 2002; Cappella and Dietler, 1999; You et a., 2000). Even
though, a series of limitations arise in practical use, specially when using commercial
systems. In this section, we briefly review the most common AFM methods and tech-
niques to obtain both topographical images and mechanical measurements on living cells,
emphasizing on the limitations that arise in the day to day use.

1.2.1 Principle of operation

AFM makes use of a flexible cantilever with a sharp tip at its end to probe the sample
surface (Fig. 1.1). Inthe case of AFM systems specially designed to investigate biological
samples, the cantilever is positioned in the three dimensions by means of piezoelectric
elements. The deflection of the cantilever is measured using the optical lever method
(Hansma et al., 1994b). A laser beam is reflected off the back side of the cantilever and
detected using a segmented photodiode. The deflection istransformed into forceinvoking
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the Hooke's law and knowing the spring constant of the cantilever. Other configurations
use piezoelements to move the sample maintaining the probe fixed. A key feature when
handling living cells is the simultaneous visualization of the samples by transmitted light
microscopy (Putman et al., 1992). An illustrative scheme of a typical AFM system is
showninFig. 1.1.
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Figure 1.1: Sketch of an typical atomic force microscopy device designed for biological
applications.

1.2.2 Imaging living cells

As mentioned above, AFM and its precursor scanning tunnelling microscopy, was firstly
applied to obtain topographical information of hard surfacesin air (Binnig et al., 1986).
However, its capability of imaging non conducting surfaces in liquid conditions induced
its immediate application to biological specimens. AFM is indeed mostly used as an
imaging technique, specially in the field of material sciences.

AFM images are obtained by scanning the sample surface with the cantilever tip (Fig.
1.2) at afixed force. The maintenance of the force level is achieved by using feedback
electronics (usually digital proportional integral circuits) continuously correcting the ver-
tical position of the cantilever (relative to the sample) as the input signal varies due to
topographic obstacles. The sample topography is reconstructed from the vertical move-
ments used to maintain the fixed force set point. The different imaging modes available
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depend on the input signal used in the feedback circuit to control the vertical position.
The two main modes used in biology are contact and intermittent contact (I1C or tapping)
modes, which will be briefly discussed in the following. Other techniques and improve-
ments have been introduced such as magnetic modulation, frequency modulation, or ul-
trasonic force microscopy (Florin et al., 1994; Albrecht et al., 1991; Yamanaka et 4d.,
1994).

I C-mode consistsin making oscillate the cantilever at its resonant frequency (few kHz)
(Zhong et ., 1993). Under liquid conditions, the driving oscillation is usually applied
by the same piezoelement that controls the vertical position. When imaging living cells
with soft cantilevers (~10 pN/nm) the driving oscillation leads to a cantilever deflection
amplitude of few tens of nanometers. The driving amplitude of oscillation is adjusted
depending on the characteristics of the sample. The scanning is carried out by using
the amplitude signal for the feedback. 1C-mode is applied when low shear and lateral
forces are required. In this mode the tip taps the sample only intermittently leading to
lower perturbation and reduced shear forces as the tip scans the sample. In the case of
living cells, IC-mode takes advantage of the mechanical properties of living cells. At the
resonant frequencies of the cantilevers, cells behave almost as a viscous fluid. Therefore,
the force exerted by the cell is proportional to the velocity at which it is probed leading
to apparently higher forces when imaging in IC-mode (Burnham et al., 1997; Hansma
et al., 1994a; Putman et al., 1994). Even its suitability for acquiring images of living cells
without damaging them, 1C-mode images have low lateral resolution and it is difficult
to resolve cellular structural components, such as the CSK. However, |C-mode may be
useful when morphological parameters (perimeter, area, volume) are intended?.

Figure 1.2. Commercialy available AFM cantilever probes. 4-sided pyramidal (left),
8-sided pyramidal (center), and a pyramidal tip with a polystyrene sphere attached.

Contact mode is commonly used when high lateral resolution is desired. Imaging
mode, tip sharpness, sample stiffness and applied force determine the maximum lateral

1To see agraphical simulation of 1C-mode provided by Digital Instruments click here
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resolution that can be reached. In contact mode, soft cantilevers (k ~0.01 N/m) carrying
sharp pyramidal tips (with an apex radius <50 nm), low tip velocities (<100 umy/s) and
applied forces of few hundreds of pN are desired to obtain lateral resolutions of tens of
nm on living cells. However, to obtain good contrast of the underlying CSK, higher forces
might be applied (Hoh and Schoenenberger, 1994). The immobilization of the samples
is aso important when non adherent cells are imaged. Immobilization can be achieved
by using imaging buffers to vary the electrostatic charge of both sample and surface (e.g.,
Hanks Balanced Salt Solution), or by chemical modification of the substrate (e.g., 3-
aminopropyl-triethoxysilane) (Wagner, 1998). When working with adherent cells, the use
of substrate coatings such as fibronectin or collagen and the increase of the culture time
may help to enhance cell adhesion to the substrate. AFM images bring us quantitative
information such as height, perimeter or volume of living cells together with structural
details of the surface and the inside of the cells, e.g., cytoskeleton. The possibility of
changing the liquid environment while imaging makes AFM an excellent tool to track
structural and dimensiona responses of living cells under drug treatment. Figure 1.3
shows aliving alveolar epithelial cell imaged in contact mode under liquid conditions’.

Figure 1.3: 3D height (left) and deflection (right) images of a primary alveolar from rat
under liquid conditions. Cell thickness was ~4 um. Deflection gray scale stands 200
nm, respectively. Scan size was 100 um. Images were obtained using a Bioscope system
operated in contact mode with a pyramidal cantilever tip (k = 10 mN/m) (Veeco, Santa
Barbara, USA)

As mentioned above, AFM images are obtained by scanning the sample surface with
the cantilever tip continuously correcting the vertical position (height) as the deflection

2Primary cells were provided by Isaac Almendros. Images were processed using freeware software
WSxM 7.5 (Nanotech, Madrid, Spain).
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(in contact mode) or amplitude (in 1C-mode) vary as a result of sample topography. If
the feedback circuiting was ideal, the error signal might be constant during the scanning.
However, the response of actual PID circuits depend on the good tuning of the propor-
tional and integral values and on the properties of the cantilever and the sample. Thus,
error signal are not constant but provide images that can reflect properties of the sample.
Depending on the imaging mode, error images provide information about minute corru-
gations of the sample surface (deflection in contact mode) or viscoelastic properties of the
sample (amplitude in IC-mode)®
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Figure 1.4: Volume of a living A549 cell computed from contact mode AFM images
obtained using a Bioscope system (Veeco, Santa Barbara, USA) with V-shaped cantilever
(k=10 mN/m). The low resolution (64x64 pixel) and a scan rate of ~100 umy/s allowed
us to obtain an image every ~1 min. The hysteresis of the piezoelements introduces a
systematic artifact in the volume value obtained from the upward (odd) or the downward
(even) images of ~5%. The dlight decreasing trend may be due to relaxation of the cells.

One of the main limitations of AFM imaging is its low acquisition rate, specialy in
the case of large samples (tens of microns), such as living cells. High resolution images
of living cells can last several minutes, and are thus restricted to low cellular changes.
However, low resolution images still provide quantitative dimensional information with
atime resolution of one or two minutes (Schneider et al., 2000; Bhadriraju and Hansen,
2002). Drift artifacts due to therma deformations of both AFM system and samples
are commonly observed in AFM imaging. These effects may be minimized by thermal
stabilization of the whole system, even if it isusually difficult on living organisms. Piezo-
electric elements also introduce creep and hysteresis effects when imaging large samples.

3Theinterpretation of AFM error images arouse still an intense debate, specially on |C-mode amplitude
and phase images.
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Anillustrative exampleis shown in Fig. 1.4, whereit is shown the cell volume computed
from a series of AFM images acquired every ~1 min. Notice that there is a systematic
artifact in odd and even images, mainly due the hysteresis of piezoelectric scanners. The
utilization of position sensors (such as strain gauges or capacitors) and feedback circuits
dramatically minimizes these effects, athough it also reduces the time response of the
system. For this reason, many of the ultimate commercial equipments introduce servo-
controlled positioners. In the special case of living cells, it is important the simultaneous
optical visualization of the samples with common optical systems, such as Phase Con-
trast (PhC), Differentia Interference Contrast (DIC), or epi-fluorescence. Commercial
AFM systems are commonly difficult to combine with these techniques, reducing their
applicability to cell biology.

1.2.3 Mechanical measurements

Apart from imaging purposes, AFM is widely used as a force sensor, detecting forces
ranging from tens of picoNewtons to hundreds of nanoNewtons, which is the range in-
volved in cell mechanics. Mechanical measurements use to be obtained by applying tri-
angular oscillations in the vertical direction and measuring the resulting deflection as the
tip contacts the sample. The deflection istranslated into force using the spring constant of
the cantilever which ranges from few mN/m to hundreds of N/m. The obtained curves are
commonly known as force-distance (F — 2) curves, or ssmply force curves (Fig. 1.5). The
analysis of the approaching or loading and the retracting or unloading curves providesin-
formation about the elastic and adhesion properties of the sample, respectively, although
different information can be extracted from them*. The most used AFM methods to study
viscoelasticity and adhesion of living cells are explained bel ow.

Viscoelastic measurements

The approaching part of a force-distance plot follows a nonlinear profile (Fig. 1.5). The
nonlinearity does not stand for nonlinear behavior of the sample, but ismainly determined
by the tip geometry (Fig. 1.2). Commercially available tips used to be pyramidal or con-
ical shaped (Olympus, Tokio, Japan; Vecco, Santa Barbara, USA; MikroMasch, Tallinn,
Estonia). Modified cantilevers with spherical beads attached at their ends can also be ob-
tained (Novascan, Ames, USA). All these geometries lead to nonlinear force-indentation
(F - ¢) relationships, the force increases as the tip indents the sample as a result of the
increasing area of contact between the tip and the sample. The F(6) relationships obtained

“For an extensive and detailed review of AFM force-distance curves see Cappella and Dietler (1999)
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Figure 1.5: Example of aforce-distance (F —2) curve obtained on aliving aveolar epithe-
lial cell using aV-shaped cantilever with pyramidal tip (k=0.01 mN/m). The approaching
curve profileismainly due to the geometry of thetip. The negative valuesin the retracting
curve reflect various adhesion events. The shift in force in the non contact region between
approach and retract is due to the viscous drag of the fluid on the cantilever.

with the various tip geometries is described by a contact elastic model of arigid punch
indenting an elastic half space. Heinrich Hertz was the first who described and solved
the problem of two elastic bodiesin contact (Hertz, 1881), and Sneddon solved the prob-
lem for different tip geometries (Sneddon, 1965). Table 1.1 summarizes the most relevant
contact elastic models described in the literature. Note that the unique model that lead
to alinear force response is that of the cylindrical punch, since its area remains constant
during indentation.

The most common approach to obtain the elastic modulus or Young's modulus (E) of
living cellsis described below®. First, the F-z curves are transformed into F — 6 curves by

SDifferent approaches are found in the literature to measure the mechanical properties of samples (Stolz
et al., 2004; Pharr et al., 1992; A-Hassan et a., 1998). However, the here described method is the most
extended when probing the mechanical properties of living cdlls.
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Tip geometry Force-indentation relationship, F(6)
Sphere of radius R F= ﬁRl/ 26%/2 (Hertz, 1881)
Cone of semi-included angle 6 F= j(Elt_afg 62 (Sneddon, 1965)

Flat ended cylinder of radius a F= %a& (Sneddon, 1965)

Four-sided regular pyramid of semi-included angled F = Wdz (Bilodeau, 1992)

Table 1.1: Contact models for common tip geometries. E and v are Young's modulus and
Poisson ratio of the sample, respectively.

computing the indentation of the tip into the sample, determining the point at which the
tip contacts the sample (point of contact). Second, the suitable contact elastic model to the
geometry of thetip isfitted to the loading part of the curve. Choosing the approaching part
prevents from possible artifacts related to adhesion observed in the retracting region. Due
to the nonlinearity of the force response, two issues are crucial for areliable estimation of
E: the determination of the point of contact and the suitability of the contact model to the
actual tip geometry (Touhami et al., 2003; Mahafty et al., 2000; A-Hassan et al., 1998;
Costa and Yin, 1999; Briscoe et al., 1994). The point of contact is defined by the force
(or deflection) offset (Foff Or dos) and the vertical point at which the cantilever starts
to deflect (z.) (Fig. 1.5). As can be observed in the figure, in the case of soft samples,
the point of contact is difficult to determine visually due to the smooth deflection of the
cantilever at low indentations. Thus, an objective estimation of these parameters should
be established.

Evenif the Young'smodulusisareliable estimate of cell stiffness, aswill be described
in Section 1.3, cellsare not elastic bodies but viscoelastic. Several authors have measured
the viscoelasticity of living cells by applying force or deformation steps and measuring
the corresponding response (Bausch et al., 2001; Wu et al., 1998; Thoumine and Ott,
1997). The main limitation of these approach is that the obtained mechanical parameters
are limited by the width of the time window used during the measurements. A more
robust method to probe cell viscoelasticity is the application of low amplitude oscillations
at awide frequency range to estimate the complex shear modulus G* . The complex shear
modulusisdivided into areal or in-phase component, which standsfor the elasticity or the
stored energy, and an imaginary or out-of-phase component, which standsfor the viscosity
or lost energy. The real part is known as the elastic modulus (G’), while the imaginary
part is called the loss modulus (G”). The oscillatory technique has been successfully
applied to a wide variety of living cells including lung epithelial cells, airway smooth
muscle cells, macrophages, and neutrophils in basal conditions and under mechanical or
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pharmacological treatment (Maksym et al., 2000; Fabry et al., 2001; Mahafty et al., 2000,
2004; Alcaraz et al., 2003; Desprat et a., 2005; Smith et al., 2005; Trepat et al., 2004).

The oscillatory technique used in AFM measurements on living cells consists in ap-
plying low amplitude oscillations (50-100 nm) at an operating indentation (6o). Under
these conditions, the contact elastic model described by F(5) can be approximated taking
the first two terms of its Taylor expansion

F:H%wftw—%wm. (1.1)

35
In the case of aflat ended cylindrical tip of radius a, the above expansion leads to

2E
F = FO + ma(é - 50) (12)

Expressing Eq. 1.2 in terms of the complex shear modulusG = E/(1-v?) and solving
for G we obtain

1-vF -Fg

4da o - oo
by invoking the Parseval theorem, Eg. 1.3 can be transformed into the frequency domain
to obtain an expression for the complex shear modulus

G'(w) = (13)

oy 1-vF(w)

G =250
where w isthe angular frequency (w = 2rf), and F(w) and 6(w) arethefourier transforms
of force and indentation, respectively.

(1.4)

When probing biological samples under liquid conditions the hydrodynamic drag
force exerted on the cantilever should be corrected at frequencies above ~0.3 Hz (Al-
caraz et al., 2002). The drag force depends on the geometry of the cantilever, by the drag
factor b(0), and on the velocity of the cantilever freeend v = % It can be expressed
by Fq = b(O)v. As described in the work by Alcaraz and co-workers, the drag factor in-
creases as the tip approaches the surface. The factor b(0) is usually obtained by applying
low amplitude oscillations at different heights above the sample surface and extrapolating
to zero separation (Smith et al., 2005; Alcaraz et al., 2003, 2002). The hydrodynamic
drag contribution in the frequency domain has the form Fy(w)/6(w) = iwb(0) (where

i = V=1), and may beincluded into Eq. 1.4 to correct for the drag force, obtaining

1-v
4a

F(w)
5(w)

Due to the softness of living cells, mechanical measurements have to be carried out

G'(w) =

—mMQ} (1.5)
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using soft cantilevers (tens of mN/m) to apply low forces usually below 1 nN. Another
important factor to take into account is the thickness of the cells. Living epithelial cells
plated on glass coverslips have a thickness of 5-10 um. Thus, the indentation might also
be controlled in order not to sense the underlying hard substrate (Domke and Radmacher,
1998). The maximum indentation reachable when measuring soft samples without sens-
ing the hard substrate can be estimated to be 10-20% of sample thickness.

Adhesion measurements

Cell adhesion is mediated by a collectivity of single binding molecules that adhere to
neighboring cells or to the extracellular matrix in a specific manner. Therefore, cell ad-
hesion measurements can be addressed at two levels of interaction: single molecule and
multiple molecule. The principle of operation of adhesion measurements by AFM is the
same for both levels. The method consists in measuring the interaction force by obtaining
force curves using the AFM cantilever. For that purpose, different strategies have been
used in cell measurements. The simplest method is the functionalization of the cantilever
tip with molecules specifically recognized by the cell. This is the common approach
when probing adhesion between living cells and extracellular matrix proteins (L ehenkari
and Horton, 1999; Hyonchol et al., 2002). Another technique consists in attaching a
cell to the cantilever end and bringing it into contact with a functionalized surface (Wo-
jcikiewicz et d., 2003). The technique has been used to measure the interaction at both
single molecule and multiple levels between living T-cells (3A9) and the intercellular ad-
hesion molecule-1. The most realistic and physiologically relevant procedure consistsin
attaching a cell to the cantilever and make contact with a cultured monolayer. This last
method has been applied to study the interaction between leukocytes and endothelial cells
(Zhang et al., 20044).

Single molecule measurements are carried out by obtaining force curves and mea-
suring the rupture force of the adhesion events. Force curves may be obtained at low
indentation force to reduce the area of contact and, thus, the binding probability. Due to
the stochastic nature of bond rupture, hundreds of measurements need to be averaged to
obtain reliable results (Li et al., 1993; Lehenkari and Horton, 1999; Moy et al., 1994b;
Benoit et al., 2000; Kokkoali et al., 2004). It has been shown that an adhesion frequency
of <30% in the force measurements ensures a probability of >85% of dealing with single
molecule events (Tees et al., 2001). Interaction forces involved in single molecule mea-
surements range from tens to hundreds of picoNewtons. The noise level of aforce curve
due to thermal fluctuations, mechanical perturbations of the system, and turbulence of
the liquid is of the order of tens of pN, using a cantilever of few mN/m. Thus, interaction
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eventsinvolving forces below thislevel are hardly detectable by AFM and they are usually
rejected. As described by Evans and Ritchie and observed by several authors, the rupture
force depends on the loading rate, or the rate at which applied force increases (dF/dt)
(Evans and Ritchie, 1997). The loading rate is computed by measuring the slope imme-
diately before the rupture takes place in a force-time plot. The loading rates assessed in
living cell measurements usually range three or even four orders of magnitude, from tens
of pN/s to hundreds of nN/s. Thiswide range is reached by varying the driving velocity
of the cantilever. Due to the elasticity of both cells and adhesion molecules, the effective
spring constant formed by the cantilever and the sample in series allows us to obtain the
wide range of loading rates, although it makes difficult to control this parameter. It hasto
be said that, even if semi-automatic procedures have been proposed to detect and measure
the rupture events, most of the current work is still done visually (Baumgartner et al.,
2000Db). This subjective method of data processing may introduce systematic errorsin the
results. Thus, an objective, automatic algorithm may be devel oped to obtain morereliable
results.

In the case of multiple bonded attachments, the three simplest configurations might
be mentioned: N identical bonds loaded in series, zipper-like attachment of N identical
bonds, and N identical bondsloaded in parallel. Thefirst configuration iscommon in pro-
tein unfolding measurements, in which each bond experience the same force and ruptures
at random order (Rief et al., 1997). In a zipper the same force propagates from bond to
bond after rupture of the lead bond takes place. Bond rupture occur in sequence at random
times from first to last. Finally, for the paralel bonds arrangement, the force is divided
among all the binding sitesinvolved in the attachment. The last isthe configuration which
better describes multiple adhesion measurements obtained by AFM on living cells and it
will be briefly described here.

Multiple adhesion on living cells is usually measured by keeping the sample and the
cantilever in contact for few seconds and measuring the force and work required to detach
the two surfaces (Wojcikiewicz et al., 2003; Zhang et al., 20023, 2004a). Due to the large
area of contact and to the long contact time, multiple bonds might be formed leading to
multiple rupture events. The forcesinvolved in multiple cell adhesion depend on the con-
tact area, the time of contact, the loading rate, and the strength of the specific interaction.
These forces are usually of hundreds of pN or few nN. Retraction curves usually present
a peak of force followed by a cascade of rupture events until complete detachment. The
maximum peak of force in the retracting curve determines the detachment force. The
work of adhesion (or de-adhesion) is computed by the area under the unloading curve on
a force-distance plot. The slope in a force-time plot just before the cascade of rupture
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events occur provides an estimate of the loading force.

In both single mol ecule and multiple bonds measurementsit is necessary to correct for
the hydrodynamic drag force that introduces a systematic bias in rupture and detachment
forces. As mentioned before, the drag force is proportional to the tip velocity and to
the drag coefficient b. Both rupture and detachment forces are corrected by adding the
amount vb(h) to the measured peak of force. As the drag coefficient depends on the tip-
sample distance (h) a previous calibration may be obtained to determine the correction
factor taking h into account. However, the common procedure estimates a constant drag
coefficient and uses it to correct for the drag force. At high loading rates (above 10 nN/s)
this simpler approach may introduce important errors and might be avoided, especialy in
single molecule measurements where the drag force is of the same order of magnitude of
molecular forces (Janovjak et al., 2005).

The main limitation of commercial AFM systems when measuring multiple adhesion
isthe low travel of the vertical piezoelements. Some cell measurements need the acqui-
sition of force curves with an amplitude of tens of um. The typical vertical range for
commercia systems is 7 um, being 14 um in some apparatus designed for biological
applications. When carrying out both single molecule and multiple adhesion assays, it is
also critical the actual measurement of the vertical and lateral displacement, whichisonly
possible with position sensors, such as strain gauges. Even the recent introduction of this
technology in commercia systems, most of them use precalibrated piezopositioners that
introduce important hysteresis effects and have low reproducibility. Adhesion receptors
use to be distributed throughout the cell surface, but specially localized in certain regions,
such as cell borders or cell-cell junctions. Thus, accurate positioning of the cantilever tip
on these regions seems necessary, but difficult to obtain with commercial systems. Again,
the difficulty to combine commercial systems with conventional optical microscopy tech-
niques limits their applicability to cell adhesion studies.

1.3 Cdl mechanics

Mechanicsisabranch of physicsthat deal with forces. Assuch, mechanics studies strains
due to applied stresses, to obtain elastic and viscous properties of materials. The adhe-
sive properties of materials play an important role in their mechanical behavior. For that
reason, most of the textbooks that deal with continuous and contact mechanics have a sec-
tion to explain adhesion (Johnson, 1985). In the concrete case of cell biology, adhesive
properties of living cells determine their viscoel astic response and viceversa. Moreover, a
major division of living cells when dealing with mechanicsis their availability to adhere
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to surfaces talking, thus, about adherent cells and non-adherent or suspended cells. It
seems thus difficult to isolate adhesion from viscoel asticity, in cell measurements. Thus,
Even their interconnection, few are the studies that imply adhesion and viscoelastic mea-
surements of living cells.

Due to the great body of evidence that forces are applied, transmitted, and balanced
by living cells and their connections with other cells and the ECM, it seems likely that
mechanics is an important field to study in cell biology. Mechanical properties of living
cells are becoming as important as classical biochemical approaches to better understand
how cells function (Huang et al., 2004; Janmey and Weitz, 2004). In this section, the
major findings on mechanical® properties obtained on living cells are addressed, as well
as the main models to explain cells mechanical behavior.

1.3.1 Caéll microrheology

Rheol ogy or viscoel asticity dealswith the elastic and viscous properties of materials. Due
to the micrometer size of the common used probes to study cellular mechanics, the use of
the term microrheology iswidely accepted.

Softness

Several viscoelastic measurements have been carried out on different cell types and us-
ing various probing technics and all of them coincide on one particular isuue: cells have
extremely low stiffness values. In fact, we might talk about the softness of the cells, to
emphasize this important characteristic. The range of stiffnesses found in living cells
vary more than four orthers of magnitude, from tens of Pa to hundreds of kPa, finding
such variation even within a same cell (Maksym et al., 2000; de Morales et al., 2004; Wu
et al., 1998; Domke et al ., 2000; Rotsch and Radmacher, 2000). Thiswide range of values
may be due to the different types of cells, the structural heterogeneity of cellsthemselves,
and the probing instrumentation. Adherent cells form part of tissues that have different
functions and thus different properties. It seemslogical that cells coming from mechani-
caly different tissues may behave mechanically different. For instance, skeletal cells has
been shown to be stiffer than endothelia cells (Mathur et al., 2001). Since cells are very
heterogenic structures, their stiffness depends strongly on the probed region (Goldmann
et a., 1998; Rotsch and Radmacher, 2000; Rotsch et a., 1997). Moreover, aswe will dis-
cuss in the following, the rate at which cells are probed may also influence the obtained
mechanical properties. In addition, the used technique to probe the mechanical proper-

6] understand mechanics as a discipline that comprises both viscoel asticity and adhesion.
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ties may also induce a modification of the local stiffness. For example, the attachment
of magnetic beads to the cell surface via integrin receptors applied in magnetic or opti-
cal tweezers measurements has been shown to induce local CSK reorganization (Fabry
et a., 2001). This reorganization may be reflected in the mechanical measurements. The
different assumptions adopted in each approach, such as the value of the Poisson ratio
(usually assumed to be 0.5), the hypothesis of frictionless contact in AFM measurements,
the supposed thickness of cells, or the description of cells as continuous materials may
also be factors that determine the observed variability of cells viscoelastic properties.

Viscoelasticity

Another important property of living cellsisthe fact that cells behave not only elastically
but al'so in a viscous manner, i.e. cells are viscoelastic. The viscoelasticity of living cells
can be measured by different procedures. One of the most common is the application
of a step of force or deformation and the measurement of the corresponding response.
Using this simple approach, it has been observed that cells respond initially as an elastic
body and then either force and deformation relax in time. Elastic and viscous moduli,
damping factors, and relaxation times of living cells have been estimated using this tech-
nique (Thoumine and Ott, 1997; Bausch et al., 2001; Wu et al., 1998). A more robust
approach to determine the viscoelasticity of materialsis the application of controlled low
amplitude oscillations. This method resulted in stress-strain loops with hysteresis reflect-
ing the viscoelastic behavior of living cells. Both elastic and viscous response showed
also to depend on the rate at which the deformation was applied, cells behaved stiffer
when probed at higher rates. In particular, both G’ and G” followed aweak power low at
low frequencies, with G” approaching to a purely Newtonian fluid at frequencies above
100 Hz (Alcaraz et a., 2003; Smith et a., 2005; Fabry et a., 2001; Trepat et a., 2005;
Goldmann and Ezzell, 1996).

The stress-strain relation of living cells has been shown to be fairly linear for low
deformations or applied forces. When higher strains were applied, cells usually behaved
nonlinearly, reflecting a higher apparent stiftness (Alcaraz et al., 2003; Mahafty et al.,
2000; Laurent et al., 2002; Wang et a., 1993; Rotsch and Radmacher, 2000). This effect
may be due to the underlying hard substrate where adherent cells grow and to an inherent
cellular characterigtic, termed as strain hardening. This last concern is indeed controver-
sial. Some authors have taken the observed effect of apparent higher stiffness of living
cells probed at high indentations with AFM as an evidence of strain hardening (Stamen-
ovic and Ingber, 2002). However, recent AFM measurements taking into account cells
thickness have shown alinear behavior, even when cells were at indentation depths >50%
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of their thickness (Mahafty et a., 2004).

It isnow widely accepted that living cells behave stiffer as their internal tensile stress
(prestress) increases. This cell stiffening induced by prestress has been observed in ava-
riety of cell types under different treatments which modified the internal prestress by both
biochemical or mechanical stimulus (Wang and Stamenovic, 2002; Stamenovic and Ing-
ber, 2002; Trepat et al., 2004; Pourati et al., 1998). Wang and co-workers state that living
cells are structures that regulate their shape stability through the prestress. By regulating
CSK prestress by treating cells with contractile and relaxing agonists, the authors found
alinear relationship with stiffness (Wang and Stamenovic, 2002; Stamenovic and Ingber,
2002). In addition, they observed that partial detachment of endothelial cells from their
substrate induced retraction, which did not occur when disrupting the actin CSK (Pourati
et al., 1998). Moreover, viscoel astic measurements carried out on living cells cultured on
deformabl e substrates showed increased stiffness when being stretched (a mechanical sty-
mulus that may increase cells prestress) (Pourati et a., 1998; Trepat et a., 2004). These
results confirm the hypothesis of a preexisting CSK tension (mainly concentrated in the
actin CSK), which may play an important role in cells mechanical stability and stiffness.

M odels of cell micror heology

From the constantly increasing models that pretend to explain the above described me-
chanical behavior of living cells, here are explained three of the most applied and con-
trasted experimentally.

Severa studies have described the viscoelastic properties of living cells in terms of
classical viscoelastic models composed of springs and dashpots. Some of these well
known classical models comprise the Maxwell model, formed by a spring and a dash-
pot in series; the Voigt model, made of a spring and a dashpot in parallel; or the Kelvin
model, a Maxwell body in parallel with an additional spring. These models have been
applied using different probing technigques such as AFM or magnetic tweezers which ap-
plied a step of force or deformation to the cells (Wu et al., 1998; Bausch et al., 2001).
The approach enables us to measure elastic and viscous properties described in terms of
spring constants and viscous factors. As mentioned before, one of the limitations of this
approach isthat the results obtained are limited by the time window used during measure-
ments (Desprat et al., 2005). In addition, the frequency dependence of the viscoelastic
parameters observed on different cell types using various techniques (Fabry et al., 2001;
Alcaraz et al., 2003) cannot be explained by these ssmple models.

A more complex theoretical model based on the structural organization and compo-
sition of cells is the tensegrity hypothesis. The tensegrity model takes its name from
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architecture principles and states that cells are structures whose stability is maintained
by tensile elements (cables) that cannot support compression, and compressive elements
(struts) which balance the tension in the cables. Thetension on these cablesis balanced by
internal compression-supporting elements and/or by external attachments. In living cells,
actin filaments and intermediate filaments are viewed as the tensile el ements, and micro-
tubules, stressfibers and cell-cell and cell-ECM attachments are the responsible elements
to balance tensional fores. Thus, cells and ECM work together to equilibrate the system.
Some studies have used the cellular tensegrity model to describe a number of cellular
features, such as prestress-induced stiffening or strain hardening (Wendling et al., 1999;
Stamenovic et al., 2002; Coughlin and Stamenovic, 2003; Stamenovic, 2005; Wang et al .,
2001). One of the main limitation of the tensegrity hypothesisisthe fact that tensegrity is
a static model and it may difficultly explain cellular active processes such as actin poly-
merization or activation of the contractile apparatus. However, it brings a realistic idea
of the structure and function of each CSK element in living cells, and predicts interesting
experimentally observed behaviors.

The third model addressed here interprets cellular dynamical behavior in terms of
the soft glassy rheology, which was developed to explain foams, emulsions, or surries
(Sollich et al., 1997; Sollich, 1998). As mentioned before, cells probed using oscillatory
measurements at a wide range of frequenciesreveal an elastic and africtional moduli that
increase with frequency following a weak power-law (Maksym et al., 2000; Fabry et al.,
2001, 2003; de Moraeset a., 2004; Smith et a ., 2005; Trepat et al ., 2005). This behavior
implies a continuous spectrum of relaxation times, which means that there is no resonant
or characteristic viscoelastic time constant for cells. These results are supposed to be a
reflect of a higher order structural organization rather than particular molecular proper-
ties (Sollich, 1998). Moreover, structural organization is thought to be in a metastable,
out from the equilibrium, and disordered state. The complex shear modulus for such a
material has been described by the structural damping model

G'(w) = Go (Qﬂo)x_l (1+in)l2 - ) cos(”(x = 1)) (16)

where Gy and Qg are scaling factors for stiffness and frequency, respectively, w is radian
frequency, (x-1) is the power law exponent, n = tan[z(x — 1)/2] is the hysteresivity, I'()
is the gamma function and i = V-1. The implications of the above equation are that,
apart from scale factors that depend on the cell type, the state of the cellsis described by
the sole parameter x. Depending on the value of x, cells have solid-like (x=1) or liquid-
like (x=2) behavior, which is mainly regulated by the activity or intracellular agitation
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of the cytoskeletal molecules (Fabry et al., 2001, 2003). This parameter has been inter-
preted as an effective noise temperature, which might be modulated by the cells to vary
their viscoelastic state. By the moment, the soft glassy model of cellular mechanicsis a
phenomenol ogical model and, as such, it does not explain the ultimate responsible of the
observed behavior.

1.3.2 Cadl adhesion

In 1978, Bell exposed thefirst quantitative theory about cellular adhesion by means of spe-
cific non-covalent bonds and suggested that the dissociation of adhesive receptor-ligand
bonds, which mediates cell adhesion, could be influenced by external applied force (Bell,
1978). Theimportancein Bell’s theory was to hypothesize the significant role of mechan-
ical force in biochemistry. It was not until AFM and other nanotool s appeared that Bell’s
theory was directly tested by measuring rupture forces of individual isolated molecular
complexes and, afterwards, directly of adhesion molecules on living cells (Moy et al.,
1994a; Florin et al., 1994; Lehenkari and Horton, 1999). Evans and Ritchie extension
of Bell’smodel (Evans and Ritchie, 1997) is described in this section since it is the most
accepted and experimentally verified theory for single molecular bonds, which are though
to regulate cellular adhesion.

Dynamic for ce spectroscopy

An isolated weak non-covalent individual bond exists far from equilibrium and only has
non-zero strength on time scal es shorter than the time needed for spontaneous dissociation
to = 1/ko, Where k; is the dissociation rate. If aforce is applied faster than t¢¢, a bond
resists detachment with a force determined by the intermolecular potential E(X). Energy
barriers depend on applied force to the bond (Fig. 1.6). The higher the applied force, the
lower the barrier, and the shorter the lifetime, leading to an increase in the dissociation
rate constant

k(f) = koexp(ka—?l/_) (1.7)

where f is the pulling force, vy is the width of the barrier projected along the direction
of the pulling force, T is absolute temperature, and kg is Boltzmann’'s constant. When
pulling the bond with an increasing force ramp, the activation barrier height diminishes
in time, and the probability density function for the dissociation of the bond at aforce f
isgiven by
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f k f
P(f) = koexp(hg—j_ll_) exp{k(;rBfT [1— exp(kB—?/I_)]} (1.8)

wherer¢ = df/dt isthe loading rate, i.e. the rate at which force is applied (force/time).
The maximum probability is given by maximizing Eq. 1.8, i.e oP(f)/of = 0, which
results in the most probable force

* _ kBT Y kBT
f* = . |n(k0kBT) . In(ry) (1.9)

To characterize the energy barriers the most probable force is calculated from the the
mode of the rupture force histograms for a wide range of loading rates. This method
is usually referred to as dynamic force spectroscopy (DFS) (Evans and Ritchie, 1997)
and has been applied to explore the energy landscapes of different isolated interacting
molecular complexes, such as biotin/(strept)avidin (Merkel et a., 1999), unfolding of
FNIII domains in the extracellular matrix protein tenascin (Oberhauser et al., 1998),
homotypic cadherins (Baumgartner et al., 2000a), and complexes within living cells,
such asleukocyte function-associated antigen-1/intercel lular adhesion molecule-1 (Zhang
et al., 2002b), or integrin alpha(4)beta(1)/vascular cell adhesion molecule-1 (Zhang et al.,
2004b). Usually, force versus In(r¢) diagrams reflect one or more linear regimes, which
stand for one or more activation barriers of the bond potential and range from few tens
to one or two hundred pN. The outer and the inner barriers are described by the regimes
at low and high loading rates, respectively. An important feature of single cellular adhe-
sion moleculesistheir capability to increase the binding affinity or adhesion strength with
which they bind. The in vivo modulation of the affinity of cells receptors occur by intra-
cellular signaling and involves molecular conformational changes of them (van Kooyk
and Figdor, 2000). It has been shown in living T-cells that integrins can be activated in
vitro by means of Mg?*, increasing the affinity or strength of formed bonds, but not by
common cellular activators such as PMA (Wojcikiewicz et al., 2003). The modulation of
the adhesion strength at the cellular level isaso modulated by clustering and cooperativity
of receptors. Thisfeatureis briefly described in the next subsection.

Multiple adhesion

According to Bell’s theory, cellular adhesion is mediated by a number of specific bonds
that bind cells between each other and to their extracellular matrix (Bell, 1978). Apart
from the observed increase in individual binding affinity of molecular complexes, cells
serve of another mechanism which enhances, even more, their binding capacity. This
mechanism has been called avidity. Even if avidity is a term commonly used when re-
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Figure 1.6: a) Conceptua energy landscape for a hypothetical bond with two activation
barriers, transition stats (ts). A pulling force f oriented at an angle 6 to the molecular
coordinate x adds a mechanical potential —(f cos)x, that tilts the landscape lowering the
barriers. b) Experimental force versus loading rate data (circles) for the cellular adhesion
complex a,B1/vascular cell adhesion molecule-1 complex in 2 mM Mg?*. Diagram re-
flects two regimes which describe two transition states. Solid lines are linear fits to Eq.
1.9 for each regime. The resulting fitted values give an estimation of the Bell parame-
ters for the potential. (Images adapted from (Evans, 2001) and (Zhang et al., 2004b),

respectively.)

ferring to cellular adhesion, its meaning is still poorly defined. Avidity involves a dy-
namic reorganization of cell-adhesion receptors into clusters that can be attached to the
cytoskeleton. Well known structures which are thought to enhance cell adhesion are focal
adhesions. As mentioned in section 1.1.3, focal adhesion complexes are clusters of inte-
grinsand other related proteinslinked to the actin CSK. Clustering of integrins and related
molecules, such as vinculin, may induce a local mechanical stiffening of the functional
adhesion units or adhesiosomes (e.g. adherens junctions, focal adhesions). This increase
in adhesiosome stiffness may induce an increase in the loading rates involved in cellular
movements, leading to an increase in the rupture force necessary to detach the adhesion
units, and a consequent augment of the binding strength. Another example of modulation
of the adhesion capacity by cellsisthe case of leukocytes. Asreviewed by van Kooyk and
Figdor, leukocytes under activated conditions (PMA treatment) modulate their adhesive
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avidity by releasing integrin receptors from the CSK (van Kooyk and Figdor, 2000). Do-
ing so, integrins can diffuse freely throughout the cell membrane, redistribute, and finally
cluster. This mechanism has been recently found to be enhanced by the induced PMA
decrease in cellular stiffness which is trandated into a higher deformability, and results
in a higher area of contact, increasing the number of binding sites (Wojcikiewicz et al.,
2003). Adhesion molecules reorganization depends strongly on the cell type, function,
activation process, and viscoelastic properties. Reorganization and redistribution of ad-
hesion sites is thought to be the major determinant of the modulation of cells adhesive
capacity, although viscoel astic properties are starting to be taken into account (van Kooyk
and Figdor, 2000; Wojcikiewicz et a., 2003).

1.3.3 The alveolar-capillary barrier and mechanics of alveolar ep-
ithelial cells

The pulmonary system isresponsible of the oxygen supply necessary for the normal func-
tion of cells that form the human body. Lungs are mechanically dynamic structures con-
tinuously subjected to deformation and cyclic forces due to spontaneous breathing or me-
chanical ventilation. Mechanical properties of cells have been shown to play a key role
in important biological functions. The structure of the lungs where gas exchange takes
place is the alveolar-capillary (a-c) barrier. Thisisformed by a monolayer of capillary
endothelial cells laying on a basement membrane formed mainly by ECM fibers which,
in turn, serves as a basement for the growth of a monolayer made of epithelial cells (Fig.
1.7). The alveolar-capillary structure form a semipermeable barrier which enables gas
exchange between the blood and the alveolar airspace, while preventing from flowing
of liquid, macromolecules, and migratory cells (Fig. 1.7 left). An important feature of
lung injury is damage of the a-c barrier, which leads to alveolar flooding and infiltration
of polymorphonuclear neutrophils and macromolecules to the alveolar airspace (Fig. 1.7
right). Alveolar flooding has been associated with the formation of paracellular gapsin
both endothelial and epithelial monolayers. Acute lung injury has been associated with
inflammation and mechanical ventilation (Martin, 2002). The maintenance of the a-c bar-
rier under inflammatory conditions has been suggested to lay on adynamic balance of the
forces at which endothelial and epithelial cells are subjected (Dudek and Garcia, 2001;
Kawkitinarong et al., 2004; Trepat et al., 2005). Knowledge of the mechanical properties
of living pulmonary cells under basal, inflammatory, and stretched conditionsisimportant
for the better understanding of the maintenance of the integrity of the a-c barrier.

The working hypothesis is that the structural integrity of the a-c barrier is maintained
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Figure 1.7: Normal (left) and injured (right) states of the alveolar-capillary interface. Nor-
mal alveolar function enables gas exchange while preventing from liquid flow and cellu-
lar migration. Under injured or inflammatory conditions the alveolar-capillary barrier
may disrupt forming paracellular gaps. Vascular liquid, polymorphonuclear neutrophils,
and macromolecules may infiltrate into the alveolar airspace causing alveolar flooding.
(Adapted from Feistritzer and Riewald 2005)

by the balance between inward or centripetal forces and outward or centrifugal adhe-
sive forces applied at cell-cell and cell-ECM adhesion sites. Inward forces are caused by
passive viscoel astic recoil during cell stretching owing to breathing or mechanical ventila-
tion, and by active cellular contraction due to activation of the actomyosin machinery. In
normal conditions, this inward forces might be counterbalanced by the outward adhesive
forces that hold cells between each other and to the ECM. On the one hand, it has been
shown that human pulmonary artery endothelial cells treated with the proinflammatory
mediator thrombin increase the phosphorylation of the myosin light chain kinase, which
isrelated with the activation of the contractile cell apparatus (Dudek and Garcia, 2001). In
addition, measurement of the electrical resistance across endothelial monolayers reflected
a significant augment in response to thrombin, suggesting an increment in the endothe-
lial permeability. Thisincreased permeability has been also associated with formation of
paracellular gaps (Kawkitinarong et al., 2004). In contrast, recent studies on human um-
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bilical vein endothelia cells have shown that thrombin at low concentrations (~40 pM)
may have protective effects of the endothelial barrier (Feistritzer and Riewald, 2005). On
the other hand, similar measurements on human alveolar epithelia cells showed a de-
crease in electrical resistance after addition of thrombin, suggesting now a decrease in
epithelial barrier permeability (Kawkitinarong et al., 2004). The authors showed also an
increase in the activation of the actomyosin machinery, reflecting cellular contraction.
Immunostaining of cell-cell adhesion sites reflected accumulation of ZO-1/occludin com-
plexes, related with tight junctions, which are known to be important in the maintenance
of monolayer permeability. Kawkitinarong and co-workers interpreted these results as
evidences of enhancement of epithelial barrier integrity, suggesting different and opposite
roles of thrombin on epithelial and endothelial cells. Nevertheless, the cited works only
show indirect measurements of the forces involved in the structural integrity of the a-c
barrier. Recent mechanical measurements carried out on human alveolar epithelial cells
using magnetic tweezers have shown that thrombin induced arapid and sustained increase
of cellular stiffness, which is in accordance with different measurements on various cell
types that relates contractibility activation with cell stiffening (Trepat et a., 2005). An
increased stiffness may induce an augment in the viscoelastic recoil due to breathing or
mechanical ventilation. Moreover, it has been shown that alveolar epithelia cells sub-
jected to stretch were stiffer than non-stretched cells (Trepat et a., 2004). In addition,
recent measurements on our laboratory suggest that thrombin induces an increase in the
contractile force as measured using traction microscopy, whichisadirect measurement of
the inward forces exerted by cells to the substratum (Gavara, 2005). Taken together, these
results suggest that thrombin induces an increase in the inward forces of alveolar epithe-
lial cells. However, as far as we know, there is no direct measurements of the adhesive
(outward) forces involved in cell-cell and cell-ECM adhesion sites of the alveolar ep-
ithelium under inflammatory conditions. According to the working hypothesis adhesive
forces may counterbalance the increase in the inward forces to maintain the a-c barrier
integrity. If adhesive forces cannot withstand the increased inward tension, the balance
of forces may break, leading to disruption of the aveolar epithelium. One of the most
used tools to probe adhesion forces at both molecular and cellular level is atomic force
microscopy (Benoit and Gaub, 2002). Thus, further knowledge of the maintenance of the
integrity of the a-c barrier may be addressed by measuring the adhesion strength using
such technique on living pulmonary cells.
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Chapter 2

Aims of thethesis

General aim

To improve and apply AFM methodol ogy to measure the viscoel astic and adhesion prop-
erties of living cells, highlighting the importance of probe geometry.

Specific aims

1. To design and set-up a stand-alone 3D system based on AFM specially designed to
probe viscoelasticity and adhesion on living cells under controlled environmental
conditions.

2. To develop a contact model of a blunted pyramidal tip, and to assess the suitability
of pyramidal tips for probing mechanical properties of soft gels and living cells.

3. Tovalidatecylindrical cantilever tips modified by FIB for probing mechanical prop-
erties of biopolymers by AFM.

4. To study the effects of thrombin on RGD mediated adhesion and on stiffness of
alveolar epithelial cells using cylindrical AFM cantilever tips.






Chapter 3

AFM based system for probing
mechanics of living cells

3.1 Abstract

In this work it is presented a 3D stand-alone system based on atomic force microscopy
specially designed to study the mechanical properties of living cells. The system uses ser-
vocontrolled piezoelements to precisely positioning the cantilever probe. The cantilever
deflection is measured using the optical lever method with a near IR light source and
a four segment photodiode. The system is mounted on the stage of an inverted optical
microscope and can work together with the acquisition of fluorescent or phase contrast
images of the samples.

3.2 Introduction

The field of cellular mechanics has grown in the recent decades due to the development
of new micro- and nanomanipulation techniques. Many tools, such as magnetic twisting
cytometry (Fabry et al., 2001), microplates (Thoumine et al., 1996), or optical tweezers
(Henon et al., 1999) have been used to study the viscoelastic properties of living cells or
the interactions with their microenvironment, such as adhesion or friction. Among these
techniques, one of the most useful toolsis AFM. It allows to obtain both morphol ogical
information and viscoelastic and interaction properties of living cells under physiological
conditions (Rotsch and Radmacher, 2000; Benoit and Gaub, 2002). AFM uses aflexible
cantilever with atip at its end to indent, pull or tear the samples using piezoelectric posi-
tioning elements. Forces applied to the samples are computed by measuring the deflection
of the cantilever and knowing its spring constant. Although AFM was early used to mea-

45
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sure mechanical properties of samples (Weisenhorn et al., 1989; Burnham and Colton,
1989; Weisenhorn et al., 1993; Hoh and Schoenenberger, 1994), commercially available
AFM systems (AFMs) are mainly thought to obtain topographical images of the sam-
ple. Even if there is a number of available apparatus specially designed for biological
purposes, they still lack of very important features required in cellular biology. First of
al, commercial AFMs use to carry precalibrated piezoel ectric elements without position
Sensors, such as strain gauges or capacitors, to directly measure the displacement. This
implies that the positioning of the probe (or sample) may be influenced by important hys-
teresis and creep effects, inherent to piezoelements, that may introduce artifacts in the
measurements. The use of position sensors allows the servocontrolled displacement of
the probe (or sample), the application of well known waveform movements, and the di-
rect measurement of the displacement, although it reduces the dynamical response. In the
particular case of cell biology, another problem arises with commercial systems due to
the typical dimensions of the cells, tens of microns, and the limited vertical range of the
positioners, ~6 um . The limited range of the vertical displacement becomes even more
important when probing adhesion properties of living cells, where high amplitude force
curves are necessary (Benoit and Gaub, 2002). When studying living systems, it is also
very important to control their environmental conditions: culture medium, temperature
or PH during measurements. For instance, when monitoring changes in the mechanical
properties of living cells during drug addition (Buscemi, 2004). A perfusion system and a
temperature controller may be thus necessary if drug treatments or environmental changes
are intended. Many of the commercial AFMs do not allow the easy addition of such ac-
cessories due to the reduced area available to place and manipulate the sample. Most of
commercial AFM systems designed for biological purposes move the cantilever instead
of the sample. In such configuration it is necessary to refocus or realign the laser spot
continuously as the cantilever moves. This refocus may introduce systematic deviations
from the ideal response of the optical beam deflection method (Hansma et a., 1994). A
common artifact present in AFM measurements are interference fringes due to the laser
light reflected off the cantilever and the light reflected oft the sample (Cappella and Di-
etler, 1999). Thisinterference is detected by the photodiode as an oscillatory wave. The
use of alaser source with low coherence and the minimization of the light that reachesthe
sample may reduce this problem. Another important issue is the possibility of calibrating
the spring constant of the cantilever. Thisis essential when accurate force measurements
are intended. The most used technique for calibration is the thermal fluctuations method
(Hutter and Bechhoefer, 1993). This method uses the first resonant peak of the thermal
fluctuations spectrum of the cantilever which is usually centered at few kHz. Few are the
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AFM systems that allow measuring the thermal fluctuations of the cantilever deflection at
high enough sampling rates, and lesser are those which have an implemented tool to do so.
To accurate probe the desired cells, or even specific regionswithin the cells, it isimportant
to optically visualize the sample together with the probe with a certain accuracy. It isthus
essential the possibility of optically visualize the samples during AFM measurements.
Commercial AFMs designed for biologica purposes use to be mounted on the stage of
an inverted optical microscope. However, the optical path of the microscope used to be
interrupted and transmission imaging is only achieved by lateral illumination. Therefore,
common optical techniques, such as phase contrast or DIC (or Nomarski), are difficult or
impossible to integrate with the AFM. It seems, thus, that several improvements can be
introduced to AFM to better study living cells.

The aim of the work was to design and set-up a stand-alone 3D system based on AFM
specially designed to probe viscoelasticity and adhesion on living cells under controlled
environmental conditions. The system includes position sensors in the high range piezo-
electric elements. The 3D positioning is controlled with analog feedback e ectronics to
overcome the hysteresis and nonlinearity of the piezoelements and by custom made pro-
grams. It is mounted on an inverted optical microscope with integrated Phase Contrast,
DIC, and Fluorescence optical microscopy components. Its free optical path and the in-
frared laser permits to be used together with all optical components.

3.3 Instrumentation

The configuration scheme of the built force apparatusis shownin Fig. 3.1. The probe and
deflection detection system hold together from the XY and Z piezos. These are mounted
on an auminium platform which rests on three micrometer screws (Mitutoyo, Japan) en-
abling manual vertical positioning with micrometric resolution. The whole system stands
on the stage of an inverted optical microscope. The motion system is composed by XY
and Z piezoelectric elements with strain gauge position sensors in al three dimensions
(Piezosystem Jena GmbH, Germany). The open loop range is 100x100 ym? and 38 um in
the XY and Z axis, respectively. The Z motion is servocontrolled with a commercial PID
feedback circuit, ENV 40 CSG with a nominal bandwidth of 1 kHz, and its correspond-
ing power supply module ENT 40/20 230V (Piezosystem Jena GmbH, Germany). The
X and Y motions are independently servocontrolled by home made PID analog feedback
circuits with the corresponding high voltage amplifiers (Fig. 3.2). XY and Z movement
is controlled by home made programs based in LabView 7.0 using a 16-bit analog output
card (PCI-6733, National Instruments, USA). The deflection and torsion of the cantilever
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is measured with the optical lever method. A variable low power (0-15 mW) pigtailed
laser 785 nm (Schafter + Kirchhoff, Germany) beam is focused on the backside of the
cantilever, reflected off and detected by a segmented photodiode (S4349, Hamamatsu,
Japan). Thelaser is coupled using fiber optic cable to the collimation and focusing optics.
The photodiode holder ismagnetically coupled to a2D-micropositioner to allow us coarse
and fine manual centering of the laser spot. A band pass filter can be easily coupled in
front of the photodiode in order to reduce not desired light wavelengths. The active area
of the photodiode is 3x3 mm? divided in 4 segments. An analog circuit (Fig. 3.2) mea-
sures the sum (A+B+C+D), top/bottom (A+B-C-D) and left/right (A+C-B-D) difference
signals corresponding to the total luminosity falling on the photodiode. This signals are
transformed into deflection and torsion of the cantilever by calibrating the photodiode
signal before each measurement. The photodiode and position sensor signals are option-
aly antialiasing filtered (Low Pass Filter, Butterworth, 8 poles, cut-off frequencies 33,
225, or 22000 Hz) and sampled with a 16-bit data acquisition card (PCI-6036E, National
Instruments, USA).!

Figure 3.1: &) 3DNP: 3D NanoProbe system, CCD: refrigerated CCD camera, PhC:
Phase contrast rings, RC: fluorescent filters, shutter and focusing remote control, FL S:
fluorescence light source, CE: control electronics (Fig. 3.2), PC: personal computer. b)
System sketch: PZ: Z-piezo; PXY: XY-piezo; L: laser with mount; PSD: photodetector
with mount; PhC: phase contrast rings; M S. micrometric screws; BS: beamsplitter; OW:
optical window; MI: microincubator; OMO: optical microscope objective; M S: micro-
screws

The whole system is mounted on an XY micropositioned stage which slides on the
stage of a inverted optical microscope TE2000 (Nikon, Japan) with motorized and re-
motely controlled light shutter, fluorescence filters and focusing systems. Two CCD cam-
eras are connected to the optical microscope. One for bright field, phase contrast, or DIC

1Photodiode detection electronics and XY positioning feedback circuits with low-pass filters were de-
veloped in our laboratory my Miguel Angel Rodriguez.
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imaging Marlin (Allied Vision Technologies GmbH, Germany). And a deep cooled CCD
camera ORCA-AG (Hamamatsu, Japan) for FRET and epi-fluorescence imaging. Both
cameras are connected to the personal computer via the firewall port. Data acquisition
cards are mounted on PCI ports of the personal computer and controlled by home-made

programs.?
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Figure 3.2: Control electronics (CE in Fig. 3.1a): 4-segment photodiode (PSD), PZ: Z
piezo with strain gauge sensor (SG Z); PX: X piezo with strain gauge sensor (SG X); PY':
Y piezo with strain gauge sensor (SG Y); A+PID: amplifiers and PID circuits; L PF: low
pass filters, A/D: analog/digital input card; and D/A: digital/analog output card.

3.4 Validation

3.4.1 Positioning System

One of the most important improvements of the presented force apparatus is the servo-
controlled positioning system. The use of strain gauge sensorsin the three axis of motion
achieves a positioning with accurate resolution and high repeatability. The XY piezoele-
ments enables aresolution of 1 nm in closed loop mode and subnanometer resolution in

2Various past and current members of our lab contributed to the development of the acquisition and
control software, although a special mention may be done to Daniél ten Bloemendal.
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open loop. The Z piezoelectric nominal resolution is even better being 0.7 nm in closed
loop and 0.05 nm in open loop. In addition the use of feedback circuits to control the
motion enables to reach arepeatability of 63 nm and 47 nminthe XY and Z axes, respec-
tively. The calibration of the XY SG sensors was achieved as follows: areference sample
(spherical beads glued to a coverdlip) was attached to the piezopositioning system; differ-
ent voltages (from 0 to 100V and return) were applied to the piezo with the servocontrol
activated and the SG voltage was measured, a 40X bright field image of the reference
sample was acquired at the different applied voltages, i.e, different positions. The images
were then processed with an algorithm based on crosscorrelations which calculated the
relative tranglational shift between images (in pixels). The shift was then converted into
length dimensions knowing the conversion factor (um per pixel) for the particular micro-
scope and cameraused. Theresulting calibration plot isshown Fig. 3.3. Notice the strong
linearity of strain gauge sensors.
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Figure 3.3: XY Strain gauge calibration. Relative trandational displacement between
images versus measured SG voltage for the X (left) and Y (right) piezoel ectric elements.

In closed loop mode, the motion range was slightly reduced to ~85x85 um? and 32
uminthe XY and Z directions, respectively. The actual frequency bandwidth was tested
experimentally for both control electronic systems obtaining good performances in the
full motion range for frequencies up to 20 Hz. However, at lower amplitudes (few hun-
dred nm) an oscillation frequency of 90 Hz was reached with minimum distortion of the
waveform amplitude. The bandwidth in open loop mode was mainly limited by inertial
forces. The use of custom made programs enabl es the application of different and precise
waveforms to the positioning system. By the moment, the acquisition of topographical
images is not possible with such instrumentation. A tunable PID feedback circuit may be
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needed to keep a constant deflection during scanning in real time.

3.4.2 Optical lever method

It isimportant to notice the improvement made in the optical lever method used to detect
the deflection of the cantilever. In our configuration, both the deflection detection system
and the probe holds on a same stage. This alows the synchronized motion of probe,
laser beam and photodiode avoiding the refocus and realignment of the laser spot and the
reflected beam, usually required in commercial AFM systems.

-

Figure 3.4: Laser spot dimensions. The spot sizeis small enough (~16 um diameter, |eft)
to not overcome the cantilever width (right), minimizing the transmitted light that reaches
the sample. Scale bars stand for 100 and 50 um, respectively.

The pigtailed laser, the collimator, and the focusing lens result in a gaussian-shaped
spot of 16 um diameter at the cantilever plane, not exceeding the dimensions of common
cantilevers (Fig. 3.4) and enabling almost the total reflection of the laser light. The
reduced size and the low power of the laser source bring three main advantages: 1) few
IR light arrives at the sample, minimizing the heating and the photobleaching of possible
fluorescent labels; 2) little laser light reachesthe optical path of the microscope interfering
with the image acquisition; and 3) the tiny spot reduces the laser light reflected off the
sample minimizing the typical interference fringes in the F-z curves. Interferenceis also
reduced by the low coherence of the laser source.

The linearity of the photodiode was also validated. We used an optical bench to align
the laser beam and the photodiode, separated by a distance similar to that at which they
will remain in thefinal AFM configuration. The PSD was placed on a2D micropositioner
that enabled us to displace the photodiode in the vertical and horizontal directions with
aresolution of 0.5 um . The vertica (deflection, A+B-(C+D)) and horizontal (torsion,
A+C-(B+D)) voltage signals were measured for vertical and horizontal 0.5 um steps of
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the PSD. The resulting voltage versus displacement plots are shown in Fig. 3.5. As
can be observed, the photodiode signal was proportional to the displacement of the laser
spot, reflecting the linearity of the position detection system. Deviations from the ideal
response may be attributed to misalignment of the micropositioning system and not from
non linearities of the photodiode.
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Figure 3.5: Linearity test of the photodiode. Vertical (deflection, A+B-(C+D), circles)
and horizontal (torsion, A+C-(B+D), squares) signalsversus vertical (left) and horizontal
(right) displacement of the PSD.

3.4.3 Optical Microscopy

As mentioned before, the force apparatus is mounted on the stage of an inverted optical
microscope. The reduced height of our system and the free optical path enables us the
use of phase contrast rings (Fig. 3.6) and DIC polarizer, prism and condenser. The near
IR light in the optical lever detection system makes possible the use of epi-fluorescence
filters without interferences with the laser beam. The optical microscope carry objectives
with magnifications up to 60x. The revolving nosepiece focusing, the fluorescent filters
and the shutters are motorized and can be controlled with the computer. The cooled CCD
camera has the possibility of manually switch on and off the refrigeration system. These
remote controls minimize the mechanical coupling with the force apparatus. Therefore,
all the optical microscope resources can be used together with the apparatus with minimal
mechanical interfering with the force detection system.
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s

Figure 3.6: Phase contrast image (left) of a V-shaped cantilever above above alveolar
epithelial (A549) cells obtained with a 10x objective (bar = 100 um). Nomarski image of
A549 cells acquired with a 40x objective (right). The shadow of arectangular cantilever
can be observed (bar = 30 um).

3.4.4 Controlled environment

The force device was designed with awide and clear front aperture to access the sample.
A temperature controlled microincubator (M1) is easily appended as shown in Fig. 3.1b.
The temperature of the samples can be servocontrolled from ~0°C to ~55°C, allowing
physiological conditions (37°C). The culture medium in which samples are immersed
can be removed and added using a perfusion pump or simply with a micropipette. The
perfusion system is a key feature when drug treatments are intended.

3.4.5 Cantilever spring constant calibration

The data acquisition card enables us to acquire the deflection signal with ahigh sampling
frequency (up to 50 kS/s). This enables us to record the thermal fluctuations of the can-
tilever with enough frequency bandwidth to detect the first, and even second, oscillation
mode of the cantilever and determine its spring constant using the thermal fluctuations
method (Hutter and Bechhoefer, 1993) (see also Appendix B). The main control software
incorporates acalibration program based in Matlab 7.0 that computes the cantilever spring
constant before carrying out the measurements.
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3.5 Applications

Mechanical measurements on living cells are usually obtained by means of the so-called
force-distance curves: atriangular waveform is applied to the vertical direction, and the
deflection is measured as the tip indents the sample. Adhesion studies are carried out
using this technique but analyzing the retracting part of the curve. Measuring the torsion
of the cantilever, as the tip scans horizontally the sample surface, alows us the study of
friction properties. The main application our device is designed for is the measurement
of viscoelastic and adhesion properties of living cells. The use of soft cantilevers (spring
constant ~10 mN/m) enables us to apply and measure forces at the pN level, which isthe
order of magnitude of the forcesinvolved in cellular processes. The elasticity of materials
is commonly described by means of its Young's modulus (E), and the viscoelasticity
by using the complex shear modulus (G*(w), being w the excitation frequency). E is
obtained from high amplitude force-distance curves fitted with a certain contact elastic
model (Radmacher et al., 1996; Alcaraz et al., 2003). A representative example of ad-z
curve obtained on a pulmonary living cell is shown in Fig. 3.7. G*(w) is obtained by
applying low amplitude sinusoidal oscillations at a certain indentation and computing the
ratio of the Fourier transforms of excitation and response (Mahafty et al., 2000; Alcaraz
et al., 2003). The force apparatus enables us the application of a superposition of waves
at different frequencies to the vertical motion. Thus, it is easy to estimate the frequency
response of living cells under changing conditions with a single measurement.

Apart from nanoindentation applications, the system allows us to measure adhesion
propertieson living cells. Adhesion propertiesare very important to the structural stability
and mechanics of living cells. Adhesion reflects the mechanical interaction of cells with
their surroundings. Living cells express different membrane proteins (such as selectins
or integrins) to regulate their adhesion to neighboring cells or to the extracellular matrix.
Adhesion measurements can be carried out by coating AFM cantileverswith binding sites
from the extracellular matrix or other cells. The coated cantilever approaches the sample
surface, makes contact and the detachment interaction is measured when retracting as
a negative deflection in the F-z curves. Adhesion can be studied at two main levels:
single molecule and multiple measurements. The force apparatusis specially designed to
operate in this last mode where large collectivities of adhesion sites are involved. This
collectivities can induce high detachment forces (few nN) and ahigh Z range is required.
The use of a 38 um piezo in the vertical direction is enough to study adhesion without
limitations of low travel range, usual in most of the commercially available AFM systems.
Figure 3.8 shows arepresentative example of aretraction curve obtained using a spherical
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Figure 3.7: Deflection-distance (d-z ) curve obtained with a spherical cantilever tip (R
= 2500 nm, k = 0.01 N/m) on an alveolar epithelial cell in culture (peak-to-peak ampli-
tude 2.5 um/s at 0.3 Hz). Solid and dashed lines stands for approach and retract curves,
respectively.

cantilever tip coated with ECM proteins on aliving alveolar epithelial cell.

It is widely accepted that the major responsible of the mechanical behavior of liv-
ing cellsis its microfilament cytoskeleton (CSK). New fluorescence staining techniques,
such as Green Fluorescent Protein transfection, enables usin vivo labelling of the differ-
ent components of the CSK. The presented system allows us simultaneous acquisition of
mechanical and adhesion measurements and fluorescence images of living cells. Thus,
studies on how the CSK is affected under changes in the environmental conditions (drug
addition, temperature. ..) or under mechanical deformation are easy to implement. Liv-
ing cells have shown to be heterogeneous systems with different properties depending on
its internal structure. Thus, their mechanical behavior depends on the probed location
within the cell. Phase contrast imaging alows us to visualize the nucleus and other intra-
cellular structures. The high precision of the positioning system, together with the phase
contrast microscopy, makes the system very suitable to measure viscoel astic and adhesion
properties at precise regions within cells.
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Figure 3.8: Detachment Force-distance F-z curve (solid line) obtained with a spherical
cantilever tip (R = 2500 nm, k = 0.01 N/m) coated with RGD peptide on an aveolar

epithelial cell in culture (retraction speed 1.5 umy/s). Dotted line shows the zero force
reference.

3.6 Conclusionsand perspectives

We have devel oped an force device based on AFM especially designed to study mechan-
ical properties of living cells, such as viscoelasticity or adhesion. The system is mounted
on the stage of an inverted optical microscope. It is designed to work together with flu-
orescence, bright field or phase contrast microscopy techniques, enabling the acquisition
of optical images with amagnification up to 60x. The system can be used under different
environmental conditions thanksto the microincubator and the perfusion system. A future
improvement of the system may be the development of a tunable PID feedback circuit to
control the force applied to the samples. This will alow us the acquisition of contact
mode images of living cells.
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Chapter 4

Probing mechanical properties of living
cells by atomic for ce microscopy with
blunted pyramidal cantilever tips

4.1 Abstract

Atomic force microscopy alows the acquisition of high resolution images and the mea-
surement of mechanical properties of living cells under physiological conditions. AFM
cantilevers with blunted pyramidal tips are commonly used to obtain images of living
cells. Measurement of mechanical properties with these tips requires a contact model
which takes into account their blunted geometry. The aim of this work was to develop a
contact model of a blunted pyramidal tip, and to assess the suitability of pyramidal tips
for probing mechanical properties of soft gels and living cells. We developed a contact
model of a blunted pyramidal tip indenting an elastic half-space. We measured Young's
modulus (E) and the complex shear modulus (G* = G’ + iG”) of agarose gels and A549
alveolar epithelia cells with pyramidal tips and compared them with those obtained with
spherical tips. The gels exhibited an elastic behavior with almost coincident loading and
unloading force curves and negligible values of G”. E fell sharply with indentation up to
~300 nm, showing a linear regime for deeper indentations. A similar indentation depen-
dence of E with twofold lower values at the linear regime was obtained with the spherical
tip fitted with Hertz’s model. The dependence of E on indentation in cells paralleled that
found in gels. Cells exhibited viscoelastic behavior with G”/G’ ~ 1/4. Pyramidal tips
commonly used for AFM imaging are suitable for probing mechanical properties of soft
gelsand living cells.
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4.2 Introduction

The mechanical properties of the cell play a key role in determining cell shape and
changes during essential functions such as contraction, crawling and migration. New mi-
croscopy and nanomani pul ation technigques have led to a dramatic increase in our knowl-
edge of the morphology and mechanical properties of cells. One of the most powerful
tools is atomic force microscopy, which allows us to obtain topographical images and
to probe mechanical properties of living cells under physiologica conditions (Rotsch and
Radmacher, 2000). Moreover, AFM can be used to monitor dynamic changesin the shape
and mechanics of the cell during pharmacological treatments.

AFM uses a flexible cantilever with a sharp tip at its end to probe the sample surface.
Images are obtained by scanning the surface of the sample with the cantilever tip. The
sharpness of the tip, apart from other characteristics such as sample stiffness, determines
image resolution (Heuberger et a., 1996). Soft silicone nitride AFM cantilevers with
pyramidal tips are commonly used for obtaining high resolution images of living cells
(You and Yu, 1999; Tortonese, 1997). Pyramidal tips are blunted or rounded at the apex.
Despite their bluntness, they are sharp enough to resolve subcellular structures of living
cells, such as the cytoskeleton, which plays the main role in cellular mechanics (Heide-
mann and Wirtz, 2004; Henderson et al., 1992; Charras and Horton, 2002; Lal et al., 1995;
You et a., 2000; Huang et al., 2004).

The cell mechanics are probed with AFM by indenting the surface of the cell with the
tip of the cantilever and measuring the force-indentation (F-¢) relationship. Mechanical
parameters of the sample are usually estimated by fitting F-¢ data with a suitable contact
model taking into account the geometry of the probe. The Hertz theory (Hertz, 1881) is
the most common approach to analyzing contact mechanics. This approach is based on
infinitesimal strains and assumes linear elastic, isotropic, axisymmetric, perfectly smooth
and semi-infinite bodies in contact with each other over a small region of their surface
(Hertz, 1881). In particular, Hertz's theory leads to analytical solutions for spherical
and conical tips indenting an elastic half-space (Johnson, 1985). Assuming a spherical
geometry of the tip apex, the spherical Hertz model has been applied to pyramidal tips to
determine mechanical properties of biopolymer gels and living cells (Radmacher et al.,
1995, 1993; Shroff et al., 1995). This model fails for indentations larger than the appar-
ent radius of curvature of the tip (10 — 50 nm). For deep indentations, pyramidal tips
have been modeled as cones (Radmacher et al., 1995; Wu et al., 1998). A blunted cone
model has been developed for awider range of indentations (Briscoe et al., 1994; Mathur
et al., 2001). However, the actual geometry of pyramidal tipsis not a blunted cone but a
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blunted pyramid. A contact model for an ideal pyramid has been numerically developed
by Bilodeau (Bilodeau, 1992). This pyramidal model has recently been used to probe
mechanical properties of living cells at deep indentations (Alcaraz et al., 2003). To the
best of our knowledge, a more detailed pyramidal contact model taking into account the
blunt geometry of conventional AFM pyramidal tips has not been devel oped.

The use of a cantilever with a microsphere attached at its end has recently been pro-
posed to indent the sample with a simple contact geometry and to minimize strain (Dim-
itriadis et al., 2002; Mahafty et a., 2000). Cantilevers with microspheres ranging ~1
to ~10 um in diameter have been used to probe biopolymer gels and living cells (Ma-
hafty et al., 2000; Dimitriadis et a., 2002; Mahaffy et a., 2004; Shoelson et al., 2004).
Sample mechanical properties were estimated by fitting indentation data with the Hertz
spherical model. Although amicrosphere provides asimple contact geometry for probing
mechanics, the use of thistip yields low resolution images that may not reflect the actual
topography of some samples (Stolz et al., 2004). Replacing the cantilever between imag-
ing and mechanical measurements is difficult and time consuming. This may be suitable
for large, stable and uniform samples but not for living cells since they have a complex
shape and exhibit heterogeneous and time-varying mechanical properties. Moreover, the
mechanics and shape of the cell change during spontaneous contraction and locomotion
and in response to pharmacological stimuli. The use of a single cantilever for imaging
and indentation enables us to precisely correlate the shape and mechanics of living cells.
Pyramidal tips commonly used for AFM imaging could be suitable for probing cell me-
chanics. Moreover, measurements at low indentations could be improved by developing
ablunted pyramidal model that takes into account the blunted geometry of the tip.

The aim of this work was to develop a contact model of a blunted pyramidal tip and
to assess the suitability of AFM pyramidal tips for probing mechanical properties of soft
biopolymer gels and living cells. We first developed a contact model of a blunted regular
pyramid indenting an elastic half-space. We probed soft samples of agarose gels and
living human alveolar epithelial cells with pyramidal and spherical tips using the blunted
pyramidal model and the spherical Hertz model, respectively. The Young modulus (E)
and the complex shear modulus (G*(w)) estimated with the pyramidal and spherical tips
were compared.
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4.3 Theory

4.3.1 Contact model of a blunted pyramid indenting an elastic half-
Space

Force-indentation relationship, F(6), for ablunted n—sided rigid regular pyramid of semi-
included angle 6, tip defect h, and spherical cap radius R; (Fig. 4.1) was derived using
Betti's reciproca theorem (Ugural and Fenster, 1987). Accordingly, the total force F
applied by a tip with an arbitrary shape and projected area A was computed from the
pressure distribution of aflat indenter (p*(r, ¢)) of plan-form A

_ e (o)
F_fpr(r,go) = rdrdg, (4.1)

where ¢* is the indentation depth for the flat indenter and f(r, ¢) is the interpenetration

function for the tip. The analytical form of p*(r, ¢) is known only for elliptical contact
areas. Thus, only in this case a closed-form solution of Eq. 4.1 can be obtained. Nev-
ertheless, p(r, ¢) and therefore F can be approximated in the Rayleigh-Ritz sensg, i.e,,
by using the best elliptical approximation to the actual contact area (Barber and Billings,
1990).

For aregular n—sided pyramid, the cross section at any indentation depth is a regular
n—sided polygon. Therefore, its best elliptical approximation is a circle of radius a cen-
tered on the axis of the pyramid, and the pressure distribution of the corresponding flat
indenter isthat of acylindrical punch of radius a

6*
a(1—1?) (@ - )12’

substituting this expression into Eq. 4.1 we obtain

E f(r,
F= 7l -v2) f‘f; (a2 E rf))l/zr drde, (4.3)

where E is Young's modulus and v Poisson’s ratio.

pr(r.¢) = (4.2)

The blunted pyramid was modelled as a spherical cap which transforms smoothly into
an n-sided pyramid (Fig. 4.1) according to the following interpenetration function

r2

f(r) = — = O<a<b

f(r,go):é—%cos(go—%) —h axb & << Eedn k:O,l,...,n—(144)

wherebistheradia distance corresponding to the transition from spherical cap to pyrami-
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Figure 4.1: Model of the blunted pyramidal AFM tip. (a) Section of a blunted pyramidal
tip with semi-included angle 6, tip defect h, and spherical cap radius R; indenting an
elastic half-space. F isforce, ¢ isindentation, b is the radial distance corresponding to
the transition from spherical cap to pyramidal faces, and h* = b?/2R.. (b) 3D plot of the
end (1 um) of the blunted four-sided pyramidal tip model with the spherical cap merging
tangential with the pyramid faces (6 = 35 deg, R, = 100 nm). Dashed lines are the contour
corresponding to flat faces (ideal pyramid).
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dal facesand h* = b?/(2R.). For the particular case in which the sphere merges tangential
with the pyramid faces b = R.cos, and the geometrical parameters of the tip are reduced
to R. (or b) and 6.

For a < b, f(r) isthe interpenetration function of a spherical punch of radius R., thus
F(6) isthe spherical Hertz model (Hertz, 1881)

4E

F=3ao»

RYZ5%/2, (4.5)

Fora>Db

SN

s x
F=nam [fob [%(60- %) e + f f_% (6 -t cose — ) @izt ]

= 25 [0a- Fin(%) 78 (5 - arcsing) - g + @ - 02 (F8in(§) 7 + 50|

Owing to the symmetry of the n lateral edges, the contribution of each integration
range ((2k-1)/n, (2k+1)z/n) isequal, and the integration over ¢ is n times the integration
over thefirst range. The effective contact radius a is obtained by imposing dF/0a = 0

a n s

5—w;gn(ﬁ)(g—arcg-ng)+%((a2_b2)l/2_a):O, (47)

Egs. 4.6 and 4.7 determine the relationship F(6) for ablunted n-sided regular pyramid.
The indentation is related to the effective radius of contact a by Eq. 4.7.

For the common regular four-sided pyramid of AFM cantilever tips, the above equa-
tions ssimplify to

1/2 A2 3 12 -
e [56‘_2 : (E_arcg”g)—a—+(a2—b2)”2(2 b 2 b)]

1-v2 n tan@\2 3R m tané 3R.
(4.9)
a 282 (n . b\ a, ., .up
—MT(E—arwna)-Fi((a —b) —a)—O. (49)

In the limit b—0, Egs. 4.8 and 4.9 lead to F(6) for an ideal regular four-sided pyramid

1 Etand

= mE (4.10)

with an effective radius of contact a = ¢ tan6/2%/2.
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4.4 Materialsand methods

4.4.1 Atomic force microscopy

M easurements were carried out with an AFM (Bioscope, Digital Instruments, CA, USA),
mounted on an inverted optical microscope (IX70, Olympus Optical Co. Europe). V-
shaped Au coated silicon nitride cantilevers with nominal spring constant k = 10 mN/m
with a regular four-sided pyramidal tip of nomina semi-included angle 6=35 deg (Mi-
crolevers, Thermomicroscopes, Sunnyvale, CA, USA), and similar cantilevers with a
spherical polystyrene bead with nominal diameter of 5 um glued at its end (NovaScan
Technologies, lowa, USA) were used as AFM probes. One pair of pyramidal and spher-
ical cantilevers was used for probing agarose gels, and another pair for probing cells.
Cantilevers were cleaned before each set of measurements using piranha solution (70%
H,S0,, 30% H,0,) for the pyramidal tips, and ethanol for the spherical ones. Scanning
Electron Microscopy (Zeiss DSM 940-A, Zeiss, Gottingen, Germany) images of the can-
tilevers were obtained after measurements to determine the actual tip geometries.

4.4.2 Calibration of cantilever spring constants

The spring constants of the cantilevers were determined by the thermal fluctuations
method (Hutter and Bechhoefer, 1993). Briefly, the cantilever was modeled as a sim-
ple harmonic oscillator. According to the equipartition theorem, each averaged quadratic
term of the Hamiltonian of the system is given by kgT/2, where kg is the Boltzmann
constant and T the absolute temperature. Three seconds of cantilever thermal fluctua-
tionswere recorded in air away from any surface at room temperature. Data were filtered
with an antialiasing filter (Butterworth, 106 kHz, 8 poles) and sampled at 500 kHz by
a computer interface board (PCI-M10-16E-4, National Instruments, Austin, TX, USA).
The power spectrum of fluctuation recordings was computed by FFT. The first resonant
peak was fitted with a Lorentzian curve plus an offset to reject contributions other than the
first oscillation mode due to white noise. The mean square of fluctuations was computed
as the area under the curve (P). Invoking the Parseval theorem, the spring constant was
computed as k=ckgT /P, were c is a correction factor ¢ =0.76 for the first vibration mode
of aV-shaped cantilever (Stark et al., 2001).

4.4.3 Agarose gel preparation

Purified agarose (Type I-A: Low EEO, A-0169, Sigma, St. Louis, MO, USA) of 0.3%
w/v in Millipore RX water was boiled for ~20 minutes stirring continuously. The agarose
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solution was poured into a 35 mm diameter petri dish to obtain agel thickness ~500 um.
A small region of the petri dish was|eft bare to allow calibration of the AFM photodiode.
After gelation of the solution occurs (~5 min), the sample was covered with 2 ml of
Millipore RX water and stored at 4°C.

444 Cdl culture

Cell measurements were carried out in living human aveolar epithelial cells, line A549
(CCL-185, ATCC, Manassas, VA, USA). Culture medium consisted of HEPES (Sigma
Chemical, St. Louis, MO) buffered RPMI1 1640 with 10% inactivated fetal calf serum (Bi-
ological Industries, Kibbutz Beit Haemek, Israel), 1ImM L-glutamine, 100 U/ml penicillin,
100 mg/ml streptomycin (GIBCO, Gaithersburg, MD, USA) and 2 mg/ml amphotericin
B (Bristol - Myers Squibb Co, New Brunswick, NJ, USA). The cells were incubated at
37°C and 5% CO,. Two days before the experiments, the cellswere trypsinized and plated
on 10 mm diameter glass coverdlips. The culture medium used during experiments was
serum free.

445 Measurements

A petri dish with agarose gel was placed on the temperature controlled stage (L ake Shore
Cryotronics, Westerville, OH, USA) of the AFM at 26°C and stabilized for ~30 min with
the cantilever immersed in liquid. The AFM photodiode was calibrated by recording 3
force curves in the bare region of the petri dish using a deflection range ~1 um (F ~10
nN). Ten deflection-distance (d — z) curves (triangular oscillations at 0.3 Hz of 3 um peak-
to-peak amplitude) were recorded (2048 points/cycle) in three different regions of each
gel. The cantilever was approached until reaching a maximum indentation ~2 um and ~1
um for the pyramidal and spherical tips, respectively. After the last d — z measurement,
low-amplitude triangular oscillations (100 nm peak-to-peak, 0.3 Hz) were applied at an
operating indentation of ~500 nm, and 5 cycles were recorded at 128 points/cycle. Mea-
surements were carried out on 7 agarose gel samples. Each sample was probed with both
pyramidal and spherical tips in random order.

A similar protocol of measurements was taken on seven A549 cells from different
cultured coverdips. Each cell was probed randomly with both tips at three points of the
central region of the cell surface. Force curveswere recorded with amaximum indentation
of ~1 um. Five low amplitude oscillatory cycles were also recorded in one of the three
regions of the cell at an operating indentation of ~500 nm. The experimenta protocol
lasted ~45 min. Contact mode images were acquired after mechanical measurements in
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three cells with the pyramidal tip at 1 Hz and force set point <0.5 nN.

4.4.6 Data processing

Each experimental d — z curve obtained with the pyramidal tip was fitted with the blunted
pyramid model (Egs. 4.8 and 4.9) expressed in terms of the displacement of the piezo (2)
and the deflection of the cantilever (d), using

F = k(d — o), (4.11)

and

6 =2-2—(d-dosy), (4.12)

where k is the spring constant of the cantilever, d,¢; the deflection offset, and z. the point
of contact. Substituting Egs. 4.11 and 4.12 into Egs. 4.8 and 4.9 we obtained

d= doff + & [(Z_ Z — (d - doff))a_ 72rlt/azna2 (% - arCS.n—) - %4_ (4 13)

+(8.2 _ b2)1/2 (#%} + a;;cbz)]

L2 (@-b)"2-a)=0. (414

a 2%2 . (b
z—zc—(d—doff)———[z—arcsm(a) R

tang © |2

Sincethereisno analytical solution for Eq. 4.13, theradius of contact a was computed
numerically using an interpolation routine.
Pyramidal tip data were also fitted with the ideal pyramidal tip model (Eq. 4.10)
expressed interms of zand d
= o1 + 575 1 yiygl2 %~ (@~ o) (415
The experimental d — z curves obtained with the spherical tip were fitted with the
spherical Hertz model (Eg. 4.5 of zand d

d = dors + ol Rz 7, (d - dor )], (4.16)

3(1-13)

where R is tip radius. A nonlinear least squares fit (Matlab 6.5, The MathWorks Inc.,
Natick, MA, USA) was used to estimate E, z. and dy¢¢+ from each loading d — z curve.
The fit included a clear noncontact region. For cell measurements, the first micron of the
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noncontact region was discarded. The average E for each sample was computed using the
last three curves at the three measurement points. The mean and SD of these values were
computed. To assess the dependence of E on indentation, contact model equations (Egs.
4.13, 4.15 and 4.16) were solved for E. E was computed from each force-indentation
measurement point, using the values of z. and dy¢+ fitted with the d — z curve. E was
computed at equally spaced indentation intervals by interpolation to allow averaging.

For low-amplitude oscillations around an operating indentation (do), Eq. 4.8 can be
approximated taking the first two terms of the Taylor expansion (Alcaraz et al., 2003;
Mahafty et al., 2000). Using G = E/[2(1+v)] and transforming to the frequency domain,
G*(w) for ablunted pyramidal tip is
1-vF(w)

22 3(0)" (4.17)
where F(w) and 6(w) are the Fourier transforms of force and indentation, respectively,

G'(w) =

wgs the angular frequency (w=2nf) and a, is the contact radius at do.
The same procedure was applied to obtain G*(w) for the spherical model (Eqg.4.5)

1-v F(w)
4(Ro0)2 8(w)
G*(w) was separated into its real (in-phase) and imaginary (out-of-phase) parts

G'(w) = (4.18)

(G'(w)=G' (w)+iG"(w)), defined as the storage and loss moduli, respectively. The vis-
coelastic behavior was characterized as the loss tangent (G”/G’). Before computing FFT,
recordings were digitally filtered with a high-pass filter (Butterworth, 0.1 Hz, 5 poles),
and multiplied by a Hanning window. Given the low oscillatory frequency applied (0.3
Hz) we neglected the hydrodynamic drag artifact (Alcaraz et al., 2002).

447 Statistics

Data are reported as mean + SD unless otherwise stated. Differencesin E and G* values
obtained using different tips were analyzed by Student’st-test. Statistical significance was
assumed at p <0.05.

45 Resaults

451 Cantilever tips

From the SEM images of the tips used in agarose (Fig. 4.2) we estimated a semi-included
angle of 6g 35.5 deg for the pyramidal tip and a bead radius of R= 2.4 um for the spherical
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tip. We estimated 6g 35.4 deg and R = 2.5 um for the tips used on A549 cells. The
pyramidal tips exhibited a blunted apex (Fig. 4.2). We modeled the actual tip geometry
using the blunted pyramid model (tip defect h= 100 nm) with the spherical cap merging
tangential with the pyramid faces.

Figure 4.2: Scanning electron micrographs of pyramidal (a) and spherical (b) tipsusedin
agarose gels (bar = 1 um). The inset shows the blunted pyramidal approximation (bar =
100 nm).

45.2 Agarosegels

The pyramidal and spherical tip cantilevers used on agarose gels had spring constants of
k=71+06mN/mandk=7.9+ 0.6 mN/m, respectively. Representative examples of
d — zcurves taken on agarose are shown in Fig. 4.3. Loading and unloading curves were
almost coincident. The fit of the model to the loading curve was excellent for both the
pyramidal (r? = 0.9994 + 0.0003, root mean square error (rms) = 4.46 + 3.06 nm) and
spherical (r? = 0.9991 + 0.0002, rms = 2.55 + 1.48 nm) tips. The residual error plot (Fig.
4.3) showed only minor deviations from the models. Nevertheless, the models dlightly
underestimated the force in the vicinity of the contact point.

The value of E computed with the pyramidal tip (1.38 + 1.36 kPa) was larger than
that computed with the spherical one (0.72 + 0.60 kPa) (p>0.05). We found a small
coefficient of variation (CoV) of E obtained from consecutive curves acquired at the same
point of the gel with the pyramidal (3.9 + 2.4%) and spherical (2.7 + 1.8%) tips. Larger
variability for the pyramid (10.9 + 10.5%) and the sphere (13.6 + 4.9%) were found from
measurements taken at different points of the same gel.
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Figure 4.3: Examples of deflection-distance (d — z) curves measured on approach (dotted
lines) and retraction (dashed lines) on agarose gels with pyramidal (a) and spherical (b)
tips. Salid lines are the corresponding blunted pyramidal and spherical fits to approach
curves. Fitted valueswere E = 0.76 kPa, z, = 634 nm, and dys; = -196 nm, and E = 0.35
kPa, z. = 1651 nm, and do¢ = -207 nm, respectively. Arrows indicate the contact point.
Insets display residual errors.

E computed from the spherical tip exhibited a sharp fall at low indentations reaching
aplateau at ~200 nm (Fig. 4.4). A similar indentation dependence was obtained with a
plateau above ~300 nm with the pyramidal tip using the blunted model (Egs. 4.13 and
4.14). When employing the ideal pyramidal model (Eq. 4.15) the plateau was shifted to
dightly higher indentations (~400 nm).

G*(w) was measured at comparable operating indentations of 563 = 92 nm and 475
+ 134 nm for the pyramidal and spherical tips, respectively. The corresponding radii of
contact were considerably smaller with the pyramid (0.33 + 0.05 um) than with the sphere
(21.06+0.15 um). G’ was significantly higher when using the pyramidal tip (0.43 = 0.20
kPa) than the spherical one (0.17 + 0.05 kPa) (p <0.05). By contrast, we found negligible
values of G” for both tips (0.02 + 0.05 kPa, pyramid; —0.01 + 0.02 kPa, sphere).

45.3 Alveolar epithéelial cells

The cantilevers used on A549 cells had spring constants of k = 6.3 + 0.4 mN/m and k=
7.9 + 0.6 mN/m for the pyramidal and spherical tips, respectively. The thickness of the
cellsin the probed regions was 5-6 um (Fig. 4.5). The d — z curves of the cells exhibited
considerable hysteresis (Fig. 4.5). We frequently observed deflection values below dqs ¢
in the unloading curves, indicating cell-tip adhesion. The contact models fitted loading
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Figure 4.4: Indentation dependence (mean + SE) of Young's modulus of agarose gels (n
= 7) obtained with the pyramidal (a) and spherical (b) tips. Dashed line in (a) displays
data fitted with the ideal pyramid model. Dotted lines are mean E values obtained by
fitting the whole d — z curves.

d — z curves very well for the pyramidal (Egs. 4.13 and 4.14, r? = 0.994 + 0.005, rms
= 2.91 + 1.92 nm) and spherica (Eq. 4.16, r>= 0.998 + 0.001, rms = 1.63 + 0.54 nm)
tips. We obtained higher values of E with pyramidal (0.91 + 0.47 kPa) than with the
spherical tip data (0.47 + 0.18 kPa) (p <0.05). Repeated measurements obtained at the
same point of the cell led to similar CoV for the pyramid (5.3 + 3.8%) and the sphere (3.1
+ 2.8%). By contrast, the variability computed from different regions within the same cell
rose to 41.9 + 21.5% (pyramid) and to 25.9 + 22.7% (sphere). Young's modulus of cells
showed an indentation dependence similar to that of gels (Fig. 4.6), reaching the plateau
at comparable indentation depths.

G*(w) was measured at operating indentations of 716 + 255 nm (a= 0.41 + 0.13 um)
with the pyramid and 541 + 225 nm (a= 1.13 + 0.29 um) with the sphere. With the
pyramidal tip we found G’ = 0.32 + 0.16 kPaand G” = 0.07 + 0.03 kPa, corresponding
to alosstangent of 0.23 + 0.12. Lower valuesof G’ = 0.15 + 0.07 kPa (p <0.05) and G”
= 0.03 + 0.02 kPa (p <0.05) were obtained with the spherical tip although no significant
difference was found in the loss tangent (0.21 + 0.07).

4.6 Discussion

We have developed a contact model to describe the force-indentation relationship of a
blunted pyramid indenting an elastic half-space. The model was extended for applica-
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Figure 4.5: (a) Height (left) and deflection (right) images of an A549 cell obtained with
the pyramidal tip in contact mode (scan size = 50 um). Gray level ranges 6 um (l€eft)
and 50 nm (right). (b and ¢) Examples of deflection-distance (d — z) curves measured on
approach (dotted lines) and retraction (dashed lines) on the cell with pyramidal (b) and
spherical () tips. Fitted valueswere E = 1.31 kPa, z. = 1997 nm, and dy¢ s = -49 nm, and
E = 0.36 kPa, z. = 1812 nm, and dy¢+ = -51 nm, respectively. Arrows indicate the contact
point. Insets display residual errors. The crosses in the images indicate the point where
the pyramidal force curve was obtained.
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Figure 4.6: Indentation dependence (mean + SE) of Young's modulus of alveolar epithe-
lial cells (n = 7) obtained with the pyramida (@) and spherical (b) tips. Dashed linein
(a) displays data fitted with the ideal pyramid model. Dotted lines are mean E values
obtained by fitting the whole d — z curves.

tion to viscoel astic samples subjected to small amplitude oscillations. Soft agarose gels
probed with AFM blunted pyramidal tips showed afall in E at low indentations reaching
a constant value for depths larger than ~300 nm. A similar indentation dependence of E
was observed when the gels were probed with the spherical tip. Nevertheless, E and G’
measured at deep indentations with the sphere were twofold lower than those found with
the pyramid. The gels exhibited an elastic behavior with almost coincident loading and
unloading force curves and negligible values of G”. The dependence of E on indenta-
tionin cells paralleled that found in the gels. Cells exhibited viscoelastic behavior with a
G"/G’ ratio ~1/4.

The mathematical approach used to develop the blunted pyramidal model was based
on Betti’s reciprocal theorem and the Rayleigh-Ritz approximation (Ugural and Fenster,
1987). The Betti reciprocal theorem alowed us to relate the total force applied by the
pyramidal tip to the pressure distribution of a flat tip with the same contact area (Eqg.
4.1). Since this equation cannot be solved analytically, we made use of the Rayleigh-
Ritz approach determining the best elliptical approximation to the actual contact area.
This approximation is useful when the main interest isto compute F(5) and not the pres-
sure distribution, which requires a more complex mathematical development. Barber and
Billings used this procedure to obtain F(5) of an idea three-sided pyramidal tip (Barber
and Billings, 1990). Their solution differed only by 13% when compared with numerical
computations. Given that the intervals of integration decrease with the number of sides,
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alower error for afour-sided pyramid was estimated. In fact, the solution we found for
an ideal four-sided pyramid (Eqg. 4.10) agrees within 6% with the equation derived by
Bilodeau based on the stress distribution of a cone modified by the singularities at the
lateral edges of the pyramid (Bilodeau, 1992). By imposing a smooth transition from the
spherical cap to the pyramid faces, the faces must be dlightly curved near the cap. This
curvature leads to a smaller cross-sectional area compared with that of flat faces (Fig.
4.1). At an indentation of ~300 nm (Ag 35 deg, R. = 100 nm) the difference between
flat and curved surfaces is ~8% and tends to zero at deeper indentations. Assuming that
the force is proportional to the area, we estimate a similar difference in E. The blunted
pyramidal model matches the spherical model with a radius equal to that of the spherical
cap (R = R.) for indentations where the sample only contacts the spherical cap (6 < 2h*),
and at deeper indentations, the blunted pyramidal model approaches the ideal pyramidal
model smoothly (Fig. 4.7). Note that the n-sided blunted pyramidal model (Eq. 4.6 and
4.7) is easily solvable for the variety of pyramidal geometries commercially available.
The semi-included angle measured by SEM was in very good agreement with its nominal
value (35 deg). Thiswas expected from the stability of the fabrication process (Albrecht
et al., 1990) and suggests that the nominal 6 could be used to compute the blunted pyra-
midal model. However, the radius of the spherical cap measured by SEM (R, = 123 nm)
was 2-fold larger than its nominal value (~50 nm). Using the nominal radius would over-
estimate E by ~65 % for low indentations (6 < 2h*). The difference would tend to zero
for deeper indentations, being <1% for 6 > 1 um. Thus, accurate measurements at low
indentations with a blunted pyramidal tip would require precise characterization of tip
bluntness. It should be also pointed out that the solution for a n-sided blunted pyramid
(Eq. 4.6 and 4.7) tendsto that of ablunted conewhen n— oo (Briscoeet al., 1994). When,
in addition, b —0 the solution corresponds to that of an ideal cone (Sneddon, 1965).

AFM systemsttilt the cantilever by 10 — 20 degree so that the beams of the cantilever
do not touch the sample. Heim and coworkers studied the contribution of the inclination
angle (B) to the deflection of the cantilever and suggested a correction factor (Heim et al.,
2004). Given the cantilever and tip dimensions we used (320 um cantilever length, 4-5
um tip height and 12 deg tilt), Heim's correction factors were < 0.5% for both spherical
and pyramidal tips and were thus neglected. Moreover, current contact models assume
normal indentation of the tip on the sample surface. Costaand Yin (Costaand Yin, 1999)
discussed the effect of tip inclination on F(6) for anideal cone. They suggested that F(5) of
atilted conical tip lies between the responses for semi-included angles 6+ and 6-8. The
force of aregular pyramid in normal indentation isthe addition of the force applied to each
face. We assume that the total force of atilted pyramid is composed by the contributions
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Figure 4.7: Force-indentation (F-6) relationship for blunted pyramidal, ideal pyramidal
and spherical models on an elastic half space with Young’s modulus E = 1 kPa. Solid line
isthe blunted pyramidal model with semi-included angle 6 = 35 deg and a spherical cap of
radius R, = 100 nm merging tangential with the faces. Dotted line is the ideal pyramidal
model with 6 = 35 deg (slope = 2). Dashed line is the spherical model of radius R = 100
nm (slope = 3/2). Dash-dotted line is the spherical model with R = 2500 nm (slope =
3/2). The blunted pyramidal model matches the spherical model of R= 100 nm (R. = R)
for indentations smaller than 80 nm (§ < 2h*) and approaches the ideal pyramidal model
for deeper indentations. The differenceis <15 % for indentations deeper than 1000 nm.

of each face, weighted by the areas of their cross-sections. In addition, we consider that
each face of the tilted pyramid follows F(6) of an ideal pyramid (Eq. 4.10) with semi-
included angle 8 + 3 (faces parallel to theinclination axis) or #gfaces perpendicular to the
inclination axis). From this approach, we estimate an apparent increase in E of ~10%
when tilting an ideal four-sided pyramid (6 = 35 deg) by 12 degree (for a more detailed
development, see Appendix A). Assuming a similar behavior for the blunted pyramidal
model, our measurements taken with the tilted pyramidal tip overestimated E by ~10%.

Reliable estimation of mechanical parameters from d — z curves requires accurate de-
termination of the contact point (Mahafty et al., 2000; A-Hassan et al., 1998; Touhami
et al., 2003). In genera, the contact point is visually defined at the point where cantilever
deflection starts to rise. However, visual determination of the contact point is especially
difficult in soft samples which exhibit a smooth increase in cantilever deflection at low
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indentations (Figs. 4.3 and 4.5). To define the contact point with an objective procedure,
we simultaneously estimated E and the location of the contact point (z,, dof¢) by fitting
d — z curves which included a noncontact region. The fitting was carried out in the ap-
proaching curve to avoid the adhesion events observed in the retraction curves, especially
incells(Fig. 4.5). Thequality of thefit with the two tipswas excellent in gelsand cells. It
should be noted, however, that both models slightly underestimated cantilever deflection
in the vicinity of the contact point (Figs. 4.3 and 4.5).

We first assessed the suitability of AFM pyramidal tips for probing mechanics in soft
agarose gels. We used agarose gels as a reference sample since different technigques have
shown that their mechanical properties are elastic, linear, homogeneous and isotropic
(Stolz et al., 2004; Normand et al., 2000). Moreover, we made the gel samples ~500
um thick to avoid the effect of the hard substrate. These features are required to fulfill
the assumptions used to derive tip contact models. The high repeatability of E computed
from consecutive curves recorded at the same point (CoV < 4%) indicates stability of the
sample and absence of permanent deformation. The homogeneity of the gel was reflected
in the low variation of E among different points of the sample (CoV < 10%). The near
coincidence of the approach and retract d — z curves confirmed the elastic behavior of
our gel samples. Measurement of the complex shear modulus allows us to assess the fre-
guency domain expansion of the blunted model (Eq. 4.17). In agreement with the elastic
behavior, we found negligible values of G”. Moreover, the E/G’ ratio obtained for the
pyramidal tip (3.21) was similar to that of apure elastic materia (E/G’ = 3, v =0.5). The
consistency between G* and E lends support to the validity of the complex expansion
of the blunted pyramidal model (Eq. 4.17). Taking into account the discrepancies be-
tween micro- and macro-rheological measurements (Schmidt et al., 2000), our data of G’
compare well with the value of 0.52 kPa derived by Normand and coworkers (Normand
et al., 2000) from conventional macroscopic rheology measurements on the same type of
agarose at 0.3%. The value of E obtained by fitting the whole d — z curves recorded with
the pyramidal tip was twofold higher than that computed with the spherical tip. This dif-
ference could reflect uncertainties of the calibration procedure of the cantilevers, which
assumes a simple harmonic oscillator model for cantilever mechanics. Nevertheless, E
and G* obtained with the two tips are in reasonable agreement bearing in mind that the
difference is comparable to the variability of the gel samples.

To test the range of validity of the blunted pyramidal model we computed the inden-
tation dependence of E in agarose gels (Fig. 4.4). For alinear material, E should be
constant over the whole indentation range. Except at low indentations (< 300 nm), E
computed with the blunted pyramidal tip showed a plateau up to the deepest indentation
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reached (~2 um). It is noteworthy that fitting the ideal pyramid model aso resultsin the
same plateau but dlightly shifted to deeper indentations. Therefore, for deep indentations
E can be more easily estimated by using Eg. 4.10. It has been suggested that the lin-
ear assumption of the Hertz theory fails for the large strains produced by pyramidal tips
(Dimitriadis et al., 2002). To minimize strain it has been proposed to probe the sample
with amicrosphere (Mahafty et al., 2000; Dimitriadis et al., 2002; Mahafty et al., 2004).
The plateau obtained when probing gels and polymers with a microsphere attached to the
cantilever has been taken as evidence of the validity of the spherical contact model (Ma-
hafty et al., 2000). We found that the pyramidal tip exhibited a constant regime similar to
that observed with the spherical tip. The linear regime displayed by the pyramidal tip is
in agreement with finite element analysisindicating that high strains applied by sharp tips
have only second order effects on the indentation response for linear materials (Costa and
Yin, 1999). Moreover, it should be noted that the blunted profile of conventional AFM
pyramidal tips reduces the strain in the vicinity of the apex.

Agarose gels exhibited a parallel fall in E at low indentations with both tips. This
behavior has been reported in gels and living cells. Large and scattered values of E at
low indentations have been attributed to experimental noise, to nonlinear elastic behavior
of the samples (Mathur et al., 2001), and to uncertainties in the contact point determina-
tion (Mahatfty et al., 2000; Dimitriadis et al., 2002; Mahafty et al., 2004). However, we
averaged data from several measurements (Fig. 4.4) to cancel out the effect of random
experimental noise. Moreover, the plateau of E obtained in a wide range of indentations
with both tips indicates intrinsic linear mechanical properties of the gel. E estimated at
low indentations is very sensitive to uncertainties in the contact point. In fact, the large E
we found at low indentations could be explained by an error of 1-2 nmin dy¢. To avoid
ambiguities associated with visual determination we computed the contact point by aro-
bust fitting procedure. The dlight but systematic underestimation of cantilever deflection
by the two contact models in the vicinity of the contact point (Fig. 4.3) suggests that E
at low indentations reflects features of tip-surface interaction. This underestimation of
cantilever deflection can be interpreted as a repulsive force. Assuming that agarose and
the tip are electrically neutral, a repulsive force could arise from steric interactions of
free-end agarose chains forming brush-like arrangements in the gel-liquid interface (Butt
et al., 1999). The similar fall of E at low indentations and the deeper linear regime exhib-
ited by the pyramidal and spherical tips on the agarose gels suggest that both cantilevers
are suitable for probing the mechanical properties of uniform and thick soft samples.

The performance of the tipsin cellswasin agreement with that observed in gels. Both
tips displayed large values of E at low indentations followed by a sharp fall reaching a
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plateau at ~200 nm which extended to the deepest indentation obtained. Similar inden-
tation dependence has been reported in other cells types (Mathur et al., 2001; Mahafty
et al., 2000, 2004). In accordance with the results found in gels, the plateau value of E
estimated with the two tips differed by a factor of ~2. The constant E observed over a
broad indentation range indicates afairly linear behavior of cell mechanics. However, the
sharp rise of E at low indentions deviated from the linear behavior. This surface singu-
larity may reflect the effect of steric forces associated with the brush-like glycocalix of
living cells (Fritz et a., 1994; Lee and Marchant, 2000). The repeatability of consecutive
measurements at the same point taken with both tips (~5%) wasasgood asin thegels. On
the other hand, the larger variability among cell regions reflected a more heterogeneous
mechanical behavior of the cells. Moreover, the higher heterogeneity observed with the
pyramidal tip reflects improved lateral resolution. In contrast to the near elastic behavior
of agarose gels, the cells exhibited viscoelastic properties with the oscillatory response
dominated by elastic stresses. Similar viscoelastic behavior has also been observed in the
same cell type twisting magnetic beads attached to the cell surface (Trepat et al., 2004).
Despite the higher values of the storage and loss moduli measured with the pyramidal
tip, their ratio (G” /G’ = 0.23 + 0.12) was amost coincident with that obtained with the
spherical tip (0.21 + 0.07). This indicates that both tips differed only in a scale factor.
The agreement between the G”/G’ ratio obtained with both tips lends further support to
the complex expansion of the blunted pyramidal model (Eq. 4.17).

The use of a pyramidal tip allows us to obtain high resolution images of the cell and
to measure cell mechanics with the same probe. The resolution of the images enables us
to observe cell topography in detail and to identify cytoskeleton fibers and other submem-
brane structures (Fig. 4.5). A recent work compared the image resolution obtained with
pyramidal and spherical tips on porcine articular cartilage (Stolz et a., 2004). Individua
collagen fibers observed with pyramidal tipswere not resolved with microspheres, reflect-
ing, thus, the poor image resolution of such tips. The linear regime of cell mechanics was
clearly reached with the pyramidal tip for indentations of ~300 nm. The effective contact
radius of the pyramidal tip at thisindentation was ~200 nm, which provides an estimation
of the lateral resolution of the mechanical measurements. The use of a single cantilever
for imaging and mechanicsis an important advantage, which provides precise correlation
between viscoel astic mapping and cell structure. We probed the cells at points of 5-6 um
thickness reaching indentations up to ~1 um. We did not observe hardening effects due
to the underlying hard substrate, indicating that the contact model can be reliably applied
for indentations up to ~20 % of cell thickness. Consequently, the pyramidal tip can probe
cell mechanics with indentations up to 300 nm for cell thickness >1.5 um. This condition
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is maintained over a large region of the cell body of the lung epithelial cells. However,
measurements at the thin cell periphery would require correction for the influence of the
hard substrate (Dimitriadis et al., 2002; Mahafty et al., 2004).

In conclusion, we developed a contact model of a blunted pyramidal tip to compute
viscoelastic properties of soft samples indented with conventional AFM pyramidal tips.
Agarose gels and living cells probed with a blunted pyramidal tip exhibited elastic behav-
ior with large values of Young's modulusfor indentations|ower than ~300 nm and alinear
regime at deeper indentations. This indentation dependence paralleled that obtained with
spherical tips, indicating that the larger strains applied by the pyramidal tip at the apex
have minor effects on the force-indentation response. However, Young's modulus com-
puted in the linear regime with the two tips differs by a factor of ~2. Cells exhibited
viscoel astic behavior with amost coincident values of the |oss tangent obtained with both
tips. Cells displayed alinear regime for indentations up to ~20% of cell thickness. This
allows probing viscoelasticity with the pyramidal tip in abroad central region of the cell
body with negligible influence of the hard substrate. Our results suggest that pyramidal
tips commonly used for AFM imaging are suitable for probing mechanical properties of
soft polymer gels and living cells. The use of a single cantilever enables us to precisely
correlate imaging and viscoel astic mapping of living cells.
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Chapter 5

Validation of cylindrical cantilever tips
for probing mechanical properties of
biopolymersby AFM

5.1 Introduction

Atomic force microscopy iswidely used as a nanoindenter to probe the mechanical prop-
erties of soft biological samples (Alcaraz et al., 2003). The common tips of commer-
cially available AFM cantilevers have pyramidal, conical, or spherical shapes. Such tip
geometries lead to an increasing contact area as the tip indents the sample, resulting in
a nonlinear force-indentation relationship (F(6)). A reliable estimation of mechanical
parameters depends on the suitability of the applied contact model and on the accurate
determination of the point of contact (Mahafty et al., 2000; A-Hassan et al., 1998; Mathur
et al., 2001). Thisis especialy difficult in soft biopolymers and living cells due to the
low signal to noise ratio at low indentations. The use of a cantilever tip with flat ended
cylindrical geometry minimizes this problems. Focused lon Beam (FIB) technology with
sub-micrometric resolution has been previously used to modify AFM cantileversand their
tips(Hodgeset a., 2001; Obatayaet al., 2005). Theam of thiswork wasto validate cylin-
drical cantilever tips modified by FIB for probing mechanical properties of biopolymers
by AFM.
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5.2 Materialsand methods

521 AFM

Experiments were carried out using a homemade AFM-based system mounted on the
stage of an inverted optical microscope (Axiovert S100, Zeiss, Gottingen, Germany). The
cantilever was positioned using asingle axis piezoactuator (P.841.20, Physik Instrumente,
Waldbronn, Germany) servocontrolled with a proportional-integral analog circuit. The
deflection (d) of the cantilever was measured using the optical beam deflection method.
The laser beam (62FCM, Schéafter + Kirchhoff, Hamburg, Germany) was focused at the
backside of the cantilever, reflected off, and reached a four-segment photodiode (S4349,
Hamamatsu, Hamamatsu city, Japan). The photodiode and position sensor (2) signals
were low-pass filtered (Butterworth anal og filter, 8 poles, 256 Hz), and sampled with a 16
bit dataacquisition board (PCMI10- 16X E-10, National Instruments, Austin, TX) installed
on a personal computer.

52.2 Gel samples

Purified agarose (Type I-A: Low EEO, A-0169, Sigma, St. Louis, MO, USA) 0.3% w/v
in Millipore RX water was boiled for ~20 min stirring continuously or until agarose dis-
solved completely. The agarose solution was poured into a 35 mm diameter petri dish to
obtain a gel thickness ~500 um. A small region of the petri dish was left bare to allow
calibration of the AFM photodiode. After gelation of the solution occured (~5 min), the
sample was covered with 2 ml of Millipore RX water and stored at 4°C. Gels had more
stability when left overnight at 4°C and measured the following day.

5.2.3 Cantilever tip modification

Silicon cantilevers (nominal spring constant k = 0.03 N/m, MikroMasch, Estonia) with
pyramidal tips (15-20 um height) were placed on the FIB (FEI Company, Hillsboro, USA)
sample holder (Fig. 5.1). Tipswere milled using aring-like pattern (2 4 minner diameter,
5 um outer diameter) centered on the tip apex but tilted by an angle of 8° with respect
to the axis of the pyramid. This process was carried out by repetitive passes reducing
progressively the outer diameter. The tip end was then removed by milling a straight line
pattern perpendicular to the cylinder axis. SEM images were obtained after fabrication to
determine the actual radii of the cylinders (a).t

1Tip modification was carried out by Pere Roca-Cusachs at Plataforma de Nanotecnologia of the Parc
Cientific de Barcelona.
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Figure 5.1: AFM silicon cantilever before being modified using FIB technol ogy

5.2.4 Measurements

M easurements were carried out by recording three d-z curves (3 um peak to peak, 0.3 Hz)
at three different regions of five agarose gels. The indentation reached was ~1 um.

5.25 Data processing

The force was obtained from cantilever deflection (d) by means of the Hooke's law (F =
kd). Indentation was computed as 6 = z— Z. — d + dy, being z; the point of contact and
do the deflection offset. Samples were assumed to be incompressible (v=0.5). E, z, dos+
were estimated simultaneously using a non linear least squares algorithm (Matlab 7.0,
The MathWorks Inc., Natick, MA, USA) to fit the whole loading part of d-z curves with
the contact model of aflat-ended cylinder indenting an elastic half space (Johnson, 1985)

2E a6
(1-+)
expressed in terms of zand d. To analyse the dependency of E on indentation we used the
fitted values of z, and d, to compute the indentation. Therefore, E was isolated from Eq.
5.1 and recalculated for each indentation point.

F = kdo + (5.1)

5.3 Resaults

The resulting microfabricated tip was a flat-ended cylinder (~1.5 um diameter, ~10 um
high) tilted ~8° (Fig. 5.2). A representative example of aloading force curve with the
corresponding fit of Eq. 5.1isshownin Fig. 5.3. The F — ¢ relationship wasfairly linear.



86 CHAPTER 5 — VALIDATION OF CYLINDRICAL CANTILEVER TIPS FOR AFM

Theresidual error plot ((Fig. 5.3) showed only minor deviations from the model, system-
atically near the point of contact. The average quality of the fits was r2=0.9989+0.0003
(mean+SD). The mean E + SD value of agarose gelswas 1.79 + 1.09 kPa. The coefficient
of variance (CoV) of E computed from consecutive force curves at a same point of a gel

was 1.5 + 1.1%. The CoV of E for different pointsinside a same gel was 27 + 20%.

Figure 5.2: SEM image of acylindrical tip before being used in the measurements. Inset:
Detail of the cylindrical flat-end

5.4 Discussion

Flat-ended cylindrical cantilever tips with a diameter of ~1.5 um and tilted by an angle
of ~8° were validated on agarose gels. The F — ¢ relationship obtained was fairly linear.
The indentation dependence of E followed a sharp fall reaching a plateau for indentations
~200 nm which extended until maximum indentation depths reached.

The modification of the cantilever tips was carried out by FIB. This technology has
been successfully used to modify AFM cantilevers (Hodges et al., 2001; Obataya et al.,
2005). Indeed, Obataya and co-workers modified AFM cantilever tips to obtain a needle-
like shape of 200-300 nm diameter. They used these needles to penetrate inside human
epiderma melanocytes and measure the elastic modulus of the nucleus. Among other
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Figure 5.4: Dependency of E on 6 (mean+SE). A plateau value is reached at indentations
~200 nm

causes, the accuracy of FIB technology is limited by instability or drift of ion and elec-
tron beams currents, by the pixel spacing, and by redepositioning of the sputtered target
material. The ratio of the pixel spacing to the beam diameter was chosen in order of ob-
tain a smooth and uniform flux profile. The other causes are reinforced when operating at
high intensity of the beam and for long exposure times. Due to the big dimensions of our
cylindrical tips we indeed used high intensities (5000 pA) and long dwell times (2 min).
To reduce the resulting inaccuracy the milling process was carried out by using repetitive
passes with dwell times of 100 ns (Tseng, 2004). The 2 um inner diameter of the ring-like
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milling pattern led to a cylinder diameter dlightly smaller, in accordance with the devi-
ation of 15% in similar patterns reported by Tseng. Nevertheless, this did not limit the
applicability of the cylinders since a SEM image of each tip was acquired to measure its
actual diameter. The purpose of the tilt was to overcome the inclination angle at which
the chip is mounted on the AFM cantilever holder.

The contact model was fitted to the whole loading curve including contact and non
contact regions. Using the non contact part minimizes the inaccuracy in the visual de-
termination of the point of contact (chapter 4). The experimental force curve differed
from the predicted linear behavior near the point of contact (Fig. 5.3). This divergence
may be attributed to three main issues. First, the milling procedure lead to a lateral tilt
of the flat-end of +1-2°. This uncertainty was due to the gaussian profile of the beam
which leads to an overmilling of the silicon surface situated closer to the beam source.
Supposing asimilar uncertainty for the cantilever holder, we would expect +£4° maximum
deviation from normal indentation. Therefore, the tip may first contact the sample by the
border of the flat-end circle. This may lead to an increasing contact area, i.e. non-linear
force response, until the total flat-ended area made contact, from this point onwards, the
response may be linear. The region of uncertainty due to a 4° tilt for a cylinder of radius
1.5 um might be of ~100 nm, leading to an indentation uncertainty of ~200 nm. Second,
agarose gels at such low concentrations may have free-end fibers forming a brush-like
interface between the gel and the fluid. Steric forces have been observed in brush-like
structures formed by polymers grafted or adsorbed on hard surfaces (Butt et al., 1999).
These steric forces may superimpose the purely elastic forces considered by the contact
model and may contribute to the observed non linear response. Similar trends has been
observed before using spherical and pyramidal cantileverstips or with needle-shaped can-
tilever tips on biopolymers and living cells (Chapter 4 and Obataya et al. 2005; Lee and
Marchant 2000). And third, the fabrication process of the tips led to a dlight rounding of
the flat-end edges. Thisroundnessisinherent to FIB technology and can be reduced using
low beam currents (Tseng, 2004). We estimated a radius of curvature of ~50 nm for the
flat-end edges, which may also contribute to the nonlinear behavior near the contact point
for indentations of similar depths.

The mean value of E had an indentation dependence in accordance with that obtained
with other cantilever tips on biopolymersand living cells (see Mahafty et al. 2000; Mathur
et al. 2001 and Chapter 4). A sharp fall for low indentations preceded a plateau value (Fig.
5.4). A linear elastic material may have a constant value for the whol e indentation range.
The plateau was reached at indentations of ~200 nm, lending support to the applicability
of the model used to describe the cylindrical tip. The high E values at low indentations
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may be the reflect of steric forces and geometrical uncertainties mentioned above. The
major advantage of cylindrical tips versus pyramidal or spherical tips was the possibility
of maintaining a constant area of contact, obtaining a linear response. Thus, a nonlinear
F — ¢ relationship may suggest nonlinearities of the probed material. This feature may
be useful to study living cells under high strains, which are supposed to experience strain
hardening (Stamenovic and Wang, 2000).

In summary, flat-ended cylindrical tips were validated on an linear, elastic sample.
Cylindrical tips enable us to measure the mechanical properties of soft biological sam-
ples, such as polymer gels and living cells, with AFM maintaining a constant area of
contact. A straightforward application of cylindrical tips may be their utilization in adhe-
sion measurements where the number of adhesion bonds are required 2.
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Chapter 6

Effect of thrombin on the adhesion
properties of living alveolar epithelial
cellsmeasured by AFM

6.1 Introduction

The alveolar-capillary barrier is formed by alayer of epithelial cells laying on the basal
membrane, which in turn serves as a base for the endothelial layer. The integrity of
alveolar-capillary barrier is critical in the understanding of acute lung injury (Geiser,
2003; Ware and Matthay, 2000). Epithelia cells are involved in different functions in-
cluding modulation of local inflammation, which is tightly regulated by integrins (Shep-
pard, 2003). A proposed explanation of the disruption of the a-c barrier is the breakage
of the equilibrium of forces at which endothelial and epithelial cells are subjected (Dudek
and Garcia, 2001; Trepat et al., 2005; Buscemi et al., 2003a,b). This equilibrium involves
a balance between inward and outward (tensional and adhesive) forces. Tensional forces
comprise those generated by activation of the actomyosin machinery of the cells, and
those involved in spontaneous breathing or mechanical ventilation due to viscoelastic re-
coil. These tensional forces are directed in the inward or centripetal direction of the cell.
Adhesion forces include those that tether cells to each other and to their extracellular ma-
trix (Dudek and Garcia, 2001). It has been observed that inflammatory mediators activate
the actomyosin machinery of endothelial cells inducing contraction, and the formation
of intercellular gaps, leading to disruption of the endothelial barrier (Dudek and Garcia,
2001). Failure of the endothelial barrier permits the passage of vascular fluid, including
secreted inflammatory mediators (e.g. thrombin), to the intersticial space reaching also
the alveolar epithelium. There is controversy about how pro-inflammatory agents may
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affect the integrity of the aveolar epithelium. In the one hand, Kawkitinarong and co-
workers have recently proposed that thrombin induces enhancement of barrier integrity
in the aveolar epithelium, due to remodelling of actomyosin cytoskeleton around cell pe-
riphery and enhancement of tight junction complexes (Kawkitinarong et al., 2004). They
found an increase in transmonolayer electric resistance in aveolar epithelial monolayers
after addition of thrombin, which has been interpreted as a decrease in monolayer perme-
ability. In addition, they also found an increase in myosin light chain phosphorylation,
which is usually associated to activation of the contractile machinery of living cells. On
the other hand, arecent study shows that thrombin induced an increase in endothelial per-
meability in intact rabbit lungs, as revealed by capillary filtration measurements (Vadasz
et al., 2005). In addition, it has been shown that inflammatory mediators, thrombin and
histamine, induce stiffening of alveolar epithelial cells (Trepat et al., 2005; Buscemi et al.,
2003a,b). Cdllular stiffness has been shown to be related with activation of the contractile
apparatus in a number of cell types (Fabry et a., 2001; de Morales et a., 2004; Smith
et al., 2005; Trache et al., 2005). Stiffness induced by thrombin has been proposed as a
mechanism for the disruption of the alveolar epithelium since cell-cell and cell-ECM ad-
hesion forces may not balance tensional forces due to cell stiffening (Trepat et al., 2005).
An increase in the stiffness of alveolar epithelial cells has aso been observed after be-
ing stretched (Trepat et al., 2005). This increase in stiffness may be enhanced in cells
exposed to thrombin, inducing an increase in the viscoel astic recoil exerted during spon-
taneous breathing or mechanical ventilation. All these results suggest that inward, ten-
sional forces increase in alveolar epithelial cells exposed to proinflammatory mediators,
but there is alack in the knowledge of what is the effect in the outward, adhesive forces.
A recent work reflected that histamine induced an increase in endothelial cells stiffness,
which resulted in an apparent increase in the adhesion strength of the integrin-fibronectin
interaction (Trache et al., 2005). However, little is known, about how proinflammatory
mediators may affect the interaction of alveolar epithelial cells with the ECM on which
they lay, which plays akey rolein barrier dysfunction (Moy et al., 1996).

Atomic Force Microscopy has been successfully used to quantitatively evaluate cell
adhesion at both multiple and single-molecule levels (Benoit and Gaub, 2002; Zhang
et a., 2004a; Wojcikiewicz et a., 2003; Trache et a., 2005). To measure adhesion
forces, AFM cantilevers are usually decorated with proteins specifically recognized by
cell surface receptors (L ehenkari and Horton, 1999). By functionalizating the AFM can-
tilever with ECM proteins it is possible to mimic cell-ECM interaction and to evaluate
the molecular interactions under different physiological conditions and drug treatments
(Wojcikiewicz et a., 2003; Zhang et a., 2002; Li et al., 2003; Kokkoli et al., 2004; Kim
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et al., 2003). In addition, AFM is also used to measure the viscoel astic properties of living
cells (Alcaraz et ., 2003).

When probing cell mechanics, an important limitation appears with commercially
available AFM cantilever tips. The common geometry use to beis pyramidal or conical.
Such a tip geometry leads to a not well defined contact geometry, and a nonlinear force
response due to the increasing area of contact as the tip indents the sample. Some authors
attached spherical beads to the cantilever to better control the contact area (M ahafty et al .,
2000; Dimitriadis et al., 2002; Hyonchol et al., 2002). Even using spheres, the actual
contact area increases with indentation, leading to a non linear response. In soft samples,
such asliving cells, it is very difficult to accurately determine the point of contact due to
the low signal to noise ratio at low indentation depths (Mahafty et a., 2000; A-Hassan
et al., 1998; Touhami et a., 2003). The common visual determination of the point of
contact may thus introduce an uncertainty in the indentation value, i.e. an uncertainty in
the contact area. The use of flat-ended cylindrical tips with known radius may reduce this
limitation by imposing a constant area of contact. Focused lon Beam (FIB) technology
has been successfully used to modify AFM cantilevers and tips and it may be appropriate
to obtain flat-ended cantilever tips (Hodges et al., 2001; Obataya et al., 2005) .

The aim of the work was to study the effects of thrombin on RGD mediated adhe-
sion and on stiffness of alveolar epithelial cellsusing cylindrical AFM cantilever tips. We
modified silicon cantilever tips using FIB technology to carry out measurement under a
constant area of contact. Adhesion properties were quantified by measuring the detach-
ment force, the work of de-adhesion, and the loading rate of the interaction between RGD
coated cantilevers and alveolar epithelial cells. The stiffness of alveolar epithelial cells
was also measured under basal and inflammatory conditions.

6.2 Materialsand Methods

6.2.1 Cantilever modification using FIB technology

Commercial Au coated silicon chips carrying cantilevers (nominal spring constant k =
0.03 N/m (MikroMasch, Estonia)) with pyramidal tips (15-20 um height) were placed on
the FIB (FEI Company, Hillsboro, USA) sample holder. Tips were then milled using a
ring-like pattern (2 um inner diameter, 5 um outer diameter) centred with the tip apex but
tilted by an angle of 8° with respect to the axis of the pyramid. The end of the resulting
cylinder-like tip was then removed milling a straight line pattern perpendicular to the
cylinder axis. The resulting tip was a flat ended cylinder (~1.5 um diameter, ~10 um
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high) tilted ~&°.

6.2.2 Cantilever fuctionalization

Modified Si cantilevers were cleaned using piranha solution (70% H,SO,4, 30% H,0,,
30 min), acetone (5 min), and UV irradiated (15 min). Cantilevers were then soaked in
a solution of 5% 3-aminopropyltriethoxysilane (Fluka, Switzerland) in acetone, rinsed
with distilled water, and shacked for 30 min in a solution of 0.5% glutaraldehyde (Sigma,
USA). Cantilevers were then washed extensively with distilled water and air dried. Af-
terwards, cantilevers were immersed in 0.1 mg/ml solution of GRGDSP peptide (Cal-
biochem, Germany) for at least 2 h. Unbound proteins were removed rinsing with PBS.
Cantilevers were immersed in a solution of 0.1% BSA in PBS for 30 min, and rinsed
again with PBS. Functionalized cantilevers were stored in PBS at 4°C until use.

6.2.3 Measurements

M easurements were carried out using a home-made AFM-based system mounted on the
stage of an inverted optical microscope (see Chapter 3). Briefly, the cantilever was posi-
tioned by means of piezoelectric trandators with strain-gauge position sensors (in closed
loop mode, displacement ranges were 32 um (2) and ~80x80 um? (xy) (Piezosystem Jena,
Germany)). An analog proportional-integral circuit was used to servocontrol the move-
ment. The deflection of the cantilever was measured using the optical lever method.
A near infrared laser beam (Schafter + Kirchhoff GmbH, Germany) was reflected off
the backside of the cantilever and detected using a 4-quadrant photodiode (Hamamatsu,
Japan). The photodiode and the z position sensor signals were low-pass filtered (But-
terworth, 256 Hz, 8 poles), sampled with a 16-bit acquisition board PCI-6733, National
Instruments, USA), and stored on a personal computer for further processing.

Six force-distance curves were recorded at three retraction speeds (15 um peak-to-
peak at 0.1 Hz, 0.3 Hz, and 1 Hz) after 7 min of treatment with thrombin 5 U/ml final
concentration, or vehicle (control) (N = 8). The cantilever was kept in contact at aconstant
indentation of ~1 um for 20 s before retraction.

To test the specificity of adhesion asimilar protocol (at asingle frequency 0.3 Hz) was
applied on cells preincubated for 20 min in a solution of 0.5 mg/ml of GRGDSP peptide
to block integrins.

Elasticity measurements were carried out by applying force curves (4 um, 0.3 Hz)
reaching a maximum indentation of ~1 um. Three force curves were recorded before
and after adhesion measurements. The value of E for each set of measurements was the
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average of the values obtained before and after adhesion measurements.

6.2.4 Staining

F-actin and integrin B, were co-stained with rhodamine-phalloidin and with cd29-
alexad88 (Molecular Probes, Carlsbad, CA, USA), respectively, on cells treated during 7
min with vehicle or thrombin 5 U/ml, after being fixed with 3.7% paraformaldehyde. Flu-
orescent images were obtained using an oil-immersed 60X objective with a cooled CCD
camera (Orca, Hamamatsu, Japan) coupled to an inverted optical microscope (TE2000
Eclipse, Nikon, Japan).

6.2.5 Data processing

Detachment force and work of adhesion were cal culated from retracting curves. Adhesion
work was computed by integrating the force over the displacement of the cantilever tip
until the latest adhesion event occurred. Detachment force was computed from the peak
of forcein the unloading curve. Both detachment force and work of de-adhesion were di-
vided by the area of contact computed from the actual measured radius of each cantilever.
Loading rate was estimated by fitting a polynomial of first degree to the unloading curve,
from the point where the force changed from positive to negative until the minimum peak
of force. Drag force exerted on the cantilever due to the surrounding medium was cor-
rected by computing the viscous drag coefficient b at different distances from the surface
(Alcaraz et a., 2002).

The indentation was cal culated from the displacement of the piezo trandator and the
deflection of the cantilever asé = z— z, — d + dyos ¢, Where z is the point of contact, and
dof¢ the deflection offset. For aflat-ended cylindrical tip indenting an elastic half space
with Young's modulus E, the F(6) relationship is

2E

F=
1-42

as (6.1)

where aistheradius of the cylinder and v isthe Poisson’sratio of the sample, assumed
tobe0.5. E, z, do;s were estimated simultaneoudly fitting Eq. 6.1, expressed in terms of
z and d, to approaching d-z curves using a nonlinear least squares algorithm (Matlab 7.0,
The MathWorks Inc., Natick, MA, USA).



96 CHAPTER 6 — EFFECT OF THROMBIN ON ADHESION OF ALVEOLAR EPITHELIAL CELLS

6.2.6 Statistics

Data were reported as means + SE unless otherwise stated. Differences in the mean
values of E for control and treated cells were compared by Student’s t-test. Detachment
force, work of de-adhesion, and loading rate values obtained with different treatments
were analyzed using two ways analysis of variance (ANOVA). Statistical significance
was assumed at p < 0.05.

6.3 Results

Cylindrical tip radii were measured from SEM images acquired after FIB modification
(Fig. 5.2). The average value obtained was a = 668+46nm (mean + SD).

Cantilever spring constants as computed from the thermal fluctuations method (Hutter
and Bechhoefer, 1993; Butt and Jaschke, 1995) differed from their nominal values (k
= 0.096 + 0.021 N/m, mean + SD). The difference may be due to the high variability
of cantilever thickness as a result of its fabrication process, and from the added Cr-Au
coating (Sader et al., 1995).

Representative examples of d-z curves obtained with cylindrical tipson an A549 cells
under control and inflammatory conditions are shown in Fig. 6.1. Curves presented a
fairly linear behavior as expected for a cylindrical indenter. The fit of the cylindrical
model to the loading curve was good (r?2 = 0.9958, root mean square error rms = 0.7792
nm), although systematic deviations were observed near the point of contact. This de-
viations may be explained by three main causes. First, the non homogenous surface of
the cells due to their glycocalix. Second, the slightly roundness of cylindrical tips due
to their fabrication process. And third, possible systematic inclination of the tip from the
normal indentation. The last two causes have been explained in detail in Chapter 5. Steric
forces associated with the brush-like glycocalix of living cells have been previously de-
scribed (Fritz et al., 1994; Lee and Marchant, 2000). Steric forces may superimpose to
the purely elastic forces near the point of contact causing a dight increase in the result-
ing cantilever deflection. This may lead to the observed deviation from the ideal elastic
behavior described by the contact model (Eg. 6.1).

Representative examples of the unloading curves obtained in treated and untreated
cells are shown in Fig. 6.2. The shaded region represent the computed work of de-
adhesion. The minimum force value below the zero force level (dotted line) was used to
estimate the detachment force. The force response while pulling the cell before breakage
occurred was fairly linear, reflecting again the constant area of contact.

Thrombin induced a significant ~2-fold increase in the Young's modulus as reveal ed
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Figure 6.1: Representative examples for d-z curves obtained on A549 cells treated with
vehicle (left) and thrombin (right) using cylindrical tips. The cylindrical contact model
was fitted (solid line) to the loading curve (dotted line). The fitted parameters were E =
0.73 kPa, z. = 1722 nm, and dysf = 64.74 nm (control), and E = 1.69 kPa, z. = 1970
nm, and dy+ = 46.56 nm (thrombin). The retracting curve (dashed line) reflected viscous
hysteresis and adhesion events. Insets show residual errors.

from d-z measurements (Fig. 6.3). Mean detachment force and work of de-adhesion val-
uesare shown in Fig. 6.4 asafunction of the loading rate. Both work and force depended
strongly on cantilever retraction speed (p<0.001). We found no statistical significance
in the mean values of detachment force and work of de-adhesion at the three applied
retraction speeds (p=0.077 and p=0.955, respectively). However, thrombin induced a
significant augment in the loading rate (p<0.05).

Pretreatment of A549 cells with soluble RGD containing peptide for 20 min induced
asignificant decrease in the detachment force and in the work of de-adhesion (N>4, Fig.
6.5).

F-actin and 3; integrin co-staining revealed arearrangement of the actin filaments after
7 min of treatment with thrombin. After treatment with thrombin, F-actin distributed near
the cell borders forming aring like distribution with thicker filaments. Integrin receptors
appeared uniformly located over the cell surface with higher concentration in cell borders
(Fig. 6.6). Thrombin appeared not to modify 3; receptors.

6.4 Discussion

We modified pyramidal Si AFM cantilever tips to obtain flat-ended cylindrical tips. The
tips enabled us to carry out AFM force measurements with a controlled, constant area
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Figure 6.2: Representative examples for F-z curves obtained on A549 cells treated with
vehicle (left) and thrombin (right) using a cylindrical tip at aretraction speed of 10 um/s.
The work of de-adhesion was computed as the area below the zero force level (shaded
ared). The detachment force was computed as the minimum force value. The slope of the
linear curve before the minimum force value determined the effective stiffness and was
used to compute the loading rate by multiplying it by the cantilever velocity.
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Figure 6.3: Young's modulus (E) computed by fitting the flat-ended cylindrical contact
model to the loading part of F-z curves. E was significantly higher in cells treated with
thrombin.

of contact. Tips were functionalized using GRGDSP peptide. We measured Young's
modulus, work of adhesion, detachment force and loading rate on living alveolar epithelial
cells treated with thrombin. The results were compared with those obtained on untreated
cells. We found significantly higher values of E and loading rate on thrombin treated
cells. No significant augment was found in work of de-adhesion and detachment force.
Pretreatment of cells with soluble RGD containing peptide significantly reduced both
work of adhesion and detachment force.
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Figure 6.4: Detachment force (left) and work of de-adhesion (right) versus loading rate
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Figure 6.5: RGD soluble peptide inhibited significantly detachment force (left) and work
of adhesion (right).

The shape modification of the cantilever tips was carried out to maintain a constant
area of contact during measurements. In common adhesion AFM measurements, it is
usual to control the maximum indentation force by using a deflection trigger threshold.
This force threshold determines the maximum indentation reached in each force curve.
This maximum indentation depends on the applied force, on the tip geometry, and on
the sample stiffness. Thus, when working at a constant force of contact, if cell stiffness
changes, the indentation might also vary. The use of common pyramidal or spherical tips
would lead to a different area of contact, thus a different quantity of binding sites. This
change of binding sites may lead to a change in the measured adhesion parameters (work
and force), and might be interpreted as an change in adhesion strength. With the common
used pyramidal cantilevers tips (four-sided, = 35 deg), assuming a typical indentation
force of ~200 pN, a 2-fold increase in elasticity may lead to a ~4-fold reduction in the
area of contact. Assuming an homogeneous distribution of binding sites and no alter-
ation of the adhesion properties of the sample, the detachment force may be reduced by
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Figure 6.6. F-actin (left) and integrin subunit 8; (right) staining in A549 cells after seven
minutes of treatment with vehicle (top) and thrombin 5 U/ml (bottom).

a similar amount, leading to a possible misinterpretation of the obtained results. This
limitation of force control has been previously reflected in the study of Wojcikiewicz and
co-workers when measuring adhesion properties with cells attached to the cantilever. The
authors found a ~3-fold increase in the detachment force. However, as authors described,
this strong augment was mainly due to a 5-fold increase in cells compliance, which lead
to an amost 3-fold increase in the area of contact reached during measurements. The
detachment force is proportional to the number of formed bonds and, therefore, to the
area of contact (Evans, 2001). The work of de-adhesion depends on both the number of
bonds and the elasticity of the sample, and indirectly thus to the contact area. A more
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genera way to represent this magnitudes may be by units of force or work per units of
area. The surface energy of adhesion is a common magnitude used to described adhesion
properties of materials since it does not depend on the system of measurement (Johnson,
1985). Measuring the work per unit area provides a general magnitude to characterize
specific adhesion properties of cells. Therefore, a controlled area of contact seems nec-
essary to obtain comparable results between different studies. Cylindrical tips ensure a
constant and known area of contact. Since it is not always possible the use of cylindrical
tips, the knowledge of the actual tip geometry and determination of the indentation depth
may provide the necessary tools to compute the actual area of contact.

The above discussion obviates an important property of molecular interactions: the
force of adhesion is proportional to the logarithm of the loading rate, i.e. therate at which
force is applied. AFM force curves are acquired at constant cantilever velocity. Thus,
a variation in the stiffness of the sample results in a change in the applied loading rate
which, in turn, lead to a variation in the adhesion parameters (Benoit and Gaub, 2002).
As pointed out by Wojcikiewicz and co-workers, an increase in the sample complianceis
expected to result in an augment in the work of adhesion, which may be overestimated a
certain amount due to the decrease in the resulting loading rate.

Another remarkable issue arises when carrying out measurements by controlling the
force threshold with conventional cantilever tips. Asmention in section 1.3, the frequency
dependence of cell viscoelasticity follows a weak power law that can be described by a
structural damping model (Fabry et al., 2001). This means that cells appear stiffer when
probed at high frequencies than they do at lower ones. Force curves on living cells are
usually acquired at different velocities but at a same indentation force. Thus, a high
velocities cells may appear harder than they do at lower ones. At a given force, the
area of contact diminishes with the increasing stiffness of the sample. Therefore, at high
frequencies, the area may be smaller than at lower frequencies, affecting again adhesion
measurements. Cylindrical tips prevent aso from this possible artifact by maintaining a
constant area of contact.

The method used to functionalize the cantilever takes advantage of the activated amino
groups of the silanized surface, providing a stable binding between the RGD peptide and
the silicon tip. This ensures no detachment of the coating proteins during measurements.
The method has been successfully used to bind different proteinsto silicon surfaces (Wag-
ner, 1998; Sagvolden et a., 1999; Moy et a., 1999; Zhang et al., 2004b; Willemsen et dl.,
2000). The latter step of the functionalization process, addition of BSA, blocked the ex-
cess aldehyde, reducing unspecific adhesion between tip and sample. The used peptide
GRGDSP contained the RGD sequence with is found in the cell-binding domain of both
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fibronectin and laminin, important components of the ECM. It has been shown that the
fibronectin interaction with asB; integrin was due to both the RGD sequence and the
synergy site residues (Li et al., 2003). However, RGD containing peptides have been
extensively used as amodel of cell-ECM interaction for its ssmplicity and well character-
ization (Lehenkari and Horton, 1999; Kokkoli et al., 2004; Lee and Marchant, 2000; Kato
and Mrksich, 2004; Maheshwari et a., 2000).

Adhesion measurements reflected a slight increase in both detachment force and work
of adhesion (Fig. 6.4). However, the increase did not reach statistical significance. The
loading rate, in contrast, augmented significantly in cells treated with thrombin. Thiswas
areflect of the increased cellular stiffness. It is noteworthy that the loading rate was not
directly proportional to the cantilever velocity, as expected for an elastic material. This
effect may be due to the increase in stiffness of the cells as they are probed at higher fre-
guencies, which is in accordance with the structural damping behavior observed in these
and other kinds of cells (Fabry et a., 2001, 2003; Trepat et al., 2005; Alcaraz et al., 2003).
Dueto the controlled area of contact it was possible to obtain ameasure of the detachment
force per unit area. In the measurements described here, the configuration of the bonds
could be approached to N bonds in paralel. In such a system the detachment force can
be approximated to be F4 = Nf*, being f* the detachment force of asingle bond (Evans,
2001). Taking into account the datafound in the literature about RGD-integrin interaction
force, and the data we found it would be possible to compute the number of bonds per
area, which gives an estimate of the integrin density. Li and co-workers reported the Bell
parameters for the interaction between asg; at different conditions (high and low affinity)
and fibronectin (FN7-10) with various mutations (Li et al., 2003). They used wild-type
FN7-10 and FN7-10 with deleted RGD sequence and with mutated synergy site. Using
the reported Bell parameters for the interaction between high-affinity integrin and FN7-
10 with mutated synergy site, we observed that their data was in good agreement with
our results by assuming the breakage of seven bonds. This accordance suggested that
our measured interaction may be due to the cooperativity of single bonds in parallel me-
diated by asB; integrin, which has been found in pulmonary epithelia cells (Sheppard,
2003). Our adhesion measurements were carried out by keeping the tip in contact with
the cell surface for 20 s. This relatively long time ensured reaching a plateau value for
the binding probability (Zhu, 2000; Thoumine et al., 1999). Assuming a closely packed
distribution of RGD peptides on the tip surface, there would be of 10° peptides/um?.
Thus, the cell-RGD interaction may be mainly conditioned by the density of RGD recep-
tors. Assuming 100% binding probability we could predict the minimum estimate for the
number of RGD-binding sites on alveolar epithelial cellsto be ~10 sites/un?. This might
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be avery conservative estimate due to the mentioned assumptions and taking into account
that our force curves were acquired near the center of the cell, where the integrin density
might be lower, as revealed the immunostaining images (Fig. 6.6). Different studies re-
ported estimations for the density of integrin receptors with a very wide range of values,
from few tenths to several thousands (Hyonchol et al., 2002; Bell, 1978; Zhu, 2000).

To test the specificity of the interaction, adhesion measurements were carried out on
A549 cells preincubated with soluble RGD peptide. The significant reduction in both
force and work of adhesion suggested that the measured interaction was mainly due to
RGD mediated bonds. There are at least twelve integrins that recognize the RGD se-
guence, from which five of them are present in pulmonary epithelial cells (Sheppard,
2003; Ruoslahti, 1996). To determine the particular receptors involved in the RGD-cell
adhesion, inhibition assays using specific antibodies might be carried out.

The found increase in cellular stiffness induced by thrombin was in accordance with
previous results obtained on the same cell type but using optical magnetic twisting cy-
tometry (OMTC) (Trepat et a., 2005). The authors found a ~3-fold increase in cellular
stiffness after the addition of thrombin. The dlightly intensified increase observed using
OMTC may be due to the direct binding of the magnetic beads to the actin cytoskeleton.
Beads were recovered with an RGD containing peptide and placed on the cell surface
during 15 min before measurements, ensuring the formation of focal adhesions. Thus,
OMTC probes, mainly, the viscoelasticity due to the actin cytoskeleton. On AFM mea-
surements, even though tips were also functionalized with an RGD containing peptide,
focal adhesions were not allowed to form when probing sample stiffness, since the dura-
tion was limited to 20 s. Thus, AFM measurements may lead to a more global estimate
of cell stiffness since the AFM tip deforms the whole cell ~1 um depth, and not only the
actin cytoskeleton and immediate surroundings. However, the accordance between the
two techniques based on different probes and assumptions reflects their complementarity
to measure mechanical properties of living cells.

The increased cellular stiffness was accompanied with a structural rearrangement of
the actin cytoskeleton as revealed by F-actin immunostaining (Fig. 6.6). This reorgani-
zation of actin cytoskeleton has been also found by other authors (Kawkitinarong et al.,
2004; Trepat et al., 2005). We observed formation of actin filament bundles near cell
periphery. Thicker filaments may be cross-linked by actomyosin cross-bridges, forming
stress fibers which are able to generate force. Indeed, Kawkitinarong and co-workers
found an increase in the phosphorylation of myosin light chain (Kawkitinarong et al.,
2004). In addition, recent results from our laboratory suggest a ~20% increase in actin
polymerization in alveolar epithelia cells treated with thrombin (Gavara, 2005). More-
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over, disruption of the actin cytoskeleton using cytochalasin D has shown to inhibit sig-
nificantly the increased stiffness induced by thrombin (Trepat et al., 2005). These results
reveal the important role of actin cytoskeleton in cellular mechanics of alveolar epithelial
cells. It has been shown in different types of cells that the activation of the contractile
machinery is commonly paralleled by an increase in cellular stiffness (Fabry et al., 2001,
2003; Hubmayr et a., 1996). Thus, the observed augment induced by thrombin may also
be a reflect of the activation of the actomyosin machinery, which may lead to cell con-
traction. In fact, visualization of A549 cells using traction microscopy has revealed a
marked ~3-fold increase in the force generated by these cells (Gavara, 2005). A reorgani-
zation of the actin cytoskeleton may induce to think in a rearrangement of the molecules
linked to actin, as integrins are. We stained integrins subdomain 8; which form part of
the fibronectin integrin receptors found in A549 cells, agB;. Labelled B, were homoge-
neoudly distributed within the whole cell body, with an apparent higher density near the
cell periphery (Fig. 6.6). Thrombin treated cells revealed no apparent redistribution of the
stained integrins, in accordance with the no significant results obtained for the measured
adhesion parameters.

Our results showed atendency of increasing the detachment force in cells treated with
thrombin, athough they were found to be not significant. Recent measurements at the
single molecule level of integrin-fibronectin interaction have been reported on endothelial
cells treated with hystamine (Trache et al., 2005). Authors found a significant increase in
the adhesion strength of fibronectin mediated interactions due to an increase in cellular
stiffness, which lead to a parallel augment of the loading rate. The possible explanation
of the difference in the statistical significance of the results may be areflect of the number
of measurements carried out. Our data are the average of eight different sets of mea-
surements carried on different cells. Trache and co-workers averaged hundreds of single
molecul e rupture events carried out on alimited number of cells. Thus, their study focused
in the molecular integrin-fibronectin interaction, while we were interested in whole cell
adhesion. Our work, however, reveas the direct link between adhesion and viscoel astic
properties, which isin accordance with the conclusions of the mentioned paper.

The work of de-adhesion comprises the work necessary to break the formed bonds
and the elastic work needed to deform the sample. The work due to elastic deformation
can be expressed as

W, = f Fdz (62)

since the response for a cylindrical punch is linear F = k.z, where k; is the effective
spring constant of the cell-cantilever system, and z the displacement of the tip. The
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effective spring constant is computed as k. = I, /v, with |, and v being the loading rate and
the velocity of the cantilever, respectively. Thus
2
W, = f kezdz = k°—22‘2 = ;—kc (6.3)
Using the obtained values of peak forces and loading rates, the elastic work was com-
puted from Eqg. 6.3. Elastic work resulted to be ~12%, ~13%, and ~19% of the total adhe-
sion work for thrombin, computed at the three cantilever velocities, respectively. Control
values were very similar being ~12%, ~16%, and ~18% of the total work. These results
revealed two remarkable issues. First, the elastic work increased with cantilever velocity.
And second, the elastic work did not vary significantly for cells treated with thrombin. At
first glance, both results may be counterintuitive. On the one hand, the elastic work for a
purely elastic material may be independent of the velocity at which it isprobed. However,
as reviewed in Section 1.3, cells viscoelasticity has a frequency dependence. This may
be the cause of the observed velocity dependence of the elastic work. On the other hand,
the stiffer amaterial is (as cells treated with thrombin) the lower the elastic work may be
(Eg. 6.3). However, a stiffer material also leads to a higher loading rate which, in turn,
results in a higher detachment force. Due to the dependence on the force of Eq. 6.3,
the increased effective spring constant may be counterbalanced by the increased detach-
ment force, leading to non significant changes between control and thrombin treated cells.
The above discussion reflects how important the sample viscoelasticity isto the adhesion
properties. This issue has been previously observed by Wojcikiewicz and co-workers
(Wojcikiewicz et al., 2003). The authors studied murine T-cells (3A9 céll line), i.e. non-
adherent cells that travel within and migrate through vessels. In the case of non-adherent
cells, a decrease in their stiffness leads to an increase in the binding probability due to
the increase in the contact area for a given force of contact, and a consequently increase
in the number of adhesion sites. However, the physiological system described here is
different from that involving suspended cells. Alveolar epithelial cells are adherent cells
and the forces and deformations involved in their function are related with the dynamic
behavior of the respiratory system. As mentioned before, alveolar epithelium integrity
is controlled by a balance in the inward forces, generated from contractile stresses and
viscolastic recoil, and the outward forces supported by cell-cell and cell-ECM contacts. It
has been shown that an increase in cellular stiffness is normally linked to an activation of
the contractile apparatus of the cells. The greater the inward contractile forces, the stiffer
the cells are (Fabry et al., 2001, 2003; Trepat et al., 2005). Thus, thrombin may increase
the contractile machinery of the cells leading to an augment in the inwards forces. In
addition, the viscoelastic recoil forces due to spontaneous breathing may also increase as
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aresult of the augment in epithelial cells stiffness. Our measurements showed no signifi-
cant change in adhesion strength after thrombin stimulation, even if a significant increase
in the loading rate resulted from the stiffness augment. Adhesion measurements, thus,
suggest a maintenance of the outward forces related with adhesion with the ECM. There-
fore, the found apparent augment of the inward forces together with the maintenance of
the outward forces obtained may induce to think on a breakage in the balance of forces
of the alveolar epithelium with its substratum, which has been proposed as an important
cause of aveolar-capillary barrier disfunction.

In conclusion, cylindrical tips were used to measure the viscoelastic and adhesion
properties of living alveolar epithelial cellsin response to inflammatory mediators. Cylin-
drical tips were found to be appropriate to measure cell adhesion properties, enabling us
to report the results in comparable units of measure, i.e. non area dependent. Our results
showed that thrombin induced a significant increase in the stiffness of alveolar epithelia
cells, which resulted in a parallel and significant increase in the loading rate. However,
thrombin did not significantly modify cell adhesion properties. The measured increase
of cell stiffness, together with the invariant cell-ECM adhesion properties might suggest
a partial rupture in the balance of inward and outward forces, a possible detachment of
alveolar epithelial cellsfrom their substratum, and a consequent disruption in the alveol ar-
capillary barrier.
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Chapter 7
Conclusions of thethesis

The general aim of this thesis was to improve and apply AFM methods to the measure-
ment of mechanical properties of living cells, laying especial emphasis on the probe
geometry. The first work presented here (Chapter 3) describes the design and set-up
of an AFM based system which was applied to measure the mechanical properties (vis-
coelasticity and adhesion) of living cells under physiological conditions. The second
work (Chapter 4) describes the development and validation of a blunted pyramidal elastic
model used to determine the viscoel astic properties of soft gelsand living cells. Thethird
study (Chapter 5) validates the use of FIB modified flat-ended cylindrical tips to study
the mechanical properties of biopolymer gels and living cells. The last work (Chapter
6) applies the modified cylindrical cantilevers and the developed AFM system to mea-
sure elastic and adhesive properties of living cells under inflammatory conditions. A brief
summary of the main conclusions of thisthesisis given below.

Major conclusions

AFM based system for probing mechanics of living cells

1. An AFM based force device was developed. The system enables the study of me-
chanical properties of living cells, such as viscoelasticity or adhesion, under physi-
ological conditions.

2. The AFM based system is mounted on the stage of an inverted optical microscope
and was designed to work together with fluorescence, bright field or phase contrast
microscopy techniques, enabling the simultaneous acquisition of optical images.
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Probing mechanical properties of living cells by AFM with
blunted pyramidal cantilever tips

A contact model of a blunted pyramidal tip to compute viscoelastic properties of
soft samples indented with conventional AFM pyramidal tips was devel oped.

Agarose gels and living cells probed with a blunted pyramidal tip exhibited elastic
behavior with large values of Young's modulus for indentations lower than ~300
nm and a linear regime at deeper indentations. This indentation dependence paral-
leled that obtained with spherical tips, indicating that the larger strains applied by
the pyramidal tip at the apex have minor effects on the force-indentation response.
However, Young's modulus computed in the linear regime with the two tips differs
by afactor of ~2.

Cells exhibited viscoel astic behavior with almost coincident values of the loss tan-
gent obtained with both tips. Cells displayed a linear regime for indentations up
to ~20% of cell thickness. This alows probing viscoelasticity with the pyramidal
tip in a broad central region of the cell body with negligible influence of the hard
substrate.

The obtained results suggest that pyramidal tips commonly used for AFM imag-
ing are suitable for probing mechanical properties of soft polymer gels and living
cells. The use of a single cantilever enables us to precisely correlate imaging and
viscoelastic mapping of living cells.

Validation of cylindrical cantilever tips for probing mechanical
properties of biopolymersby AFM

Flat-ended cylindrical tips were validated on an linear, elastic sample. Cylindrical
tips enabl e us to measure the mechanical properties of soft biological samples, such
as polymer gels and living cells, with AFM maintaining a constant area of contact.

Effect of thrombin on the adhesion properties of living alveolar
epithelial cells measured by AFM

Cylindrical tips were used to measure the viscoelastic and adhesion properties of
living alveolar epithelial cells in response to inflammatory mediators. Cylindrical
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tips were found to be appropriate to measure cell adhesion properties using compa-
rable units of measure.

Our results showed that thrombin induced a significant increase in the stiffness of
alveolar epithelial cells, which resulted in a parallel and significant increase in the
loading rate. However, thrombin did not significantly modify cell adhesion proper-
ties.

The measured increase of cell stiffness, together with the invariant cell-ECM adhe-
sion properties might suggest a partial rupturein the balance of inward and outward
forces, leading to a possible detachment of alveolar epithelial cells from their sub-
stratum, and a consequent disruption in the alveolar-capillary barrier.






Appendix A

| nfluence of the inclination angle of the
cantilever on the F(o) relationship of a
pyramidal tip

Commercial AFM systems hold the cantilever forming a small angle with the sample
surface. To assess the effect of tip inclination on mechanical measurements we estimated
the contribution of each face of the pyramid. The cross-section of an ideal regular four-
sided pyramid with semiincluded angle 6 indenting an elastic half space with an actuation
angleBg is obtained by simple geometric relations (Fig. A.1). The force exerted by anon
tilted ideal pyramid is proportional to the square of the effective contact radius a? and,
thus, proportional to its area. Assuming the same area dependence of the force for each
face of thetilted pyramid, each interval |; may contribute to the total force proportionally
to its area A relative to the total area, A. The total areais computed by the formula for
the area of atrapezoid

_2Sin29( 1 1 )2 A1)

A=(@ +a)(o"+p) =
@+ ) +¢7) cosp \cos(6 + B) " cos(f — B)
where h is the height at which we obtain the cross-section and will not influence our
calculations. The areas corresponding to each interval are

— _h2 in 0

Al—p_&—hm fOI‘Il
— _h2 in 0

A;=p,a, =h Cosﬂs'cr;s(9+ﬁ) for I3 (A.2)
_ _ K21 __sind 1 1

A = Lay/2 = hPJSni (mgw) - Cos(ﬁ_ﬁ)) forl, and |,

We assume that each interval may follow the F(5) relationship of an ideal pyramid but
weighted by A; /A and with different semiincluded angles: 6-8 and 6+, for intervals 1 and
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Figure A.1: Lateral view (left) and cross section (right) at a fixed indentation of an ideal
four-sided pyramid tilted by an angle 3.

3, respectively, and 6, for intervals 2 and 4. Thus, the force for atilted pyramid may be
the sum of the contributions of each interval
A As A
Ftilted = KFg_ﬁ + KF9+ﬁ + ZK Fg (A3)
where Fy is the relationship for an ideal pyramid with semiincluded angle 6 (Eq. 4.10).

In the limit 8 —0, we return to the nontilted solution for aregular four-sided pyramid.



Appendix B

Calibration of the spring constant of
AFM cantilevers

Abstract

Cdlibration of the spring constant of atomic force microscopy cantilevers is of crucia
interest when accurate force measurements are required. Here we briefly review various
methods rel ated to the determination of the spring constant of V-shaped cantilevers. After
comparing them, the most convenient method for our routine use was chosen.

B.1 Introduction

Sinceitsinvention in 1986 by Binnig et al.(Binnig et al., 1986), atomic force microscopy
has been shown to be avery useful tool for probing and studying forces at the picoNewton
and nanoNewton range. When precise measurements are intended it is convenient to de-
termine the spring constant of the cantilever in use. Several methods have appeared in the
literature for this purpose and here we briefly describe five of the most used and referred
to in the literature.

The first method is used by several manufacturers. It consists in attaching known masses
at the end of the cantilever and measuring the shift in its resonant frequency due to the
added mass. The second method is an expression for the determination of the spring
constant by measuring the geometry of V-shaped cantilevers and knowing its material
properties (density and Young's modulus). The third and simplest method uses a precal-
ibrated cantilever as a reference of force. The last two methods take advantage of the
equipartition theorem applied to a simple harmonic oscillator (the cantilever) excited by
thermal fluctuations.
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B.2 Calibration methods

B.2.1 Attaching known masses'

A cantilever can be approximated as a spring of stiffness k and effective mass m*. When
adding a mass to such a system, its resonant frequency shifts. The measurement of this
shift enables us to obtain the spring constant of the cantilever and its effective mass. The
method consists in attaching known tungsten beads at the end of the cantilever, measure
the changesin the resonant frequencies and computing k following the next devel opment.
The resonance frequency of a simple oscillator of spring constant k and mass m* with an
end loaded mass M is given by:
wo 1 k

V:Z:Z m+ M B
solving the last expression for M we obtain the relation between the mass and the reso-

nance frequency

Kk
M=—— -
(2rv)?
By adding several known end masses to a cantilever and measuring the new resonance

m’ (B.2)

frequencies, we will obtain a straight line when plotting the added mass versus (2rv)~?
whose slope will be the spring constant and the ordinate at the origin, the effective mass.

Assuming the model to be correct, the unloaded resonance frequency v, and the resonance
frequency v, with an added mass M; will be enough information to determine k and m,
from EQ. B.2,

2
P L S V| (B.3)

1 1’ 2_ 2
i (e

The authors report results for few added tungsten beads with known dimensions (mea-
sured by optical microcopy) and known bulk density, from which the added mass can be
known (Figs. B.1laand B.1b).

Although the apparent straightforwardness of the above method there are some points
to be noted. First of all, the perfect sphericity of tungsten beads and its homogeneous bulk
density are assumed. In addition the determination of its diameter may be carried out by
optical microscopy with probably not enough resolution. On the other hand, the practice
of attaching beads is very tedious and time wasting for routine use. However, the same
authors obtain another expression of the spring constant in terms of cantilever dimensions

LAIl expressions and figures appeared in this section have been extracted from ref Cleveland et al. 1993.
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Figure B.1: (a) Resonance curves of the same cantilever with and without added mass. Curves stand
for the power spectrum of the deflection signals of the cantilever when driven by thermal oscillations. The
lower curve is for the cantilever with no end mass and shows a peak at 22.4 kHz, the upper curve is the
same cantilever with a 44 ng end mass. The resonance frequency shifted to 9.4 kHz and the quality factor
Q increased. (b) Added mass vs (2rv)~? for asingle cantilever. A simple linear regression of the data gives
a spring constant (slope) of 0.031 + 0.001 N/m and an effective mass of 6.2 ng (r=0.997).

and material properties following the next development.

Theanalytical expression for the spring constant of an end loaded cantilever of rectangular
Ccross section is given by:

_ Efd
4.3
where E is the Young's modulus, t the thickness, d the width, and L the length of the
cantilever. As mentioned, the beam can be approximated as a spring of stiffness k and
an effective mass given by m" = 0.24m,, where my, is the mass of the beam (Buit et al .,
1993). Using Egs. B.4 and B.1, with M = 0, it is possible to write the unloaded resonant
frequency in terms of cantilever properties (m, = pwtl, with p the bulk density):

t E
Yo =57 \/; (B.5)

From Egs. B.4 and B.5 we obtain the relation between the spring constant and the un-

loaded frequency:
33 P 3
k = 27T L d EVO (B6)

It is important to note that in the last expression the dependence on cantilever thickness
has disappeared. Manufacturers values of t have been shown to vary extremely from
experimental measurements (Butt et al., 1993). This variable is difficult to determine and

(B.4)
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requires the use of SEM or an equivalent technique. In contrast, Eq. B.6 can only be
taken as a good approximation for the spring constant of V-shaped cantilevers since we
start with the analytical expression for a rectangular cantilever beam. However, it may
be possible to adapt the expression by invoking one of the various approximations for V-
shaped cantileverscited in the literature. One of them isthe Parallel Beam Approximation
which we review in the next section.

B.2.2 Parallel Beam Approximation (PBA)

The analytical result of the spring constant of a rectangular cantilever is well-known
and has been shown in Eq. B.4. However, most of the cantilevers used in AFM are
V-shaped, specially those utilized for biological studies. The PBA assumes that a
V-shaped cantilever can be approximated by two rectangular beams joined in paralél.
To our knowledge, at least three PBA formulations have appeared in the literature,
namely Albrecht (Albrecht et al., 1990), Butt (Butt et al., 1993) and Sader (Sader et al.,
1995) PBA, even if different approximations can be found. The work by Sader et al.
reviewsthefirst two devel opments and presents the third one as the most precise method 2.

Aswe mentioned there are at least three expressions for the PBA. Thisisdue, in part,
to the ambiguity in the selection of the width and length for the two rectangular arms of
the V-shaped cantilever, since these are not parallel but skewed to one another. Using the
width and length proposed by Sader (Fig. B.2) the formulas proposed by Albrecht, Butt
and Sader can be written as:

Et3d B2 |~
Kaibrecht = BE {1 + E} (B.7)
Et3d
kButt = F (B-8)
Et3d 4d® -
Ksader = ETE cosé {1 + F(3 cosé — 2)} (B.9)

Note that all three expressions converge to the same exact result for the PBA when sup-
posing that the rectangular arms are parallel and infinitely narrow, i.e., when b/L — 0 and
d/b— 0.

Sader (Sader et al., 1995), using practical valuesof d/b ~ 0.2, computes errorsfor all the
approximationsin relation to arigorous finite element analysis of the problem, obtaining

2All expressions and figures appeared in this section have been extracted from Sader et al. 1995
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Ly

(b)

Figure B.2: (@) Cross-section of a V-shaped AFM cantilever showing the chosen dimensions (b)Cross-
section of the equivalent cantilever for the V-shaped AFM showing chosen dimensions.

25, 16 and 2 % in error for Albrecht, Butt and Sader methods, respectively. The three
reviewed expressions and its relative errors are summarized in table B.1.

Formulation Spring constant formula % error
Albrecht PBA (Eq. B.7) k= Ed{1+ )2 25 %
Butt PBA (Eq. B.8) k = Ed 16 %

Sader PBA (Eq. B.9) k= cosol+ % (3cos6 -2}t 2%

218

Table B.1: Summary of formulas presented for the spring constant of V-shaped AFM cantilevers.

Although Sader formulation seems to be very accurate, it presents a serious problem for
its routine use. To determine the spring constant, it is necessary to know (measure) the
cantilever width d, length L, semi-open angle 6 and, in addition, its thickness t. The
measurement of the latter is only possible by using SEM or similar technique which may
do the calibration process extremely slow and complex. Moreover, neither manufacturers
nor available SEM resolutions (Fig. B.3) seem to be accurate enough since the spring
constant has a cubic dependence on thickness which may introduce large errors in the
value of k.
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WD 13 mm

Figure B.3: Scanning Electron Microscopy image of the end of a cantilever with pyra-
midal tip. Note the difficulty in the determination of the cantilever thickness. Bar = 1
um

B.2.3 Precalibrated beam method

The following method is based on static loading. The method consist in loading the
cantilever with aknown force. The known forceisapplied by abeam, acantilever (Gibson
et al., 1996) or aglass fiber (Li et al., 1993) with known spring constant, Kqeam (See Fig.
B.4). As can be deduced from the figure, when the two cantilevers are in contact we can
equate the forces: Fpeam = Fprone, Where Fpone is the applied force of the cantilever we
want to calibrate. Using Hooke's law, we obtain the following expression

kbeam(z - d) = kprobed (B.lO)

where z is the height travel of the cantilever fixed end (i.e. the piezo travel) and d is the
detected deflection of the cantilever. Solving Eq. B.10 for Kyqpe We 0btain the expression
for the determination of the spring constant of the cantilever

Kprobe = kbeam(g - 1) (B.11)

The above method has shown to introduce ~20% error. Mainly, it comes from the
uncertainty in the determination of the spring constant of the reference cantilever, that
was previoudly calibrated using one of the methods referred in the literature. Another
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Figure B.4: Set up configuration for the precalibrated beam method.

source of error isthe uncertainty of the point of loading. As shown by Sader et al.(Sader,
1995) practical loading is applied away from the end and central point of the cantilever.
This can lead to large discrepancies in the obtained spring constant. In fact, using this
method we obtained discrepancies as large as 200%.

B.2.4 Thermal fluctuations

The thermal fluctuations method (Hutter and Bechhoefer, 1993) is probably the most
applied and cited method we can find in literature.

In the low deflection regime, the AFM cantilever can be approximated to asimple har-
monic oscillator. Invoking the equipartition theorem: the average value of each quadratic
term of the Hamiltonian of the isolated system is given by kgT/2:

1
2
where kg is the Boltzmann constant, T the absolute temperature and < 72 > the mean

@T:%<£> (B.12)

squared displacement of any mode of oscillation of the cantilever. By measuring the rms
fluctuations of the freely moving cantilever we compute the spring constant solving Eq.
B.12 for k:

ke T

k= —5— (B.13)

(Eg. 3 in (Hutter and Bechhoefer, 1993)). With the measured thermal vibrations, we
obtain the power spectrum. The areaunder thefirst resonant peak in the obtained spectrum
givesameasure of < Z2 >. In order to isolate the contribution of possible sources of noise,
we fit the first resonant peak to a Lorentzian with a constant background, the theoretical



124  Appenpix B — Calibration of the spring constant of AFM cantilevers

curve shape obtained for a simple harmonic oscillator:

Asco

(wg - w?)? +

Alw) =N+

—— (B.14)
&
where N is a constant offset (white noise), Aq. the amplitude of the peak, wg the resonant
frequency and Q the quality factor. The area below this curve, removing the background
N, is the mean squared displacement of the cantilever due only to thermal fluctuations,
P. The authors used this value to compute the spring constant using Eq. B.13. However,
when the optical lever technique is applied to measure the deflection of the cantilever, a

correction hasto be done. We explain it briefly in the following subsection.

Correction of the power spectrum

The correction was first suggested by Butt and Jaschke (Butt and Jaschke, 1995). As
authors introduce, in most of the available atomic force microscopes, the cantilever de-
flection is measured with the optical lever technique. Briefly, alaser beam focuses on the
cantilever and changes in the reflection angle are measured in a position sensitive photo-
diode. Hence, what we really measure is not the deflection z(L) of the cantilever itself,
but its inclination dz(L)/dx. For this reason, when using the optical lever technique, we
are interested in the thermal noise of dz(L)/dx rather than that of z(L). The authors find
the expressions for the thermal fluctuations in the deflection < z > and in the inclina-
tion < z2 >, and show that they are related to each other. They arrive to the following
expressions of the thermal noise for each vibration mode, i:

< 2oz 2T (B.15)
ka!
16ksT ( sina;sinha; \?
2 B i i
<a>= 3ka? (Sinai+sinhai) (B.19

where «; is a certain value that depends on the cantilever configuration (with its end free
or with it fixed®) and on the vibration mode.

We can now isolate k form Eq. B.16 obtaining the final expression used for the cali-
bration:

SWhen the cantilever is fixed at its two ends (e.g. when the free end is pressing on a hard surface) the
detection system continues to measure oscillations. And different vibrations peaks can be observed in the
power spectrum. This fact confirms that what we measure is the inclination of the lever and not its actual
deflection.
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_ kgT
'« 2>

(B.17)

where ¢ = 3176? (%)2 is the correction factor. Note that Eq. B.17 is exactly the
same as the one obtained by Hutter and Bechhoefer, (Eqg. B.13), except for the correction
factor.

In the case of alever with afree end, i.e. the configuration used for the calibration, «;
takes different values for each vibration mode |leading to the correction factors showed in

table B.2.

Table B.2: Butt and Jaschke correction factorsfor thefirst six vibration modes, i

i Qi Correction factor, ¢;
1 18751 0.8174
2 4.6941 0.2511
3 7.8548 0.0863
4 10.9955 0.0441
5 14.1372 0.0267
6 17.2788 0.0179

B.3 Conclusions

The thermal fluctuations method is probably the most appropriate method to use in the
measuring routine for three main reasons. First, the acquisition of thermal fluctuations at
high enough sampling rate is available in our laboratory for the three AFM systems used.
Second, the method does not require additional measurement and data processing, apart
from the computation of the power spectrum, such as SEM or optical image acquisition
and processing to determine the actual dimensions. It is possible to use it in both air and
liquid conditions. The method can easily be used before measurements to have the actual
spring constant and apply controlled forces. And third, it is, at the moment, the most
extended method used in routine laboratory protocols.

In conclusion, we opted to use the thermal fluctuations method for our routine use in
AFM measurements using the following protocol.

Therefore, to calibrate the spring constant of the cantilever, thermal fluctuations of the
deflection of the cantilever were acquired in air or liquid at room temperature at a scan
rate of at least 50 kHz with an antialiasing filter at 22 kHz. The data willl be analysed in
the frequency domain, computing the power spectrum. Contributions other than the first
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oscillation mode can be rejected by isolating the first resonant peak and subtracting the
offset value of the spectrum, due to white noise. Another correction to introduce is the
one suggested by Butt and Jaschke (Butt and Jaschke, 1995). The obtained peak will be
fitted to a Lorentzian curve. The mean square of the fluctuationsis equal to the integral of
the power spectrum, estimated by computing the area under the curve of the Lorentzian
fit, P. The applied formulais given by k = ckgT/P (EQ.4 in Hutter and Bechhoefer 1993)
with correction factor introduced). The accuracy of this method had been estimated to be
within 10-20% (Burnham et al., 2003; Walters et al., 1996).
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