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1 Introduction

1.1 Biomechanics

By applying rules of classical mechanics for stadystructure and function of
living organisms, the still enlarging field of bi@rhanics emerges. Ranging from multi-
to single-cellular organisms and even down to sellular processes, it has an amazing
power of description, approximation and predictioknowledge development in
biomechanics offers deeper insights into physiaalgfunctions and provides improved
treatment for a constantly widening range of paib@s.

The first steps of biomechanics date back to thddMi Ages, most probably to
those times, when Leonardo da Vinci tried to imgrdiie yield of horse power by
mechanical approach. However, the book, which camelgarded as the first study on
biomechanics, dates back to the second half of ¢keegenteenth century by
Giovanni A. Borelli. In his work, entitle®e Motu Animalium I-ll,comparison is made
between animals and machines with help of mathesati prove the theories. Even
though, modern science treats biomechanics ag-ataetling field. It was only in the late
sixties, when the emergence of new technologiestla@deed for a predictive science,
facing biology related questions triggered its res@nce. As biomechanics and
engineering are strongly connected, analysis ofofical systems is often based on
traditional engineering methods.

As scientific research has been turning towardsraaaopic sizes, the field of
biomechanics has been extending too. Knowledge orgical implant design,
development of joint replacement (Bozic et al. 201&2zayeri and Kwon 2011), blood
flow modeling (Anor et al. 2010), skeletal muscheldone mechanics (Burr 2011), tissue
stress resistance, cell motility (Levayer and Le@@12), intercellular adhesion (Trepat
and Fredberg 2011) have evolved enormously overasiefew decades. Noteworthy
scientific research efforts have been focused swadier and describe links between
human diseases and biomechanics. Simple applisaibiNewtonian mechanics and/or
materials sciences often provide good approximatibm the mechanics of many

biological systems. With the constantly enlargingpwledge accumulated from these



areas, research and technology provides deepatempr insight towards nano-, or even
picometric scale.

Mechanics plays a crucial role in many cellulargaesses. Influence of cellular,
sub-cellular and molecular mechanics on human sksestates, including cancer
(Suresh 2007), has gained quickly expanding sdéieninterest recently. Several
guestions were addressed and answered in this eosaerning cell ultrastructure,
cellular and cytoskeletal mechanical propertiesstet deformation characteristics etc.

Research of biomechanics not only reveals the rmechaelated origins of many
diseases, connects the physiology and functioncantimprove the treatment of many

pathological events as well.

1.2 Single cell micromanipulation

Despite the richness offered by modern imaging rtiegles, only a fraction of
them furnishes data on living tissue or cell. Maeo interest on single cell dynamics
leaded to development of powerful micromanipulatechnologies.

Cell must suffer a certain deformation upon a kndance, which deformation is
needed to be measured. Several different technigass been introduced for single cell
handling and testing. Micropipette aspiration egterihe cell's surface by partially
aspiring it (Hochmuth 2000). Optical tweezers tthp cell or test it with a trapped
microbead (van Mameren et al. 2011). Magnetic tagstytometry uses 1-10 micrometer
size ferromagnetic microbeads to apply shear stress the cell's membrane
(Wang et al. 1993). Atomic Force Microscope (AFMidents the cell surface with
constant velocity using an arbitrary shape indenter

This list is far not complete, where each has s strength and weakness. AFM
has a considerable advantage over the aforemedtio/¢ruments. It provides three
dimensional topography and ability of mechanicatitey simultaneously. Operating in
liquid over large range of temperatures, make reap quickly in life sciences. Its

detailed description is the subject of the nextisac



1.3 Scanning the micro world

As a branch of micromanipulation development, whatkr has quickly spread in
life sciences, a large range (from micro to pic@legc imaging instrument family
emerged: the Scanning Probe Microscope (SPM) sapéyf. The inherited name of
microscope is somewhat misleading since they hateteo much in common with
conventional microscopes. However, if we look a¢ thigh-resolution images they
provide, they indeed deserve the term ‘microscopleé vast areas of interest have led to
numerous instrument types to be developed. Fojbnd&br science, the family is so
large, that their complete physical and methodaasécription, or even enumeration
would be a challenging task, and that points faohd the aim of this study. It should be
noted that not all of them exert or detect directchanical forces on the studied
specimens.

Bringing to life the concept of “touching” individli atoms, the key feature of
every member of this large family is the very shappon a cantilever used as a probe.
They are so sharp, their apex consist of only a &wmns. Consequently, direct inter-
atomic forces can be measured with high accuraepebding on the requirements of the
field in which they are applied, the cantilever ahé tip are usually made of a large
variety of materials: tungsten, platinum/iridiumlice®n nitride, carbon or gold, just to
name a few. Tip shape and cantilever stiffnessbeachosen accordingly to experimental
setup; from ultra sharp to micron sized colloidedhes, from extra soft to high rigidity

and conductivity cantilevers.

1.3.1 Atomic force microscope

Probably the most relevant member of the instrunfantily for biological
investigations at micro-scale is the Atomic Forcieglscope. It was invented in the early
eighties by Gerd Binning and his co-workers (Bineigl. 1986). At that time Binnig and
Heinrich Rohrer, was awarded with Nobel prize “fiveir design of the scanning
tunneling microscope”, which was the precursohef AFM.

Briefly, the AFM monitors the forces at the levdland between single atoms,
which explains the term ‘atomic’. To achieve thasyery sharp ‘needle’ is brought into
contact with the sample to be investigated. Atttieoretical edge, a single atom of the tip

interacts with a few (or single) atoms of the sampAlthough this requires special
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circumstances and sample preparation, the rangeseasured forces are at the level of

piconewtons, or even below.

h

High-resolution images require high accuracy acisato move the tip along the

Figure 1. Schematic view of AFM

surface of the sample, and record its interactioves by line, point by point. The high
resolution is provided by an accurate detectionesysbased on piezo controlled motion
and laser positioning. As Figure 1 depicts, thedipositioned at the end of a soft and a
relatively long cantilever, a narrow laser beameffected from its top, which is detected
by a four-segment photodiode. Vertically, it prasdsub-nanometer resolution, while
horizontally the tip-sample convolution is needede taken into consideration at final
analysis.

Atomic Force Microscope is a rather old memberied SPM superfamily. Its
technology offers powerful ways fam vitro biological applications concerning cellular
mechanics and morphology. As it can operate inidigunvironment and at human body
temperature, it became the most reliable and atrumanoforce-tool in the research of
cellular biomechanics. Nevertheless, the ability w&nometer scale mechanical
manipulation and measurement in a liquid envirortmam living cells is an absolute
advantage compared to conventional cellular imatgogniques.

1.3.2 High-resolution imaging

Non-invasive, sub-nanometer resolution imaging iguil at human body
temperature, puts the AFM at the leading front abphysical investigations of
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biomaterials. It is suitable for applications agk&scale range, from living cells (Balint et
al. 2007a) through membranes (Végh et al. 2011)ndimvsingle molecules (Balint et al.
2007b; Gad et al. 1997; Karsai et al. 2006), coneaver four orders of magnitude.

Basically two different imaging modes can be dmished: “Contact” and
“Alternate Contact” (AC) or tapping mode. Duringstar scan, in “Contact mode”, the
deflection of the cantilever is kept constant byeadback loop. In “AC mode”, the
cantilever oscillates at its resonant frequency #mel feedback loop minimizes the
amplitude deviations. As three-dimensional topobyaps recorded during scans, no
posterior data processing is required to reconisthmee dimensional images.

Acquisition of one image, depending on resolutiod acanning rate applied, is at
the order of minutes. However, even video rate ABMvailable on the market (Ando et
al. 2008; Picco et al. 2007), but due to its spes@mple preparation and limited scan size
it is less used in life sciences. On the other hadnbination with other techniques
provides considerable improvements of simultaneousstigations (Deckert-Gaudig and
Deckert 2011; Kellermayer 2011).

1.3.3 Mechanotesting

Beside non invasive and high resolution imagingyrdvides valuable data as a
nanomechanical tester, even simultaneously in ngasgs. Starting from single molecule
spectroscopy, through membrane dynamics up tolaellevel studies, it represents an
invaluable tool folin vitro micromanipulatiorexperiments.

Among its many interesting features, such as dimetsurement of protein
conformational change (Balint et al. 2007c), foatimeasurement (Coles et al. 2008),
microlithography (Davis et al. 2003) etc., acquisit of force-distance curves, is
outstanding. As an accurate micromechanical testBas wide range of possibilities in
living cell biomechanics (Bélint et al. 2007a; Carld Schillers 2008; Franz and Puech
2008).

Force curves can be achieved simply by loweringcé) the probe onto the
sample, until a pre defined bending of the cangitas reached, and pulling back (retrace)
to initial position. The basic force curve holde ttieflection vs. the vertically travelled
distance of the cantilever (Figure 2, panel a).eBasn these curves, many useful
parameters can be calculated, but their holistioresration points beyond the limits of

this study. Only the most relevant ones, used iregperiments, are discussed hereby.
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The most widespread and employed parameter as auneeaf stiffness is the
tensile or elastic modulus. Based on Hooke’s thmprthis parameter quantifies the
ability of a given material to withstand stress. i®gording a usual load-distance curve,
the sample’s Young’s Modulus (YM) can be calculafgthckier and Semenza 1998).
On the panel a of Figure 2, zero distance markptblee-sample contact. As a reference,
the cantilever’s own deflection needs to be elineda simply by subtracting a force
curve recorded on hard surface, e.g. Petri disle dlbtained force-indentation curve

between contact point and maximal trigger pointegithe sample’s YM.

() (b)

Force
Force
rd

> >

0 Distance Time

Figure 2. Schematic force curve of soft material.a): force vs. distance. (b): force vs. time.
Trace is plotted with light grey, points in dwell ime are dashed and retrace is shown in
black. A = adhesion force; S = Stress relaxation foe.

Another important parameter is the adhesion, deneot@h A on Figure 2.
Regardless of its origin, real time probe—sampleeatbn can be monitored with high
accuracy (Benoit and Selhuber-Unkel 2011). As keogical and biophysical signaling of
living cells relies on protein-protein interactipnsrotein functionalized probe — cell
surface adhesion is an vitro technique to test receptor-binding forces with ARM
consists of applying a constant and controlledddoca receptor-ligand bond. As a result,
dissociation lifetime can be measured (Robert.e2@08; Wojcikiewicz et al. 2006; Yuan
et al. 2000).

In reality, none of the materials behaves purelyHaske’s law predicts. Both
viscous-like and elastic characteristic are presgmn mechanical strain. The manner
how a material relieves stress under constannsalescribed by stress relaxation. AFM
is a good candidate to detect relaxation of varinaterials, e.g. living cells. On Figure 2,

stress relaxation is marked with S, and it is depidy the small pictogram in the middle
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of the b panel. Beyond a certain recording speethxation emerges what can be
visualized by plotting the force-distance curvesiast time (Figure 2, panel b). At

recording speed comparable with reorganizationoiglorelaxation is hindered.

1.4 Cellular biomechanics

From the dynamic pushing & pulling during tissuevelepment, cells in their
native environment are subjected to constant psiwgof mechanical signals, implying
continuous control on morphology and adhesion.ulzlimorphology is strongly related
to survival and reproduction ability too, therefary alteration might be fatal; outer
structure and adhesive properties are stronglyrdobmected (lyer et al. 2009).
Consequently, cell motility is determined by cortr@ts between cytoskeleton and
intercellular junctions as well as by interactingletules to the extracellular matrix.
Multicellular organisms rely on proper adhesion wesn individual cells and
interconnecting tissue. Binding to a surface oatmther cell may be crucial even for
unicellular organisms (Ubbink and Schar-Zammag$i@i5; Zhang et al. 2011).

Structure and cellular micro- or nanomechanical pprobes are strongly
interconnected. Their understanding is essentialimprove treatment of pathologies.
Stiffness alterations of blood-travelling cells imighave pathologic consequences;
however, it is difficult to measure their elasygitdue to their mobile nature.
Nevertheless, interesting ways for immobilizatiord aneasurements were introduced in
their research (Dulinska et al. 2006).

Elastic properties of surface adherent cells arstipoetermined by cytoskeletal
and membrane components (Kumar and LeDuc 2009psKstetal polymer organization
and membrane fluidity are the most important congopdsy which determine cell

morphology and elasticity.

1.4.1 Role of cytoskeletal components

The ability of eukaryotic cells to support deforioat to exert forces, to move
intracellular load relies on the cytoskeleton, vishis an interconnected network of
polymer filaments and auxiliary proteins. Three m@aolymer types can be distinguished:

actin filaments, microtubules and intermediatenfiéants. All network components differ



in polarity, assembly dynamics, stiffness and th@ecular motors they associate with
(Fletcher and Mullins 2010).

Assembly dynamics consists of a constant equilibribetween polymerization
and depolymerization of network components. Apparelasticity is influenced by
internal heterogeneities too. Intermediate filarmeahd microtubules form a dense
network all over the cell, the latter being orga&adizy microtubule-organizing centers.
Actin filaments densely interconnect the cytopladose to membrane’s inner surface.
Mechanical properties of cell cortex differ remdrlafrom deeper parts. For small
indentation depths, the network of actin filamedtsminates over other components
regardless of cell type (Pogoda et al. 2012).

By comparing the resulted strain upon stress ofitidévidual polymer types,
microtubules were found to be more rigid, followbkg intermediate and the actin
filaments (Janmey et al. 1991). Blocking actin padyization induces decrease in relative
elastic modulus of epithelial cells. Beside thigs#city alterations can be caused by the
collective action of myosin motor proteins (Schilest al. 2010). Oppositely, blocking
microtubule disassembly induces cell stiffeningniKet al. 2012). As all cytoskeletal
networks are in continuous and dynamic reorgammaticell stiffness is highly
determined by their orchestrated cooperation. Few fhundred nanometer deep

penetrations, dominance of actin filaments in appicellular elasticity is accepted.

1.4.2 Role of plasma membrane

Cell membrane or plasma membrane, plays a cential in cell mechanics.
Among many important functions, it constitutes therface between inner and outer
compartments and incorporates anchor points foos&gletal network components,
which determines the shape of the cell. Besidehplitds the outer glycocalyx, which
contributes to the apparent cell stiffness too @Ddghan et al. 2011). Direct effect of
membrane fluidity on apparent cell stiffness is imteresting question. Selective
membrane crosslinking resulted two fold increaseetifelasticity (Wu et al. 1998).

Plasma membrane incorporates the cell adhesioncmete which might be
distributed randomly or may form distinct cluste@enerally intercellular adhesion is
initiated by cell-adhesion molecules (CAM) (McNanweal. 2007), interacting with their
extracellular ligands, similar to the lock-and-k@ynciple. These proteins can be divided

into four families: the immunoglobulin-like adhesimolecules, integrins, cadherins and
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selectins (Buckley et al. 1998). Except the firall, are calcium dependent, hence

extracellular calcium plays key role in cell-callresion (Wilhelm et al. 2007).
Cell-adhesion requires alignment of several weakdbdo yield specificity. The

relative weakness of these bonds offers many pitigsibto cells to easily manipulate the

strength of their adhesion.

1.4.3 Cell mechanics related pathologies

Many of the leading diseases of global mortality eglated more or less to cell
mechanics. Viral and microbial binding to host sedr tissues (Liu et al. 2010) and
metastasizing cells (McNamee et al. 2007) are &mgamples. Effect of man derived air
pollution on human health is under constant debéte constantly enlarging interest (Wu
et al. 2012). Red blood cells need to sustain thlasticity when passing through micro
capillaries. Decreased deformability of malariglasmodium falciparuin —infected
erythrocytes affects their ability to pass througicro channels (Shelby et al. 2003).
Immature blood cells show uncontrolled proliferaticn acute leukemia. Increased
adhesion and decreased deformability are thoughetoonnected to their accumulation
in vasculature (Lichtman et al. 1973). Lymphocytésliabetic mice were found to be
stiffer than control ones (Perrault et al. 2004¢ukocyte mobilization, migration and
adhesion is crucial in immune surveillance agaipathogens. Defects of adhesion
molecules involved in this complex process, lead ¢énkocyte Adhesion Deficiency
(LAD) (Hanna and Etzioni 2012).

Metastasizing cells alter their shape and adhesioorder to be able to travel
along the organism to form new colonies far fronm@ary tumors. It has been previously
proven that cancerous cells show considerablerdiffees, compared to non-cancerous
ones (Li et al. 2008). Their biomechanical progsrtundergo certain change in order to
sustain non controlled development and survivalnfiiu and Weaver 2009). While the
division rate of these cells is higher, their bimmanical properties need to go through
dramatic adjustments. Deeper insight into mechanipeoperties offers better
understanding of morphology and adhesion relatedgsses.

Even though, differences between several cell typesnteraction with well
defined surfaces can provide interesting resulesscilbing differences of normal and
malign cells (Cross et al. 2007) leads to betteavkadge of their metastatic potential.

Many studies have reported coherently that maligmatis show lower stiffness and
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higher elastic properties (Rosenbluth et al. 2@&cheva et al. 2008). Beside this, their

morphology involves structural changes, which doasd in hand with elastic properties.

1.5 Insight into mechanobiology of the BBB

1.5.1 Cerebral endothelial cells

Endothelial cells have a distinguished role in mamgmmalian organisms. As
they cover the inner vessel walls, they have distand unique functions in vascular
biology. Fluid filtration, blood vessel tone, hertamss, hormone trafficking, neutrophil
recruitement are only a few items on their task-lis

Among endothelial cells, the cerebral endothelelsc(CECSs) have probably the
most prominent role: they form the morphologicasibaf the blood-brain barrier (BBB).
This is an active, double sense interface, haviagidr function for toxins and at the
same time a carrier function for nutrients and ioelites to and from the Central
Nervous System (CNS). Therefore, the BBB has astamnding importance concerning
many known pathologies related to the CNS. Menisgituman immunodeficiency virus
encephalitis, Alzheimer's disease, rabies, multiptderosis, epilepsy, metastasizing
tumors, ischemia just to name a few in which theBBB more or less involved
(Rosenberg 2012).

The CECs provide such a tight barrier, that bothghracellular and transcellular
traffic of molecules and cells is highly regulataxd coordinated. At their intercellular
junctions, many adhesion and channel forming mddschelp to maintain the proper
physiology and function. However, it is highly peyable for small lipid soluble
molecules, among which caffeine and alcohol araribst exploited by markets. Despite
these small gaps for lipid-soluble molecules, ddajvery to the CNS is considerably
limited.

CECs are very sensitive to environmental changakh@th et al. 2008; Wilhelm
et al. 2007), therefore in some pathological cadesr mechanical modulation can
reversibly open the BBB (Bélint et al. 2007a). Qlating factors within the blood can
alter their mechanical properties (Lee et al. 20l1l)norganic salts
(Oberleithner et al. 2009; Oberleithner et al. 2087d nitric oxide (Fels et al. 2010) are

well-studied regulators of endothelial elasticity.

10



Endothelial cells have a prominent role in wound aling
(van der Meer et al. 2010) and angiogenesis todchwhelies on rapid changing and
adaptability of their mechanical parameters. Mamgernal stimuli and external
mechanical stress affects endothelial migratioreaslstress enhances wound closare
vitro, by modulating cell migration velocity and incress apparent cell area
(Albuquerque et al. 2000).

Biomechanical investigation of endothelial cellaisery important and growing
field in science. Unfortunately, the range of aabié literature for different cell types is
somewhat limited, moreover, relatively little kn@&dbe is gathered about CEC'’s
mechanical properties. Morphology and spatio-te@lpoelasticity off different
endothelial cultures will be presented: sub-comftudiving, confluent living and

confluent but paraformaldehyde fixed cell cultunel be compared.

1.5.2 Cellular extravasation — diapedesis

In case of inflammatory processes, the immune systetivates the leukocytes,
which can cross the blood vessels in order to figfgctions or intrusive pathogens.
Cellular extravasation is a complicated processlinag many steps, as described in case
of leukocytes (Greenwood et al. 2011).

Diapedesis

Figure 3. Schematic view of plausible melanoma-entteelial transmigration process

Primordially to cross the endothelial layer, thestfistep is the rolling/capture of
leukocyte, succeded by chemokine activation andh fadhesion/arrest. After this,
crawling and diapedesis occurs. Extravasation regquihe successive formation and

breakage of cell-cell contacts between leukocytes endothelial cells lining the vessels
11



(Muller 2011). A class of cell-adhesion moleculésitt are specific for leukocyte —
vascular cell interactions, mediates these contacts

For metastasizing tumor cells that spread throbghcirculatory system, the use
cell adhesion-related mechanisms are thought fribeordial to establish new tumors in
the body, however, details of this process are uddeate. As the brain lacks a lymphatic
system, role of the BBB for metastasizing cancercells to enter the CNS is crucial.
Figure 3 depicts plausible similarities to leuk@egindothelial transmigration, although
the exact details of this process are not exaatiywk. In vitro cell co-culture models
dealing with the whole process have already beercessfully established
(Wilhelm et al. 2011). Static models involving colaring do not provide data on
adhesion dynamics or strength.

Anti-metastatic drugs may have selective affinigyon targeting only adhesion
related step of the whole process. Specific adhdsatween living melanoma cell and a
colloid particle has already been measured suadbssfy AFM. Surface charge and
hydrophobicity appeared to alter cell-particle aibe (McNamee et al. 2006). This is a
good method to test specific drugs acting on cifieiCAMSs.

In this study, we present intercellular adhesionasneed at physiological
conditions between living melanoma and living ehetal layer. Adhesion strength
dependence upon load and dwell time is presentedthérmore, adhesion force

decomposition and parameters of total stress riétaxare determined.

1.6 The aim of the study

* To describe and compare the morphology and theosfgamhporal elasticity

of sub-confluent and confluent living CECs

 To characterize the changes in morphology and ielgstinduced by

paraformaldehyde fixation on living endothelialldayer.

» To establish cell-cell adhesion experiments omdgvcells and to quantify
the intercellular adhesion between living melan@nd cerebral endothelial

monolayer

 To monitor total stress relaxation force of melaaooells brought into

contact with living and fixed CEC monolayer

12



2 Matherials and Methods

2.1 Cell Culture

Human cerebral endothelial cells (h\CMEC/D3 - slydt8) were grown on rat tail
collagen-coated dishes in EBM-2 medium (Lonza) samppnted with EGM-2 Bullet Kit
(Lonza) and 2.5% FBS from Sigma (Wilhelm et al. 20@/ilhelm et al. 2007). B16/F10
melanoma cells were kept in RPMI medium (Sigma)ptermpented with Glutamax and
5% of Fetal Bovine Serum (FBS) from Lonza. Cultutesed as sub-confluent, were
measured shortly after passage, as soon as allaciiered to Petri dish.

All measurements were carried out in Leibovitz mediSigma) at 37°C within 3
hours after taking the cells out from the incubafacording to our observations, within
this period cells preserve their viability. Leibtzvimedium was chosen due to its pH
stabilization ability, hence circumventing usageawofbient CQ.

Cell fixation was performed using 4% paraformaldihgolution for 30 minutes,
followed by buffer rinsing with PBS (2.7 mM KCI, 8imM KH,PQ,, 0.136 M NacCl,
0.5 mM NaHPQy), prior to experiments. During fixation the Pefish with cell layer

was not removed from the microscope stage.

2.2 Instrumentation

All measurements were performed with an Asylum Molar Force Probe - 3D
(MFP-3D) head and controller (Asylum Research)ngisViFP-3D Xop driver program
written in lgor Pro software (version 6.22A, Wavénos). For single cell elasticity
measurements, gold-coated silicone nitride rectiangrantilevers with “V” shaped tips
(Olympus, Optical Co. Ltd.), while for cell-cell hélsion measurements aluminium
backside coated tipless cantilevers were used (Wikisch). Their spring constant was
determined by thermal calibration (Hutter and Bdwaier 1993), resulting in 0.03 N/m
in both cases, while their resonant frequencyguiti was 7 and 10 kHz respectively.
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Images were recorded typically in Alternate Con{@) mode having 256 lines
by 256 points, at a tip velocity of 60 um/s. By quaring trace and retrace, noteworthy
differences were not observed, which underlinesehability of the images.

Living cells were scanned in their own Petri dish]eibovitz medium. As their
adhesion to the collagen-coated surface is firmughpthere was no need for extra

immobilization method.

2.3 Single force spectroscopy

All force curves were recorded at constant loadetg and sampling frequency.
In case of single force measurements for spatigteat elasticity a load rate of 0.6 um/s,
for elastic maps 6 pum/s, while for intercellulahadion curves 2 pm/s was applied. Data
was collected at a sampling frequency of 2 kHz andaximum load below 1 nN was
used. Total force distance was set to 3 um forsiakastic curves, 2.5 um for FVM, and
8 um for cell-cell measurements. In case of inlerieeg measurements the applied load
varied from 0.5 nN up to 5 nN. Dwell time rangednfr O up to 30 seconds.

Ten forces were recorded for each load (respegtowkll time) starting from low
up to high values successively, followed by regeatsection recording from high to low
values. Finally, the averages and standard dewmtiof corresponding values were
calculated, and presented. Using this techniqueshmeinated the possible tip-induced

alterations of applying unidirectional variationload and dwell time.

Figure 4. Schematic representation of intercellulameasurement.

Figure 4 depicts schematic view of intercellularasiwement with single cell

probe, used in our experiments. The individual metaa cells were attached to the
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tipless cantilever using a Concanavalin-A (Con A) mediated linkage

(Zhang et al. 2006). With the help of an Axiovefi0Zmicroscope, the cantilever was
lowered gently onto a melanoma cell, for approxatyabne second to attach the cell to
its end. This step was followed by bringing thelf‘'qgobe” and the monitored surface
into contact. After each set of measurement, theameena’s position has been checked.

No considerable changes were observed.

2.3.1 Hertz model

Probing any material with an AFM tip, leads to theory of indenting an elastic
half-space with a stiff object. Based on work ofirfieh Hertz (Hertz 1882) and
lan Sneddon (Sneddon 1965), later modified for AEps (Mathur et al. 2001), this
theory is widely used for indentation tests, retgmsl of length scale.

At each measurement, the deflection of the camil@nd the indentation of the
sample is recorded simultaneously. The latter carolitained by subtracting the bare
cantilever’s deflection values recorded on a handase. The force as a function of the
indentation Az, considering a conical tip with opening angleis described by the
equation:

F(az) = L;Az2 (1)

rltg(@))

whereE’, the relative Young's modulus is:

Y I T
i*:l :ucantllever+ Hsampie (2)

E Ecantilever Esample

Considering that the cantilever is made of siliaansilicon nitride, which is
several orders of magnitudes harder than the sartiflgp<<Ecaniieve) the above

equation can be simplified:

1 _ 442
i* ~ lusample (3)
E Esample

In this caseEsampleis the Young's Modulus andsampieis the Poisson ratio of the
cell (Vinckier and Semenza 1998). In eq. 1, theoaemt ofAz varies according to the
indenter’'s geometry. It takes the value of 2 f@harp conical tip, 1.5 for a sphere and 1
for punch shaped indenter. For a review see (Ahelagd Costa 2011).
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2.3.2 Force Volume Mapping

Elasticity map of living endothelial cells was reded by performing Force
Volume Mapping (FVM). Prior to FVM, an image on theea of interest was recorded
and divided into 32 lines by 32 points. At eachnpoa force curve with total distance of
3 um was effectuated at a loading rate of 6 undteral tip velocity was set to 60 um/s.

A color coded elasticity map was calculated by rigkthe Young’s Modulus,
described in previous section (eq. 1-3), as thstiel@parameter. Simultaneously adhesion
map was calculated, based on total unbinding foafesetrace curves. As an internal
reference, height map was reconstructed basedlomatad contact point of each curve.

Compared to prior recorded image, no consideralfiereinces can be found.

2.3.3 Adhesion decomposition

A homemade MatLab (MathWorks) routine has been ldpeel to extract the
total adhesion force values, statistics of forqatutes and stress relaxation amplitudes. If
not stated otherwise, the total adhesion force dedimied as the total unbinding strength.
It was quantified as the level difference betwdanrhaximal downward deflection point
of the cantilever and the average of last ten point

Individual jumps on retract curves were identifesithe level difference between
two adjacent points passing a threshold. Two fdlthe standard deviation taken from
the last 50 points of each curve was given as libotds Using the above-mentioned
routine, number and size of individual jumps weegedted for each force curve. For each
parameter set, twenty forces were taken in prelyalsscribed manner (see. Page 14 for
details), and the Average + Standard Deviationeskuere plotted at each graph.

For comparison of live and fixed endothelial layeipture values detected on all

curves of the respective set, were used.

2.3.4 Relaxation parameters

Stress-relaxation response upon a defined suddgriadement is widespread
method to determine the viscoelastic parameters wfaterial. The solution for a hard

spherical indenter testing an isotropic, incompldssmaterial appropriately describes
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majority of experimental data (Darling et al. 2008loreno-Flores et al. 2010a).
Unfortunately only qualitative description can bgpked, as a cell layer tested by a
second cell does not fulfill the previously mengdmrequirements.

Total stress relaxation amplitude was calculatedtles difference between
maximal upward deflection force and its value ad ehdwell time. On Figure 2 this is
denoted with S. A biexponential decay (eq. 4) dbedrour data in good quality.

-t —t

S(ty=a+Ae' +Ae" @)

a accounts for a purely elastic response, whileciesli‘f” denote the fast decaying
component, while s the slow decaying componentsélparameters are plotted on Figure
17, calculated at different dwell times on sevéwabls. Each decaying element acts as an
individual relaxation process and their total sumovples the overall response.
Presumptively we can assign each cell with one elmbut a rigorous description

requires further experiments.
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3 Results

3.1 Morphology of cerebral endothelial cells

Living cells are inhomogeneous structures, neitipatial nor temporal elasticity
is constant. AFM was used to investigate morpholagy elasticity of CECs by
performing high-resolution images and SCFS as cemehtary technique to examine
their elasticity.

0 20 40 60um 0 20 40 60um

Height
o -
Force g
-
o 8 8 Z

0 20 40 60 80um -0.4 0.0 0.4pum
Distance Distance

Figure 5. AFM image of sub-confluent cerebral enddtelial cells: (a) height image of two
cells in contact; (b) the amplitude (error signallimage; (c) height profile along the line
shown on panel (a); (d) trace (approach part) of sgle force curve measured over nucleus at

point marked with “0” on panel (a) and (c).

Three different cell culture stages were invesidaind compared: the first being
sparsely plated, the second totally confluent wkile third being confluent and fixed
with 4% paraformaldehyde. In each case, beside mobogy, the spatio-temporal
elasticity was monitored.

Figure 5 shows an image of sparsely plated livimgoghelial cells. The amplitude
image on panel b, is more sensitive to small serthtails. Two interconnected cells with
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overlapping regions can be seen, with their nueteerging at the center. Lamellipodia
can be identified as large cytoskeletal projectitowards the leading edge of the cell.
These are thought to be the motors of motile caisthey try to establish new
connections, and junctions with each other. Besidg parts of the cytoskeletal structure
are observable, as long lines along the cell #&sghe section reveals (Figure 5, panel c),

cells are few micron high, with a maximum, mainiytreeir nuclei region.
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Figure 6. AFM image of a confluent cerebral endoth&l cell culture. Conditions on panels
(a-d) are similar to that on Figure 5, correspondigly.

The confluent living cell culture (Figure 6) revedl more details, which are
highlighted by the error image (Figure 6, panelA)flat portion of the cell, richly
interlocked by filamentous cytoskeletal structussyounds the smooth nuclear part.

Their height is larger compared to the sub-confiuweres. Due to the lack of free
Petri dish surface, only the level difference betwehe flat part of the cell and the
nucleus can be measured, which is more than twoonsc(Figure 6, panel c). The real
height of the cell is actually larger. Due to cantmhibition, CECdn vitro form a tight
monolayer with 1-3 micrometer thickness. At the dmor of two adjacent cells,
intercellular connections are clearly visible. Hehe cells are highly connected by
intercellular junctions, which are complex struetutinked to cytoskeletal network.
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Figure 7. AFM image of a confluent fixed cerebral rdothelial cell culture. Conditions on
panels (a-d) are similar to that on Figure 5, corrspondingly.

After fixating the totally confluent cell cultureith paraformaldehyde, dramatic
changes could be observed on the AFM image (Figupanel a, b), compared to living
confluent ones (Figure 6, panel a, b).

The junctional regions of the cells can be sti#ritfied, while the cytoskeletal
structure suffered considerable alterations. Traxfesytoskeletal filamentous networks
still can be distinguished; however, the cell scefhecame rougher. This might be due to
small membrane protrusions as well as aggregatiorcrass linking of glycocalyx
components. Apparent cellular height at region oflei became even larger, as it is
depicted on Figure 7, panel c.

3.2 Elasticity of cerebral endothelial cells

Considering the force curves (Figure 5, Figure igufe 7, panel d) obtained
roughly at the middle of the cell, the elasticity the three different cultures was
estimated. While the sub-confluent and confluelis ghare the same range of elasticity,
the values for the fixed cells increased with omgeo of magnitude. This high value
reflects very well the effect of protein cross-iimy, due to paraformaldehyde, which
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stabilizes the cellular structures. Although thiafion method might be considered as a

gentle one, notable structural changes arose

up@pplication. This implies the need of

elevated prudence and attentiveness, while inastig fixed cell cultures.

3.2.1 Spatial elasticity

Elasticity measurements, for spatial di

stributiakere effectuated along the lines

drawn on images (Figure 5, panel a; Figure 6, pandéligure 7, panel a). At each
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Figure 8. Spatial dependence of endothelial
cells elasticity. Panels show different
endothelial culture stages:
(a) living sub-confluent,  (b) living confluent,
(c) fixed confluent. Points represent average +
standard deviation, calculated from five
consecutive forces
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individual measuring point five
consecutive forces were recorded. The
calculated values of YM, for each of
the culture stages mentioned in
previous section, are depicted by
Figure 8.

The spatial dependence of
elasticity of the isolated cells showed
an increase toward the periphery
(Figure 8, panel a) with the value of the
Young's modulus increased by few
fold. The confluent cells showed the
same tendency, but in a much larger
extent (Figure 8, panelb). Here,
increase of the Young's Modulus is
roughly one order of magnitude.
Stiffening at periphery could be caused
by the appearance and localization of
intercellular junction proteins.

Unfortunately, the error of the
measurements increases too, as the
indentation curve becomes steeper. On
fixed culture no change could be
observed in the elasticity between the
central and peripheral region. The

Young's Modulus is uniformly large



and fluctuates across the whole cell (Figure 8,epen This could be due to the
paraformaldehyde treatment, which cross-binds pretm the cell, resulting in roughly

uniform elasticity.
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Figure 9. Force Volume Mapping of living confluentendothelial cells. (a) recorded height
image prior to mapping, (b) height reconstructed fom force curves, (c) adhesion map, (d)
elasticity map.

On confluent cells force-volume elasticity mappugs performed too (Figure 9)
which corroborated with the finding that the celee more rigid at the periphery.
Although this type of measurement is rather richiriformation, it cannot be done
frequently because the large number of force measemts effectuated over the whole
studied surface might harm the cells. The edge< vetiffer, probably because the

accumulation of tight and adherent junction pragein

3.2.2 Temporal elasticity

On cerebral endothelial cells the temporal depecelenf the elasticity was

measured over the nuclear region, which is the nms&nsitive to small position shifts.
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Despite of an expected constant elasticity in cdseib-confluent and confluent cells, an

attenuated oscillation was observed.

() 12+
=
fan
i
]
0 10 20 30 40
tirne (min)
M) 1oy
=
o
2
[
o . . , ;
0 10 20 30 40
tirne (mir)
(© sop
E * ’ ‘: - 0-‘:1? + + . b o *‘
5 aof tF ’: 3 f"’, - K R % “o:.‘“ﬁo‘;‘o‘,ﬁ: ‘*0
o ‘gnb‘*‘:‘:a":o L

10 20 30 40
tirmne (mimn)

Figure 10. Elasticity in time of endothelial cells;
(a): living sub-confluent, (b): living confluent, ):
fixed confluent cultures. Points are individual
successive measurements at place denoted with o,
on Figures 5-7 accordingly. Solid line is a slighl

attenuated oscillation.
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Dots are individual point
of measure, while the solid line
shows an attenuated oscillation.
Two third of the measurements,
repeated more than ten times,
showed this oscillation, with a
period of 10 to 20 minutes.
However, in some cases a
superposition of many oscillations
showed up. On sub-confluent cells
the oscillation period was around
15 minutes and the amplitude
decreased in time (Figure 10,
panel a). The confluent cells had a
period of about 20 minutes and
exhibited a faster attenuation of
the oscillation, (Figure 10,
panel b).

Fixed cells never showed
this type of oscillation (Figure 10,
panel c), proving that this
phenomenon is feature,
characteristic to living cells. The
external conditions, which affect
the amplitude, period and
attenuation of the oscillations, are

under debate.



3.3 Intercellular mechanics

The interaction between endothelial layer and ildial melanoma cell, can be
regarded as a model for primary steps of tumor tcafismigration. The appearance of
adhesion between melanoma and endothelial celigelisas the relaxation upon applied
mechanical pressure in function of load and timey thpent in contact, was investigated.
Adhesion force measurements were carried out WM Aby pressing one cell to another
and monitor the unbinding force upon retractionrchi@natic drawing of measurement
setup can be found on Figure 4).

The two representation modes of the recorded sigfiglire 11) clearly show the
two features of interest. The total adhesion faves calculated by taking the difference
between the minimum of the retrace part and theageeof last few points of the curve
(Figure 11, panel a). For clarity, see schematguié 2, where total adhesion force is
marked with “A”. The time dependent representasbows the relaxation decay during

dwell time (Figure 11, panel b).
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Figure 11. Force measurement effectuated with a mehoma cell bound to a tipless
cantilever on a living confluent endothelial layerThe same curve shown: (a) force vs.
distance, (b) force vs. time. Inset: Magnified viewof area in dashed box. Arrows mark

individual ruptures (jumps).

The dwell time is the extra period between the tpoet of reaching maximal
load and the point of starting to pull back thetdawer. Schematic representation on
Figure 2, marks the stress relaxation with “S”. éCahould be taken not to confuse this
with total contact time. Dwell time was chosen doesimplify the representations.
Compared to the few ten seconds, the real coniaet would be longer with one or

maximum two seconds, however this would not alierghown results.
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Figure 12 reflects comparison of typical force agwaken on different surfaces:
hard Petri surface probed with a bare tip (“A” Bjyeendothelial cells probed with bare tip
(“D” lines), endothelial layer probed with living efanoma cell (“C” lines) and fixed

endothelial layer probed with living melanoma ¢&H lines”).

Load (nN)

0 5 10

0.5 | 1.5 2 2.5 3
distance (um)

Figure 12. Comparison of different force curves repesenting the following sets:
(A) Tip - Petri surface, (B) Melanoma cell - FixedEndothelial cell,
(C) Melanoma cell - Endothelial cell, (D) Tip - Enathelial cell. Stress relaxation (top inset)
and adhesion forces (bottom inset) corresponding teach force curve. On the latter the
arrows point to typical rupture like events.

The figure compares the elasticity of the abovetnard stages. Unfortunately,
only qualitative comparison is possible, as theapaaters for different sets do not allow
calculations mentioned at section 2.3.1. Cell ioafline B) induces apparent stiffening
compared to living cells (line C). The top inset,Figure 12, shows the load dissipation
in time, while the bottom inset compares the ativacforces measured for the above
mentioned stages. The relaxation and adhesion rgresensiderable correlation,

suggesting that due to larger interacting aredsdnigffinity may be reached.
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3.3.1 Adhesion

Between the melanoma “tip” and the cell free swefa€ the Petri dish, a small
nonspecific adhesion (Figure 13, panel a) was obderChanging the load force or the
dwell time the change of the adhesion is within ¢ner bars. In the case of confluent
living endothelial cell layer, tested with a melam cell, the adhesion in function of
dwell time shows saturation-like behavior (Figui® panel b). It seems that there is a
limited amount of adhesion at a given load. Asltal increases, the monitoring cell is
pushed closer to the cell layer and the bindingdancreases as well. On the fixed cell
layer, the intercellular adhesion force is much keegFigure 13, panel c), but still larger

than nonspecific adhesion depicted on panel ar&iga.
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Figure 13. Change in intercellular adhesion as a hction of dwell time under constant load.
The tested surface was: (a) Petri dish, (b) livingndothelial cells, (c) fixed endothelial layer
The adhesion force measured on living cells shostad like ruptures during
contact break up in the retrace phase of the fouecee. On Figure 12 (bottom inset) these
are pointed out by small arrows. These jumps cpaed to the rupture of the binding
between the melanoma cell and the endothelial |a¥&h a home-developed MATLAB
protocol, the curves were analyzed by searchingafat identifying of the individual

rupture events. Total rupture number and size vedsulated and plotted against dwell

period (Figure 14).
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Figure 14. Number of individual adhesion jumps (apnd their size (b) in function of applied
load.

The number of jumps showed saturation-like inaeasfunction of dwell time
(Figure 14 a). The jump size distribution showed@dt no variance giving the minimal
jump size an average of about 20 + 5 pN (Figurepadel b). The correlation of these

data with total adhesion force is remarkable.
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Figure 15. Histogram of jump (rupture) size distribution: between living melanoma and
fixed endothelial layer (a); between living melanora and living endothelial cells (b).

A histogram the individual stair-like rupture ocrmmces of living endothelial
cells probed with melanoma cell, show a clear maxmat 20 pN (Figure 15, panel b).
Moreover, higher values appear at 40 pN. The juraguency on fixed endothelial layer
is shifted towards 10 pN (Figure 15, panel b), \whig close to the defined calculation
threshold (see section 2.3.3 for details). The sidinebetween the two cells is altered, but

the origin of adhesion is still blurred.
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3.3.2 Stress relaxation

Upon mechanical stimulation, cellular componentsdh® withstand and adapt.
This kind of flexibility is the result of both memdne and cytoskeletal reorganization,
ruled by viscoelastic properties. Stress relaxatibe rearrangement of the sample at
constant load arises if the indenter holds stithedime before retraction.

By holding still the position of the vertical acton after the preset load is
reached, equilibrium of the system occurs, whichihis decay in time of the applied
stress. Relaxation of a single cell upon mecharsta&ss can be described by a two-
component viscoelastic model applied for cells. @ata, recorded with a cell “probe”,
shows similar decay. Two different but simultaneopocesses can be clearly
distinguished by fitting the relaxation data withetsum of two exponents. In case of
tip-cell stress relaxation these two processedstareght to be the results of membrane
dislocation, and cytoskeletal reorganization. Hogrevn our case only a presumption-

like assignment can be made to each participagtig c
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Figure 16. Change in stress relaxation as a functioof dwell time under constant load. The
supported surface was: (a) Petri dish, (b) living mdothelial cells, (c) fixed endothelial layers

During the measurements a bare tip examines ligmdpthelial cell layer at first.
Small rearrangement of the sample occurs which fiesisiin the fact that the trace and
retrace curves presented in function of distancendb overlap (Figure 11, panel a).
Representing the force against elapsed time thextefif plastic deformation is clearly
visible (Figure 11, panel b). The stress appliedh@ncell by the load force is partially
relaxed by rearrangement of the contacting suréaak cytoplasmic components of the
cell.

Next, a melanoma cell was bound to a tipless @@ and used as the probe. By

comparing ‘Figure 16 a’ and ‘Figure 16 b’ it can $men that the interaction between the
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cells produces large stress relaxation. The livargl paraformaldehyde fixed cells
measured in the same condition (Figure 16 b, cyvedddarger relaxation boundaries but
gualitatively a same pattern. Data was extractetth wie routine described at chapter
2.3.4.
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Figure 17. Lifetime and amplitude of stress relaxabn measured between living melanoma
and endothelial cells. (a) and (c) show the compomis of the fast while (b) and (d) shows the
components of slow exponentials.

Figure 17 Shows the lifetime and amplitude of stresdaxation plotted against
dwell time, for different loading forces. Indicesosv the distinction between slow (s) on
panel a and c. Fast (f) components on panel b ahdedime does not reach saturation,
while amplitude clearly show this pattern. Amplieudf slow exponential is practically

independent of dwell time, while the lifetimes ardependent of applied load.
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4 Discussion

4.1 Heterogeneities in spatio-temporal elasticity of gebral

endothelial cells

Cellular elasticity has been under constant debateng the last few decades.
Aiding this debate, biomechanics has become a atilarging multidisciplinary and
complementary field for medicine and life scienc&sevelopment of technical and
instrumental support has led to better understgndind description of cell biology.
Hence, cellular biomechanics is an important aminsing field not only for broadening
our knowledge, but also for counteracting many @iatjical processes.

As it becomes widely accepted that living cells moewater filled balloons, more
and more aspects of cell biology, cell mechanidssgentific attention. Living cells do
maintain active molecular traffic with their envimment, which implies continuous
adaptation and changes in time and space.

Endothelial cells have to continuously withstandchamical forces upon blood
shear (Butler et al. 2001) and red blood cell pressTheir biomechanical investigation
could lead to promising solutions for several disos.

Studying the spatial and temporal elasticity ofngr cerebral endothelial cells,
three different culture types were monitored anespnted: sub-confluent, confluent and
fixed confluent. These stages might be considesedtages of wound healing models,
except the last one, which was introduced as amtnat control. Wound healing related
studies report changes in epithelial cell elasticuring their migration, showing an
elasticity increase with wound edge distance (Weitgdl. 2008). Comparing panels a and
b on Figure 8, confluent cells appear a bit haraeperinuclei regions what is not
contradictory with previously cited results, howeveéhose were epithelial cells.
Paraformaldehyde fixation induces remarkable handeas is plotted on panel ¢, Figure
8. At least one order of magnitude increase in Ydduos upon fixation, not to mention
the spatial inhomogeneities from point to point.

Cell shape and elasticity depend on cytoskeletalaré&s and contractile systems
(Levayer and Lecuit 2012), and external factorselsumfluence cell stiffness as well
(Yang et al. 2012). Water soluble salts do havesicienable influence on endothelial cell
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stiffness (Oberleithner et al. 2009; Oberleithnerale 2007), not to speak of osmotic
parameters (Balint et al. 2007a). As our experisienere carried out in Leibovitz
medium, pH and concentration shifts can be exclutiztlium change and addition of
external factors were not applied.

Analyzing temporal elasticity of CECs one commonnghoccurred during
measurements: fixation causes hardening as plottgzhnel c, Figure 10. As the panel a
and b show on the same figure, elasticity of sutffaent and totally confluent CECs, are
far not constant in time. Moreover, under certainditions it shows periodic oscillations,
which in case of the confluent culture appears dothee most straightforward (Figure
10, panel b). The correlation between the attenuaseillation (solid line) and measured
values (dots) is remarkable.

Unfortunately the exact triggers of these oscilatiike alterations is still blurred,
but some parameters can be excluded definitivepoptotic properties need to be taken
into consideration (Pelling et al. 2009), howe\different images were made prior and
after time laps force measurements, and no chamgesdetected neither in morphology,
nor in spatial manner. In addition to this, thescelere selected randomly and it is very
unlikely that most of them were in apoptotic phasemporal dependence might be
temperature dependent (Sunyer et al. 2009), bw, tdmperature change during
experiments was under half a degree Celsius. Thigdwnot induce the level of changes
observed. It might be age dependent (Lieber €20fl4), nevertheless, on this time scale,
direct connections cannot be made. Spreading HU\VEIS were reported to have
morphology correlated stiffness (Stroka and AraBdpinoza 2011). Unfortunately,
based on this study, it is difficult to draw vallelsonclusions regarding our case, as in
their experiments the cells were gently fixed. Addially, depth dependence of elastic
modulus might induce few fold changes (Pogoda.e2@l2), but here is not the case, as
experiments were made with constant indentatiothdep

Applied forces induce mechanotransduction, whicbhppgates through stress
fibers (Lu et al. 2008; Rosenbluth et al. 2008yolwement of contractile systems and
cytoskeletal reorganization is inevitable. Osailigtelasticity in correlation with myosin
activity was reported, with one order of magnituh®rter time period (Schillers et al.
2010), however, due to lack of additional chemagnts at this time point either direct,

or indirect connections would be only speculative.
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4.2 Insights into intercellular mechanics of endotheliacell layer

tested with melanoma cell as a probe

Living cells not only sense but actively exert #gon both intra and extracellular
environment (Discher et al. 2005; Tan et al. 200®grcellular adhesion is involved in
many inflammatory and pathologic processes (Abu-dwad Camesano 2003; Almqvist et
al. 2004; Liu et al. 2010; McGettrick et al. 2008cNamee et al. 2006), and represents an
important aspects in many other phenomena (Shealg 2007). AFMs are outstanding at
monitoring these forces between cell and substragebitrary cells.

Similar to leukocyte-endothelial binding (Zhangaet2003), SCFS was applied to
measure total adhesion force between a singleglimalign cell and living endothelial
layer. Dependence of adhesion and stress relaxatiawell time at different load forces
was measured. A small nonspecific adhesion exwisden the melanoma “tip” and the
Petri dish surface practically independent of latength and time lapsed (Figure
13, panel a). In the case of confluent living ehébal cell layer, tested with a melanoma
cell, the adhesion in function of dwell time showaturation-like behavior (Figure
13, panel b). It seems that there is a limited nremalb binding at a given load force. With
the increase of the load the binding force increase, while the monitoring cell is
pushed closer to the cell layer. This might be d¢ffect of increase in the number of
binding elements or in the individual binding fascén case of the fixed cell layer the
adhesion force is much weaker (Figure 13, panel c).

Many ligand-receptor studies have successfully ntegdo intercellular, or
intermolecular characterizations (Robert et al.80Waluable data can be obtained from
retraction of the two sides regarding size and remudd occurred individual rupture
events. In our study, the intercellular adhesioomsdd stair-like ruptures (jumps) during
the retraction (retrace) phase of the force cufvese correspond to the rupture of the
binding between the melanoma cell and the endaiheéll covered surface, since in
other cases they practically do not occurred (Fadi#, bottom inset).

By enumerating the individual de-adhesion eventkywaend estimation of the
number of active intercellular adhesion moleculas be made. Load dependent rupture
number showed saturation like increase in funcbobmwell time (Figure 13, panel a).

Average rupture size was blurred by seldomly odagrfarge values which leaded to
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deviation increase, shown on Figure 13, panel bclBhg one side by fixation of the
endothelial layer the total adhesion is almostbited (Figure 13, panel c¢).

Both, the number and size of ruptures decreasedwiBy the total rupture
frequency on a histogram, the minimal rupture siakie resulted in 20 pN (Figure 15,
panel b). Cadherin mediated adhesion on chinessthaovary cell (CHO) (Panorchan et
al. 2006; Zhang et al. 2009) and in single molesplectroscopy (Zhang et al. 2009) was
reported to have similar results. Slightly higherlues were reported fox-Catenin
mediated E-cadherin-dependent adhesion on wild Gig® cells (Bajpai et al. 2008). It
is hard to determine the exact type of moleculgslued, as multiple simultaneous event
occurrences and low specificity may alter the rtssul

The presented cell adhesion measurements moniick opaividual processes of
initial adhesion at single molecule level. Therefat can be regarded as a model for first
step of cellular transmigration. After the estdidid contact, almost Hookean cell
stretching takes place until the maximum load isched. This induces several
accommodation processes involving membrane andksietal reorganization in order
to regain the equilibrium. Mechanical relaxatioron@pplied load (stress) was monitored
between living melanoma and endothelial layer. sStrelaxation parameters could have
important aspects reflecting metastatic potentiainalignant cells (Darling et al. 2007;
Moreno-Flores et al. 2010a).

Total stress relaxation force in function of dwéline showed very similar
behavior (Figure 16 a-c) to maximal adhesion. lincd be distinguished the cell free
surface from the living cell or fixed cell coversdrfaces. As two individual cells are
involved in this process, based on viscoelastiothéMoreno-Flores et al. 2010b), four
different relaxation process would contribute toeml response. Surprisingly, a
biexponential fit satisfies the measured data. Agpidy the tip-bonded cell has the
dominant role in mechanical relaxation.

The stress relaxation curves were fitted with aomential curve. The lifetime of
the exponents were roughly independent from thd foece, as it was found in case of
breast cancer cells (Moreno-Flores et al. 2010a) Roesented in function of dwell time
the lifetimes of both the fast and slow componesttswed a weak linear dependency
(Figure 17, panel a, b). The amplitude in both saskowed saturation like behavior
(Figure 17, panel c, d).
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Three different surfaces were compared: cell fceafluent CEC layer, and fixed
CEC layer. The three different surfaces showedemsarkable difference at the level of
individual relaxation components, just as in cab¢he total relaxation amplitude. The
dominance of the probe cell is obvious (Figure I®wever influence of the opposite

side might be important in some cases.
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S5  Summary

This study presents insights into mechanobiologyerebral endothelial cells,
which form the morphological basis of the BBB.

First, morphological and elastic characterizatiohthree different endothelial cell
stages are presented. Sub-confluent, totally cenfland fixed confluent cultures were
compared. High-resolution images revealed highlganized cytoskeletal network of
confluent layer, extruding lamellipodia of sub-doeint cells and rougher membrane
rheology of fixed confluent layer.

Distribution of elastic modulus was measured ovtemnt cellular components,
followed by a time-lapse monitoring of the nucleYM. The nuclear region appeared to
be softer and less sensitive on testing positiomkile towards the periphery a
considerable increase of the elastic modulus waistezed. Additionally, sub-confluent
cells tend to be overall softer, even at peripheeglions. Fixed cell culture showed
elevated YM values, over one order of magnitudgamdess of testing position. The
time-lapse elasticity showed attenuated oscillatiboth on sub-confluent and totally
confluent cultures. This is characteristic of ligirells since fixed cultures were not
showing this feature. Orchestrated cytoskeletabhdyins can produce similar oscillations.
Its exact origin is still under debate, however plssibility that it is a response of the cell
to the external stimuli, cannot be excluded.

To model the first step of cellular transmigratitiming monolayer of endothelial
cells was tested with a living melanoma cell as@e. These results are presented in
second part. Two features of force spectroscopye wardied, the intercellular adhesion
force and relaxation upon mechanical stress. Tderendence on load and dwell time
characterized the interaction between the moniteuediaces. The adhesion force was
decomposed to small stair-like ruptures, having ¢lementary size of about 20 pN.
Saturation on load and dwell time suggests thaatieesion force builds up as the sum of
many elementary bindings.

Mechanical relaxation during sudden cell-cell cohtaeas measured too. Total
relaxation force recorded for different load satieda within seconds. Surprisingly,
relaxation curves showed biexponential viscoeladgcay. Individual elements were

calculated and compared on different combinatidreelth-cell contact. The independence
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of relaxation amplitude on the different testedfatgs suggests the dominance of the
probe cell in this phenomena.

In this work we presented possibilities and advgesaof AFM in live cell
imaging and single cell force spectroscopy. Thditakio work in liquid environment at
human body temperature, offers the favor to reemairate and nanoscale precision data
on mechanical properties of different biomaterials.

From the above-mentioned observations, we concthde with help of these
parameters, insights can be gained into biomeckafi@BB-forming brain endothelial
cells. These findings might contribute to bettearetterization and description of live
cell responses on mechanical stimuli, what is irfggdrcomponent e.g. in angiogenesis.
Analysis on cell-cell adhesion and mechanical r&iax might provide valuable data for

cell adhesion related pathologies or research ¢asteic cell migration.
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