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Elektrostatik, Mechanik und Dynamik von biologischen Grenzflichen in

und aufierhalb von Gleichgewichtszustinden

Biologische Grenzflichen sind nicht nur Grenzen, die zwei Phasen voneinander trennen,
sondern besitzen auch Strukturen und Funktionen. Das Hauptziel dieser Arbeit ist die
quantitative Bestimmung der Elektrostatik, Mechanik und Dynamik biologischer Gren-
zflichen in Abwesenheit und Anwesenheit externer Storeinfliisse durch die Kombination
verschiedener physikalischer Techniken.

In Kapitel 4 wird auf molekularer Ebene untersucht, wie die Kombination von gelade-
nen Tensiden und Alkohol die elektrostatische Barriere an der Oberfliche von Bakte-
rien zerstort. Strukturelle Verdnderungen senkrecht zur Bakterienmembran wurden mit
Réntgenreflektometrie in sub-A-Auflésung untersucht. Zur Bestimmung der Konzen-
trationsprofile einzelner Ionen nahe der Oberfliche in A-Auflésung wurde Rontgenfluo-
reszenz gemessen. Die ermittelten Daten zeigten, dass die Permeation von kationischen
Tensiden in die Membran durch eine kondensierte Schicht von Ca-Ionen blockiert wurde,
die die geladenen Saccharidgruppen vernetzten. Bemerkenswerterweise fithrt die Zugabe
von aromatischem Alkohol zu einer signifikanten Stérung der strukturellen Integritét der
Membran. Die Ergebnisse dieser Kombination von Roéntgenreflexion und Réntgenfluo-
reszenz zeigen, wie geladene Tenside und Alkohol, die Hauptbestandteile von Desinfek-
tionsmitteln, synergistisch die dufere Oberfliche von Bakterien beeinflussen.

Der Schwerpunkt von Kapitel 5 ist die quantitative Untersuchung der mechanischen
Eigenschaften und der Nichtgleichgewichtsdynamik lebender Zellen auf Substraten, die
die zelluldre Mikroumgebung prizise modellieren. Die Adhésionsfunktion und die rdum-
lich-zeitliche Dynamik humaner hdmatopoetischer Stammzellen wurden in Zusamme-
narbeit mit Prof. A. D. Ho und Prof. C. Miller-Tidow (Innere Medizin V, Uni-
versititsklinikum Heidelberg) auf die Auswirkungen klinischer Wirkstoffe fiir Leukami-
etherapie untersucht. Die Adh#sionsfliche und -stdrke der Zellen wurden mit Marker-
freier Mikrointerferometrie und einem Assay zur Zellablgsung gemessen, der auf Laser-
induzierten Schockwellen basiert. Die Zelldynamik wurde anhand von Bildgebungsdaten
durch eine Leistungsspektralanalyse der Membranverformung charakterisiert, die den En-
ergieaufwand durch aktive Verformung bestimmen lief. Schliefslich wurde die rdumlich-
zeitliche Dynamik der Zellen theoretisch modelliert, indem periodische Verformungskrafte
und Reibungskoeffizienten zum Ohta-Okuma-Modell fiir selbstbewegende, verformbare
Partikel hinzugefiigt wurden. Obwohl dieses Modell nicht in der Lage ist, chemische
Reaktionen innerhalb der Zellen zu beriicksichtigen, konnten die Simulationen die Ver-
formung und Bewegung menschlicher Stammzellen in Abwesenheit und Anwesenheit von

Medikamenten als Modulation von Adhésion und aktiver Verformung beschreiben.






Electrostatics, Mechanics, and Dynamics of Biological Interfaces at and out

of Equilibrium

Biological interfaces are not just boundaries separating two bulk phases, but also pos-
sess structures and functions. The primary aim of this thesis is the quantitative determi-
nation of electrostatics, mechanics, and dynamics of biological interfaces in the absence
and presence of external perturbation by the combination of various physical techniques.

In chapter 4, I investigated the mechanism how the combination of charged surfactants
and alcohol synergistically destroys the electrostatic barrier protecting the surface of bac-
teria on molecular level. To quantitatively model the surface of bacteria, a monolayer
of complex glycolipids was prepared at the air-water interface. Structural changes in
the direction perpendicular to the membrane were investigated with specular X-ray re-
flectivity in sub-A resolution. To determine the concentration profiles of individual ions
in the vicinity of the surface in A resolution, X-ray fluorescence was measured under
grazing incidence near the angle of total reflection. The obtained data indicated that the
permeation of cationic surfactants into the membrane was blocked by a condensed layer
of Ca?" ions cross-linking the charged saccharide groups. Remarkably, the addition of
aromatic alcohol causes a significant increase of roughness between hydrocarbon chains
and saccharide headgroups, leading to a disturbance of structural integrity of the mem-
brane. These results demonstrate that the combination of X-ray reflectivity and grazing
incidence X-ray fluorescence unravelled, how charged surfactants and alcohol, the main
ingredients of sanitisers, synergistically act on the outer surface of bacteria.

Chapter 5 focuses on the quantitative investigation of the mechanical properties and
non-equilibrium dynamics of living cells on substrates precisely mimicking cellular micro-
environments. As biological system, I chose human haematopoietic stem cells in collab-
oration with Prof. A. D. Ho and Prof. C. Miiller-Tidow (Internal Medicine V, University
Hospital Heidelberg), and investigated the impact of clinical agents for leukaemia therapy
on adhesion function and spatio-temporal dynamics. Area of tight cell contact and ad-
hesion strength were measured by label-free micro-interferometry and a cell-detachment
assay, which is based on shockwaves induced by pico-second laser pulses. Dynamics of
cells were characterised by power spectral analysis of membrane deformation from live
cell imaging data, yielding the energy dissipation due to active deformation. Finally,
the spatio-temporal dynamics of cells were theoretically modelled by adding periodic
deformation forces and friction to the Ohta-Okuma model for self-propelled, deformable
particles. Although this model is not able to include chemical reactions inside the cells,
the simulations could describe the deformation and motion of human stem cells in the

absence and presence of drugs as modulation of adhesion and active deformation.
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1. Introduction

During the past several decades, mounting evidence has postulated that an inter-
face is not merely a boundary between two bulk phases, but contains structures
and functions at and out of equilibrium. One of the most prominent examples in
nature are biological interfaces, such as membranes.

Biological membranes are a crucial element in the evolution of life, as they de-
fine interfaces in living systems by the formation of compartments for biochemical
reactions, as well as by the selective exchange of materials and signals between
compartments. One of the most important building blocks of eukaryotic cell mem-
branes are phospholipids, which self-assemble into vesicles, or planar bilayer sheets
in aqueous solution.! To minimize the entropy of the solvent, the non-polar and
therefore hydrophobic hydrocarbon chains assemble together to minimise the con-
tact to the polar solvent (water), while the hydrophilic head groups are exposed to
the polar, aqueous environment. Figure 1.1 (A) displays the schematic composition
of a eukaryotic cell membrane. The extracellular leaflet of the bilayer is typically
covered with oligosaccharides anchored to glycolipids or glycoproteins, while the
inner leaflet is coupled to the cytoskeleton. Further membrane-associated proteins
can be categorised into two classes: integral, transmembrane proteins spanning
across the lipid bilayer, and peripheral membrane proteins docking to the mem-

brane surface.?

1.1. Destabilisation of Biological Interfaces:
Synergistic Function of Alcohol and

Surfactants against Bacterial Membranes

Structural integrity of membranes is protected against external cues, such as harsh

extracellular environment and external stress, by charged saccharide-based poly-
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Figure 1.1.: Schematic illustration of eukaryotic cell membrane and cell
envelope of Gram-negative bacteria. (A) Eukaryotic cell membrane composed
of amphipathic lipids with embedded proteins and attached oligosaccharides.? (B)
Bacterial outer membrane consisting of a bilayer of phospholipids and lipopolysac-
charides (LPS), the peptidoglycan cell wall, and the cytoplasmic cell membrane
consisting of a phospholipid bilayer. Adapted from Duong et al.4

mers attached to the membrane surface. In Gram-negative bacteria, for example,
a dense layer of lipopolysaccharides (LPS) is displayed on the surface of the outer
membrane, as illustrated in figure 1.1 (B),* which in the presence of divalent
cations such as Ca*" or Mg?" protects the membrane from structural perturba-
tions due to changes in the surrounding environment. It has been shown that
the association of divalent Ca*" ions to the negatively charged cores of the LPS
headgroups prevent cationic antimicrobial peptides from disturbing the stratified
membrane structures.>® The formation of an electrostatic barrier of Ca*" cross-
linking LPS molecules and protecting the membrane structure from intrusion was
further proven by coarse-grained Monte Carlo simulations.>® Furthermore, LPS-
Ca®"-layer were investigated by interfacial shear rheology, which showed them to

behave like a two-dimensional gel at the air-water interface.!”

During the past several decades, many antibiotics have been developed to over-
come this barrier function, which in turn created the new problem of multi-drug
resistant bacteria. More recently, studies showed the achievement of a sufficient
hygiene level by the proper use of sanitisers, without increasing the amount of

11 Cationic surfactants, also known as quaternary ammo-

antibiotic treatments.
nium compounds (QACSs), are the most commonly used disinfectants,!!*? which
electrostatically bind to the negatively charged saccharide groups of LPS by their

positively charged nitrogen, as suggested by several studies. Upon integration of
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Figure 1.2.: Investigation of destabilisation of biological interfaces. (A)
Bacterial killing assay confirming the bactericidal capability of sanitisers and their
ingredients.'® (B) Experimental setup of simultaneous specular X-ray reflectivity
(XRR) and grazing incidence X-ray fluorescence (GIXF) at the air-water interface
using lipopolysaccharides LPS Ra.

hydrocarbon chains into the hydrophobic core of the outer bacterial membrane
the cytoplasm is subsequently lost, followed by bacterial death.!':!3 Although
several bacterial strains have gained resistance against high doses of QACs,!315
Gram-negative bacteria are still vulnerable against the antimicrobial function of
QAC s, if it is facilitated by the combination with aromatic alcohol (cf. figure 1.2
(A)). 1416

The synergistic function of these two components is well known and utilised
in commercial products,'* but the physical mechanism behind the bactericidal
effect, however, has yet to be unravelled. The systematic screening of various
combinations of alcohol and surfactant, for example, suggested the alcohol to cause
an increase in membrane fluidity, promoting the permeation by the surfactants.'”
However, the quantitative impact of how the combination of simple molecules

destabilises biological interfaces remains largely unknown.

From the experimental point of view, quantitative characterisation of soft biolog-
ical interfaces including charged macromolecules is non-trivial and poses challenges
such as the determination of electrostatic interactions of biological interfaces. On
the sub-molecular level, at length scales below 1nm, charge density is neither
uniform nor static. Due to further cross-linking of multivalent ions with charged
moieties, such as charged saccharide groups in lipopolysaccharides, the classical
Deraguin-Landau-Verwey-Oberbeck (DLVO) theory can not be applied. The criti-

cal roles of ion-specific interactions in ligand-receptor interaction and protein fold-
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ing have been indicated by ample experimental evidence,'® ! but the quantitative
determination of density profiles of specific ions, such as K™ and Ca**, still remains
an experimental challenge. However, density profiles of specific ions in the close
proximity of interfaces, typically within 20nm, can not be determined by com-
monly used spectroscopic techniques, such as sum frequency generation (SFG)
spectroscopy. Structural details in the direction perpendicular to the interface are
commonly investigated using specular X-ray or neutron reflectivity. However, due
to the lack of significant difference in scattering length densities, these techniques
are not able to localise specific elements in A resolution.

In Chapter 4, the synergistic function of cationic surfactant and aromatic al-
cohol, the major components of commercial sanitisers, is investigated by simulta-
neous specular X-ray reflectivity (XRR) and grazing incidence X-ray fluorescence
(GIXF), as schematically outlined in figure 1.2 (B).

1.2. Spatio-Temporal Dynamics of Biological
Interfaces: Adhesion and Migration of

Human Haematopoietic Stem Cells

Cell membranes do not only serve as a protective layer, but also provide reaction
sites for many biochemical reactions, such as molecular recognition, signalling, and
the pathway for migration processes. Cell migration is not only relevant for simple,
unicellular organisms, but also involved in essential processes in highly developed
metazoans, such as collective cell movement during morphogenesis. During mi-
gration, cells generate active forces to their surrounding micro-environments by
protruding and retracting cell membranes under rhythmic deformation.20-24

In chapter 5, adhesion and spatio-temporal dynamics of cells are experimentally
investigated by the combination of various microscopic techniques. Moreover,
quantitative parameters extracted from experimental data are compared with a
theoretical model of self-propelled, deformable particles. Under the collaboration
with Prof. A. D. Ho and Prof. C. Miiller-Tidow (Internal Medicine V, Univer-
sity Hospital Heidelberg), I investigated the influence of external factors, such as
clinical agents for leukaemia therapy, on the dynamic deformation and motion of

human haematopietic stem cells (hHSCs).
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Figure 1.3.: Outline of in vitro experiments. (A) Scanning electron microscopy
image from Schmal et al.3* of hHSC adhering to MSC after 4 days of co-culture, scale
bar 10 um. (B) Schematic illustration of hHSC migrating on the surface of MSC
displaying ligand molecules. (C) Zoom-in of quantitative model of MSC surface,
functionalised with ligand molecule N-cadherin at defined surface density.

In the bone marrow, hHSCs adhere to the surface of mesenchymal stem cells
(MSCs) and remain in a non-differentiated state.”?® The balance between self-
reproduction and differentiation of hHSCs is adjusted by migration cycles between
the bone marrow and the blood stream. In leukaemia, cancerous stem cells, known
as leukaemic stem cells (LSCs), evade this cycle and reproduce as non-differentiated
cells, called blasts, in the bone marrow. The resulting overpopulation of blasts
causes the suppression of normal haematopoiesis, leading to the death of patients

30 Since clinical treatments, such as chemotherapy, cannot reach

by cytopenia.
the LSC pool inside the bone marrow, it is necessary to force the migration of
leukaemic stem cells out of the bone marrow. Moreover, also the mobilisation
of healthy hHSCs from donor’s bone marrow is of great importance. Current
leukaemia therapy largely relies on the transplantation of healthy hHSCs collected
from donors. Therefore, mobilisation of hHSCs from the donor’s bone marrow to
the peripheral blood is of great importance for increasing the harvesting efficiency

of hHSCs.31-32

To date, in wvitro experiments of human HSC systems are limited by the co-
culture of hHSCs and MSCs (cf. figure 1.3 (A)),333* and are mostly depending
on qualitative observation by immunofluorescence staining of fixed cells. There-
fore, the demand for quantitative, label-free, live-cell imaging platforms has been
increasing over the years, in order to aid the investigation of physical principles of

stem cell adhesion and migration, and its stimulation by clinical agents.

In this study, a quantitative model of MSC surfaces was used, based on pla-

nar lipid membranes displaying ligand molecules at defined surface densities, as

35

displayed in figure 1.3 (C). Those so-called supported membranes® were func-
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tionalised with N-cadherin, a key ligand molecule for the adhesion of hHSCs, and
employed to dissect the role of different ligand-receptor interactions in the presence

and absence of clinical agents.

Cadherins are one of the key components of the multiprotein complex con-
necting neighbouring cells, called the adherens junction.?¢*° Within the adherens
junction, the function of the cadherin family includes mechanical coupling and
signalling between cells, and thereby regulating cytoskeleton and influencing gene
expression, among other mechanisms. On the molecular level, Panorchan et al.
measured the kinetics of bond rupture under different loading rates using atomic
force microscopy, demonstrating a continuous breaking of the N-cadherin bond
at 30 — 40pN, independent from the magnitude of the loading rate of up to
>1000 pN/second.?t In general, N-cadherin is one of the key targets in cancer

therapy, because of its high expression on drug resistant tumour cells.*?

N-cadherin antagonist ADH-1, also known as Exherin, is a peptide-based
drug designed to specifically block N-cadherin. Several reports have shown that
ADH-1 facilitates the uptake of nanoparticles by cancer cells and the efficiency
of the drug delivery to cancerous tissues.*»** Furthermore, the administration of
ADH-1 is able to cause apoptosis by interrupting endothelial cell adhesion medi-
ated via the homophilic N-cadherin axis.*> However, there has been no quantitative
study on the impact of ADH-1 on N-cadherin mediated adhesion and migration of
hHSCs.

In vitro experiments in this work were performed using label-free, non-
invasive techniques based on optical microscopy. The static properties of adhesion
such as adhesion area and strength of hHSCs to supported membranes function-
alised with N-cadherin were quantitatively assessed by two techniques. Adhesion
area was investigated using micro-interferometry, where the area of close surface
contact is analysed in close proximity to the functionalised substrate without the
necessity for fluorescent labels as e.g. for total internal reflection fluorescence
(TIRF) microscopy. As illustrated in figure 1.4 (A), in p-interferometry the area
of close surface contact is visible as a dark footprint surrounded by the charac-
teristic Newton’s rings, due to the destructive and constructive interference of the

reflected polarised light.
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Figure 1.4.: Experimental design of in vitro experiments. (A) Micro-
interferometry image of hHSC adhering to the planar lipid membrane displaying
ligand molecules ad defined surface density. (B) Schematic principle of laser-pulse in-
duced cell detachment, and (C) time-lapse imaging using phase contrast microscopy.
Scale bars 5 pm.

For the determination of adhesion strength between cells and substrates, sev-
eral methods have been developed over the years. Single-cell detachment by mi-

47-51

cropipette aspiration, optical and magnetic tweezers,’>>® or AFM scratch-

ing®Y give the advantage of high resolution of detachment forces, but limit the
applicability with small force ranges (102 — 103 pN, 107! —10% pN, and 10— 10* pN,
respectively), low statistics at high time effort, and mechanical damage to the cells

t.5% Cell detachment via shear stress using flow chambers

due to the direct contac
can provide higher cell numbers with lower time effort, but the slow response time
of cells to the applied shear flow also allows elastic deformations, which may alter
the applied stress and therefore renders the measured adhesion strength inaccurate.
One of the more recent techniques circumventing the deformation of cells at large
time scales is the induction of pressure waves via high-powered pico-second laser
pulses. Yoshikawa et al. introduces an experimental setup,®® where multi-photon
absorption at the focal point of an infrared laser pulse induces the formation of a
cavitation bubble through the evaporation of aqueous medium, upon whose col-
lapse a strong pressure wave is created, propagating at supersonic velocity. Figure
1.4 (B) displays the schematic principle of the laser-pulse induced cell detachment.
The short exposure to the detachment pressure ensures the prevention of cell de-

formation, whereby the detachment force can be determined without corruption.

Deformation and motion of hHSCs was monitored by time-lapse imaging using
phase contrast microscopy (figure 1.4 (C)). While the start-to-end point observa-
tion commonly used for migration experiments in screening studies lacks infor-

mation on the behaviour of cells during migration,%" the time-lapse experiments
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performed in this work provide detailed insight into the active deformation of

hHSC throughout the migration process.

1.3. Theoretical Modelling of Dynamic

Deformation and Migration

As described in the previous section, the migration of cells is accompanied by the
active deformation of cell membranes. In this study, the spatio-temporal dynamics
observed from live-cell imaging are theoretically modelled by generalising the cells

1.62764 Based on

as self-propelled, deformable particles as proposed by Otha et a
the experimental data, periodic deformation and frictional coupling between cells
and the substrate are added to the model, which allows the numerical simulation
of deformation induced migration, as observed from hHSCs migrating on function-
alised substrates.

Starting from static adhesion, a cell on the substrate displaying a specific ad-
hesive protein is viewed as the state of equilibrium for the cell and the corre-
sponding adhesion axis. Proceeding from static adhesion to dynamic deformation
and migration requires the introduction of disturbance to the equilibrium, e.g.
polymerisation-depolymerisation cycles for rearrangement of the actin filament
network.%> Out of equilibrium, propulsion forces are generated by polymerisation
at the leading edge of the cell transferring forces from the cytoskeleton to the
substrate, accompanied by depolymerisation at the rear end of the cell causing de-
tachment from the substrate.%%® Direct numerical modelling of these processes,
however, pose great computational challenges, such as the simulation of flexible in-
terfaces and multi-phase reactive flow.5%"2 Many theoretical studies simulate force
generation through the cytoskeleton and dynamic adhesion to ligands on the sub-
strate, but for simplification neglect the occurrence of deformation,” ™ although
most experimental systems show deformation caused by the particle’s motion or
the exertion of propulsion forces by deformation. On the other hand, Kruse et al.”™
simulates the polymerisation-depolymerisation process in terms of an active, polar
actin/myosin gel, which describes the shape and motion of lamellipodia including
a friction coefficient representing the force exerted to the substrate via adhesion
molecules. This model, however, considers the side view of lamellipodia as thin

gel layers homogeneous in y-direction, and simulates the one-dimensional time de-
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velopment of the height profile h(z) at the leading edge of the lamellipodium.

Other models focus on membrane bending forces, surface tension, and cross-
linked actin filament fields in two dimensions.5>"%"" For example, Shao et al. uses
the phase-field model of Collins and Levine™ in the description of cell interior and
exterior, separated by a diffuse layer representing the cell membrane. By applying
a fourth order non-linear partial differential equation including surface tension,
bending force, protrusion force from actin filaments, contraction force, and the
effective friction due to adhesion to the substrate, the persistent gliding motion of
epithelial keratocytes was successfully modelled. At quasisteady state for the per-
sistent gliding, however, effective friction is compensated by active protrusion and
retraction forces, setting the total force between substrate and cell equal to zero.™
Since in experimental systems regarding the active migration of hHSC, propul-
sion forces are exerted to the substrate via friction instead of exhibiting persistent
gliding, adhesion between cell and substrate needs to be explicitly considered. An-
other two-dimensional application of the phase-field model introduced by Ziebert

1.°5 has shown the simulation of propulsion forces through e.g. polymerisation-

et a
depolymerisation cycles. In this report, motion induced at the leading edge was
simulated by coupling the cell’s shape to the vector field of mean actin filament net-
work orientation (= polarisation). This phase field approach furthermore considers
the polarisation of actin filaments and traction forces to the substrate, inducing
contractile stress at the rear end of the cell. The resulting anisotropy successfully
leads to the modelling of crescent-shaped, migrating cells, as observed in exper-
iments on dynamics of keratocyte cells and cell fragments.® ™82 Furthermore,
actin protrusion rate, substrate stiffness, and adhesion rate have successfully been
implemented to this model.?? For considerations of distinct polymerisation cycles,
however, genetic expression of reporter markers is necessary to follow the reactive
processes inside the migrating cells, which is not applicable for the primary human

stem cell samples used in this work.

An alternative approach to the simulation of single-cell dynamics is the mod-
elling of collective cell behaviour as presented e.g. by Hiraiwa et al.,** where by
simplification of motility and driving forces, deformation of the particles is ex-
cluded. In this model, repulsion and scattering between particles is induced by
exclusion effects in 2D under conservation of preferred direction of motion, and

dynamic self-organisation of cells can be implemented through inter-cellular con-
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Figure 1.5.: Outline of theoretical model of deformable, self-propelled
particles by Ohta et al.%% (A) Set of differential equations connecting deformation
amplitude s, and direction 6, to intrinsic force g(™. (B) Trajectory (green) and
shape change (red) for the linear model. (C) Trajectory (green) and shape change
(red) in the presence of non-linearity. Adapted from Ohta et al.%®

tact communication.®®

An intermediate approach between modelling of intracellular processes and sim-
plified expression of motility and driving forces is presented by Ohta et al.52 In this
model, excitable or oscillatory intrinsic forces are connected to the cell’s deforma-
tion by a set of differential equations, allowing the simulation of migration induced
deformation, as well as deformation induced migration, where the velocity of the
cell is directly coupled to the friction between cell and substrate.525%8¢ Figure
1.5 (A) displays the set of differential equations for deformation amplitude s,, and
direction 6, alongside two exemplary trajectories for linear (B) and non-linear (C)
modelling of deformation induced cell migration.®3
Throughout this work, deformation and migration of hHSCs is modelled fol-

lowing Ohta et al.,®®

in absence and presence of clinical drug ADH-1. In the
experiments, frictional coupling between cell and substrate is controlled by lateral
density of ligand molecules N-cadherin, and investigated in terms of its influence
on the dynamic behaviour in experiment and simulation. Additionally, previously
reported results of similar stem cell experiments are further investigated using nu-

merical simulations.

1.4. Aims of this Study

The overarching aim of this thesis is to study the influence of external stimula-
tion on (A) the stability, structure, and electrostatics, and (B) the mechanical

properties and dynamic behaviour of biological interfaces. To do so, two sets
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of experimental setups are introduced: to determine the stability, structure, and
electrostatics of monolayers, a model system representing the outer membrane of
Gram-negative bacteria is fabricated at the air-water interface. Using X-ray tech-
niques under synchrotron radiation, the disturbance of the membrane’s equilibrium
state by surface active molecules is studied within A resolution. The second sys-
tem for the investigation of mechanical properties and dynamic behaviour of cell-
cell contacts utilises the model system of supported lipid bilayers, mimicking the
micro-environment of the human bone marrow niche. By the optical-microscopy
based techniques of micro-interferometry, laser-induced detachment, and live-cell
imaging, mechanics and dynamics of cell-cell interfaces are analysed, aided by nu-
merical simulations. Within this study, molecules antagonistic to the interface
composition are introduced as external stimulus to the model system, allowing the
analysis of direct perturbation to the system’s single components.

In chapter 4 the stability, structure, and electrostatics of LPS monolayers are
studied at the air-water interface, under the influence of external stimuli by BzA
and BAC. Section 4.1 presents the results from compressibility analysis, followed
by the investigation of structural changes by the addition of BzA (sec. 4.2), BAC
(sec. 4.3), and the synergistic effect of both additives (sec. 4.4). Finally, the ion
concentration profiles near the interface are presented and analysed in section 4.5.

Mechanical properties and dynamic behaviour of HSCs on surrogate substrates
displaying cell adhesion molecule N-cadherin are investigated in chapter 5. The
influence of clinical drug ADH-1, antagonistic to N-cadherin, is analysed in sec-
tion 5.1, wherefore in section 5.1.1, adhesion area and strength measured by p-
interferometry and laser pulse detachment are presented. Deformation and migra-
tion of HSCs are presented and analysed in sections 5.1.2 and 5.1.3, connecting
experimental results and numerical simulations. In section 5.2, the results from
unpublished experiments regarding deformation and migration of HSCs on vari-
ous surface densities of N-cadherin are reconstructed using numerical simulations.
Finally, section 5.3 presents the theoretical modelling of HSC dynamics under the

influence of NOX-A12, based on the experimental study from Monzel et al.’
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2. Theoretical Background

To study the influence of external stimulation on the stability, structure, electro-
statics, and dynamics of biological interfaces, two sets of experimental setups are
introduced. Section 2.1 presents the basic introduction to the X-ray technique of
X-ray reflectivity (XRR), followed by grazing incidence X-ray fluorescence (GIXF)
in section 2.2 for determination of stability, structure, and electrostatics of mono-
layers at the air-water interface.

For experiments on interactions at the cell-cell interface, the theoretical back-
ground of micro-interferometry will be introduced in section 2.3, followed by laser-
induced cell detachment (sec. 2.4), shape analysis (sec. 2.5), and migration anal-
ysis (sec. 2.6). Finally, in section 2.7 the theory of deformation induced migration

63,86

of self-propelled particles is presented.

2.1. X-Ray Reflectivity XRR

For the investigation of liquid surfaces and interfaces, most experimental tech-
niques in real space are not applicable due to the fluidity of the sample, or the
limited resolution of the technique. To overcome this obstacle, surface scattering
techniques utilising synchrotron radiation are introduced in the following section,
obtaining reciprocal-space information even from complex layered structures on
atomic scale. Furthermore, the resolution of the chosen technique not only reached
down to several A, but also covers the thickness of whole structures, reaching
the range of um. Therefore, detailed structures close to the surface as well as
characteristics of buried structures of stratified layers can be obtained with high
resolution and sensitivity. In the following section, the basic interactions of X-rays
with matter will be introduced, alongside with the basic properties and theoretical
background of the scattering technique, starting from the single, smooth interfaces

towards rough, multi-layered systems.5®
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Figure 2.1.: Schematic description of photoelectric absorption of X-rays.
Electron from an outer shell (L or M) filling a hole created in the inner K shell by
X-ray absorption, under the emission of K, or Kg radiation.?

X-Rays and Matter

X-ray photons of wavelength A ~ A and wave number k = 27” are able to interact
with matter in two different ways: first, by absorption the X-ray photon causes the
ionisation of an atom by energy transfer to the interacting electron, creating a hole
in the inner shell (e.g. K). If the hole is filled from an outer shell under emission
of a photon, this process is described as fluorescent X-ray emission. Dependent
on the source shell of the outer electron, the emitted radiation is classified as the
K, line (transition L — K), or Kz (transition M — K). Since this radiation is
element specific and depends on the atom’s abundance in the material interacting
with the X-ray, this footprint is widely used to estimate the concentration of
certain elements in a sample, or to identify the elemental composition of unknown
materials. In addition, to provide depth information about the the fluorescent
emission, X-ray fluorescence under grazing incidence angles (GIXF) can be used.
Further details about this method will be given in section 2.2. However, if the
radiation emitted in the process is immediately re-absorbed by a valence electron,

the valence electron can be ejected from the atom as an Auger electron.

The second type of interaction between X-rays and matter is scattering. Here,
the photon (incident, A™) causes the electrons to oscillate due to its oscillating
electric and magnetic field, by which the scattered wave (\,.) is radiated from the
oscillating electrons. This process classically occurs elastic, with AT = A, and is
widely used for the structural analysis of materials. The details of this method will

be given in the following paragraphs. In the occurrence of energy transfer to the
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2.1. X-Ray Reflectivity XRR

electron (quantum mechanics, AT < \,.), the scattering is described as inelastic

scattering such as the Compton effect.?®

Refraction, Reflection, and Scattering

For X-rays, the interaction with matter is dominated by atoms and their electrons,
depending on the energy of the radiation and the composition of the material. One
of the characteristic properties of a material is the refractive index, that defines
the interaction with photons based on its composition of atoms and electrons. The
behaviour at the interface between two media of different refractive indices n; and

no can be described by Snell-Descartes’ laws

nicosa’ = ngy cos oy, (2.1)
with the incident and scattered angles o™ and a,. between the X-ray and the
surface. Note that this definition in X-ray optics is different from the conventional
definition relative to the surface normal in visible optics. Furthermore, events of
reflection and transmission are characterised by Fresnel’s coefficients.®® Therefore,
the refractive index provides a link between radiation propagation and interaction
with matter by representing a model of continuous medium for the behaviour of
atomic scattering.?® 9
In X-ray crystallography, the plane wave E and the corresponding scattering

wave vector transfer g are defined as

E  efiwi=km) (2.2)

q= ksc - k+ (23)

with incident and scattered wave vectors k* and k.., respectively. Using the

description of the scattered amplitude €9 from the Born approximation and the
electron density p(r), the structure factor in X-ray crystallography is determined

in the form of:

f(g) = / p(r) 7P (2.4)

In order to describe the behaviour of X-rays at interfaces, the definition of the

refractive index
n=1-6-i8 (2.5)

15
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is used, including its real part 0 < 0 < 1, and its imaginary part § > 0. The
imaginary part is calculated in dependence on the attenuation coefficient p at
position 7 in the sample, following g = AZ—S:). Therefore, the refractive index n is
dependent on wavelength \ and attenuation coefficient .9

For electromagnetic waves of energy E = % matching electronic transitions in
the scattering material, the refractive index n exhibits resonant behaviour. Fur-
thermore, normal dispersion occurs for radiation below the resonant energy, as
it is usually observed for visible light. Above the resonant frequency, however,
n decreases with increasing radiation energy. This is typically the case for X-
ray radiation, since energies in the range of shell transitions and above are used.

Therefore, the unique phenomenon of a refractive index of n < 1 can occur.?

Wt for monochromatic waves.

Furthermore, time dependency is defined by e
Following the Helmholtz equation, the propagation of a wave of incident electric

field vector E*(r) = Ete* " in a medium of refractive index n(r) is defined by

V2E"(r) + |kt *n*(r)ET (r) =0 (2.6)

with the magnitude of the wavevector |k| = 27/A. Dependent on the position
r in the medium, dispersion d(r) and absorption §(r) in equation 2.5 can be
expressed in terms of the electron density o(r) and the linear absorption coefficient
w(r). For X-ray frequencies w larger than the resonance frequencies w; of atoms j

in the sample, dispersion and absorption are defined as

() = 2oy 3 L) (2.7

(r) (2.8)

with classical electron radius r., total number of electrons Z, and forced oscilla-
tion strengths of electrons of each single atom f; = f7 + f/(E) +if/(E) (including
dispersion behaviour dependent on radiation energy F). At low incidence an-
gles, the g dependence of f]Q gets negligibly small, allowing the approximation via
f]Q ~ Z;. Furthermore, for a homogeneous medium far away from absorption edges

o and u are considered independent from 7, which modifies equation 2.5 with eqs.
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2.7 - 28 to
n=1- )\—27”69 + iiu. (2.9)
27 4
Here, the scattering length density r.0 can be used to define the dispersion of
the medium. For X-rays, typical dispersion results in § = %reg ~ 107% and the

range of 3 ~ 107 — 1077 for absorption values.®®

Single Smooth Interface

For media of refractive index to X-rays of n =1 —¢§ < 1, Snell’s law of refraction
(eq. 2.1) for transmission from an optically denser medium (e.g. vacuum, n, = 1)

to the optically less dense medium (n < 1) can be re-written as
cosag = (1 —6) cosay . (2.10)

For total reflection at the smooth interface, the critical condition for the exit
angle of the transmitted wave is at o = 0, since in X-ray reflectivity the incident
angle is defined relative to the surface and not the surface normal. This leads to
the re-writing of eq. 2.10 to define the critical incident angle a., for which all

incident angles af < a. lead to total reflection:

cosa, = (1—10) cos0=1-04. (2.11)

With the small angle approximation of cos o, &~ 1— %g, eq. 2.11 can be expressed

by

a2

COSOéczl—?CZI—5 (2.12)

a. = V20 = /\\/? (2.13)

For total reflection, only a small part of the incident radiation is penetrating into
the medium defined by the evanescent field,®® as will be described in the following

paragraphs (cf. equation 2.23).

Fresnel Reflectivity To derive reflection and transmission coefficients at a single

smooth interface between two homogeneous media of different refractive indices,
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a plane wave Ej (r) is considered with wavevector kj following

0 cos ag
Ef(r)= | A | exp(ikg - ), ki =k 0 : (2.14)
0 —sinag

where reflected and transmitted fields E~ and E;” with corresponding wavevec-

tors k= and k; are defined as

0 COS (g
E (r)=| B | exp(ik™ -r), k- =k 0 , (2.15)
0 sin oy
0 ki,

C

0

exp(ik; - 7), kEf=10 |. (2.16)
/<7+

t,z

Ej(r) =

From the continuity consideration of the tangential component of £- and B-field
at the interface z = 0, the well known Fresnel equations®® of s-polarised waves (L)

are obtained. Reflection coefficient equal to the ratio of reflected amplitude over

incident amplitude r+ = %, and transmission coefficient via ratio of transmitted
amplitude over incident amplitude ¢+ = %, are defined using the notation k, = k:

7.+ 7.+
L ki — Kk

b=t (2.17)
kg + k'
2k
th =0 (2.18)
ko + k"

For p-polarised waves, the refractive index n influences the reflection and trans-
mission coefficients as a squared factor, but since for X-rays n =~ 1, the influence

of n is negligibly small.®8

Now, the Fresnel reflectivity Rp = |r|? of the reflected wave can be calculated

18
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from the complex transmission angle a; = oy + ic;_ following®®

_(of —a)’ +of
R = o o ol (2.19)
withafy =3 [ - 00) 45 (@ - 007)] . 220

where for large incident angles o >> «. the approximation for af > 3a.

4
results in Rp ~ ( 221) . In general, reflectivity is plotted against the z-component
0

of the wavevector transfer, in dependence on incident angle

4
¢ = Tﬂ sinag . (2.21)

For small ¢, < q., maximum reflectivity of Rr = 1 is observed due to the total

external reflection.®®

Penetration Depth For small incident angles of < a., the transmitted electric
field E;" is described by an exponentially decaying wave, due to the complex part

of transmission angle a; = ;. + iy, which governs the exponential function
Et+ _ |C| ei(k$zz—kzat+) ekzat, (222)

Using the penetration depth

N[

A= k:oi_ - ﬁ [\/«0‘3)2 —(@)?)" +482 = ((0g)? = (a)?) | . (2.23)

it can be seen that for small angles o — 0, the penetration depth Ay loses the

dependence from the wavelength \. Since Ay = ﬁ = \/471rﬂ= only the scattering

length density and therefore the composition of the medium contributes to the
penetration depth. Typical values are in the range of Ay ~ 50 A, making the small
angle scattering highly attractive for fluorescence X-ray emission measurements of
surface structures, since the induced fluorescence signal is restricted to originate

91

from regions close to the interface.”! For large angles o > a., absorption pro-

cesses in the medium dominate the penetration behaviour, and A exhibits a rapid
increase. For absorbent materials in the X-ray regime, the maximum value for
A _ 788

Apnaz = 75 lies in the range of ~ 10* — 10°A at incident angle af = z
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Rough Interface

Deviating from the ideal case of a smooth interface, experimental samples always
exhibit a certain roughness. Therefore, a quasi continuous change in electron
density between the two probed materials leads to the effect, that the refractive
index does not change discretely, but also continuously. This continuous change
can be understood as a set of thin consecutive layers of smaller changes in n.
By weighting the z-coordinates of the replacement layer j with certain probability
density and using the root-mean-square (rms) roughness 0'?, a continuous refractive

index profile can be defined as

nj+nje Ny — Ny (Z - Zj)
ni(z) = — erf . 2.24

Using this definition to calculate reflectivity and transmittance leads to the

modified Fresnel coefficients, where k=k,

F(G.4+1) = T(Gg+1) XP <—2

- - N2 (o))
and 1t 41) = e €XP <7€j - j+1> 5 (2.26)

ki (o)) (2.25)

at a single, rough interface between layers j and j+ 1. For the interface between
liquid and vapour, however, the hyperbolic tangent should be applied instead of

the error function. The difference to the error function profile lies at ~ 5%.%

Stratified Layers

Considering samples of distinct change in refractive index within the depth profile,
the continuous refractive index profile is no longer applicable. Instead, scattering
from a system of stratified layers is calculated via N + 1 layers of thickness d; and
refractive index n; = 1 — §; 4 if3;, as outlined in figure 2.2. Between the layers,
N interfaces are present at positions z; < 0, with the first interface at 2, = 0.
At each interface j, incident and transmitted waves are defined by amplitude E;;)
with wavevector k:?;.), and the reflected wave by amplitude EG) with wavevector
k(’j). Now, E;) can be determined either recursively, following the Parratt formal-

ism®? for calculating E(;) from the electric field amplitude from the adjacent, lower
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Figure 2.2.: Multiple reflections at stratified layers. Incident wave amplitude
EO+ under incident angle ag , interacting with N interfaces between N + 1 layers
of thickness d; and refractive index n;. Transmitted and reflected wave amplitudes

(]) and E(j k) propagating in layer j and indicating the origin of reflection, the
interface to layer k. Resulting waves from superposition of multiple reflections will
be indicated by E ( ) resulting in the total reflected wave amplitude £, . Angles of

transmission and reflection indicated by a(j) and a( )

or dynamically, following the equivalent formalism of the propagation

+1)
matrix between two adjacent layers as introduced by Abelés et al.?%%4

layer E(
Here, we
use the propagation matrix from layer j to j+ 1, with the change of phase between

layers expressed by 0, = /%UH) + /2:(]-), defined as?3°

1 S5 o - iz
P = [ exp (10-zG41) TG4 oxp ( 1+Z(J+1))]‘ (2.27)

tatn (TG exp (1042¢11)) exp (—10-2(;41))

Since for propagation through consequent layers of different refractive indices

the propagation matrices for each interface need to be multiplied, this leads to

+ N N
E, H H Pl N+1) _ H 1 a b E£N+1) 7
E, t(z i+1) (N+1) o taavny e d E(N+1)

(2.28)
N
with J[ Py = [¢ 4]
i=0
To define the boundary conditions of the recursion, in layer j = 0 (vacuum),

E{ is set equal to 1 as incident amplitude. For the bottom edge of the layered

structure at N + 1, no radiation will be reflected due to the limited penetration

w41y = O-
For determination of the total reflection and transmission coefficients r and ¢,

depth, leaving E,
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Abelés defined the following equations:?%4

Ey, ¢
_ -0 _Z 2.29
r E(«)l» a ( )
E+ 1 N
(N+1)
t = - - t(i’iJrl), (230)
Ef a g
2
where the experimental data yields the reflectivity R = ]7“]2 = §_0+ = |§’2
0

Finally, as introduced by Abelés, the amplitudes of the transmitted and reflected
waves E1(z) and E~(2) at depth z in the sample can be calculated from the electric

field amplitudes E(J;) and E&) at interfaces (7 — 1,1) and (4,7 + 1) following

j—1
E*(2) = E(J;) exp (il;‘z;) (z — Z d2>> (2.31)
=0
j—1
E~(z) = B exp (—ik:(_j) (z — Z dl)> : (2.32)
i=0

considering the distance between absolute position z and the absolute position
of interface j at ]il d;. Using these expressions in combination with the properties
of thickness, eleggon density, and roughness determined from fitting the exper-
imental reflectivity data, the illumination profile across the stratified layers can
be calculated. This is necessary for further investigation of element specific ion

distributions in the layered system, as will be presented in the following section.

2.2. Grazing Incidence X-Ray Fluorescence GIXF

As introduced before, reflection and transmission is not the only interaction of
X-rays with matter. If the radiation is absorbed by energy transfer to a core
electron and the thereby created hole filled by an electron from an outer shell, this
transition results in the emission of fluorescence in the X-ray regime. Since the
energy of this radiation is equal to the energy difference between the two shells
involved in the transition, the emitted fluorescence line is characteristic to the
corresponding chemical element. Therefore, fluorescence lines are characterised

by the chemical element and its shells involved in the transitions, e.g. for X-ray
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Figure 2.3.: X-ray fluorescence spectrum of pure subphase containing CaCls,
measured at energy £ = 10keV. Element specific lines of calcium and chloride at
Ca-K, =3.TkeV, Ca-Kg = 4.0keV, CI-K, = 2.6keV, and Cl-Kz = 2.8keV, respec-
tively. Incident beam scattered elastically and detected at £ = 10keV.

fluorescence emitted from a calcium atom, under transition from L to K shell, the
line is specified as Ca-K, as presented in figure 2.3. For the K, line emitted by an
atom of atomic number Z, an approximation for the energy can be made following
Moseley’s law?®

Fxo ~ 1.017 x 107%(Z — 1)*. (2.33)

Furthermore, the intensity of the emitted fluorescence is dependent on the abun-
dance of the element in the sample, and on its absorption cross-section. Therefore,
the fluorescence spectrum of a sample can be used to analyse its exact, element
specific composition, i.e. elements present in the material with the corresponding
concentration.

Using the amplitudes of the transmitted and reflected waves E7(z) and E~(z)
(cf. equations 2.31 — 2.32), the illumination profile across the stratified layers is
calculated with high accuracy, due to the small penetration depth of X-rays under
small (grazing) incident angles (cf. eq. 2.23). In order to determine the electric

field in layer j at depth z, equation 2.28 is separated at E(; into the following

Ey b E+
_ Py |9 (2.34)
<E0> 1.11 Liiit1) jHo (Git) E&)

Ef A E,
(E(Z)) = H HP(““) E(_NH) (2.35)

) iy L) i (N+1)

parts:
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For simplification, the product of the matrices P; ;1) to Py n41) is defined as

N a; bj
T Pei = |25 ]
=7
Using the boundary conditions defined in the previous section, equation 2.35 is

+ N +
(Em) “11- [aﬂ‘ b; <E<N+l>> (2.36)
E(;) i—j t(i,i+1) Cj dj 0

derived to

N
1
+ . I 7
= Bl = q 1} . B (2.37)
A
Ej =c g s Ely v (2.38)

Using the definition of the total transmittance (cf. eq. 2.30) gives the expression

for the electric field amplitudes at the interfaces (j — 1,7) and (5,7 + 1) as

7—1
a .
El = [Tty =By (2.39)
i=0
j-1 .
i=0

The fluorescence intensity of an element at a certain distance from the in-
terface is dependent on the illumination profile of the incident radiation at the
same position. From XRR measurements, the illumination profile [;;(z,a) =
|E*(2,a) + E~(z,a)|* in a complete set of stratified structures can be calculated
in dependence on position 2z and incident angle «, using the matrix propagation
technique, as introduced in section 2.1. Furthermore, the parameters of layer
thickness and electron density obtained from XRR analysis are used for further
GIXF reconstruction. From this illumination profile I;;(z, «), the fluorescence in-
tensity I/ (z, ) from an element 7 at a distance z from the air-water interface can

be written as:
o0

I (z,0) = S/Im(z, @) ci(z) e *tidz. (2.41)
0
Proportional constant S' is scaled out after the normalisation of fluorescence sig-

nals from the sample by fluorescence signal from the blank subphase. Attenuation
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2.3. Reflection Interference Contrast Microscopy RICM

of the fluorescence emission between position z and the detector is represented by
the exponential term, considering the attenuation length L; of the subphase at
the characteristic fluorescence line 7. For fluorescence emitted by e.g. potassium
and calcium dissolved in water, the attenuation length of water regarding these
chemical elements is Lg_ g, = 68.1 um and Lo, go = 93.7 um.

Finally, to calculate the fitting function for the measured fluorescence intensity

profile I/ (z, ), the lateral concentration of element i at a depth z is used in the

6(2) = 0o+ e LEEZFE) (—(Z_—ZHC)z) . (2.42)

2
Zmax 2z max

form of:

Here, the bulk concentration ¢y, and the position of interface between hydrocar-
bon chains and carbohydrate head groups zyc are known from sample preparation
and XRR analysis, respectively. The floating parameters of maximum ion concen-
tration cpax and the peak position of the maximum concentration z,,, are fitted to
match the measured fluorescence intensity by assuming an asymmetric Gaussian
distribution, using Levenberg-Marquardt nonlinear least square optimisation.®
By this method, element-specific ion distributions can be reconstructed within A
resolution, which provides a powerful tool to unravel the electrostatic composition

of interfaces.

2.3. Reflection Interference Contrast Microscopy
RICM

In order to investigate mechanical properties and dynamic behaviour of hHSCs on
surrogate substrates, label-free, non-invasive experimental techniques are of great
importance. In the following sections, the basic principles of micro-interferometry,
laser pulse detachment, and analysis of live-cell imaging are introduced.

As introduced in section 2.1, an incident beam of light illuminating a sample
surface is split at interfaces of different refractive index into reflected and trans-
mitted beams, following Fresnel’s law of reflection (cf. eq. 2.17 — 2.18). Using
visible, monochromatic light under homogeneous epi-illumination, geometries of
objects close to a planar surface can be investigated with micrometer accuracy

by the label-free optical technique of Reflection Interference Contrast Microscopy
(RICM).%7
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Figure 2.4.: Principle of micro-interferometry. (A) Reflection of incident wave
Ej at multiple interfaces of different refractive indices n,;. (B) Spherical polystyrene
bead (diameter 10 um, left) with respective characteristic interference pattern (right),
showing Newton’s rings.?® Scale bar 2 um.

For simplification, the system of interest is considered as a set of n homoge-
neous, isotropic layers with parallel interfaces as illustrated in figure 2.4 (A), as
introduced for XRR (cf. section 2.1). Considering the superposition of electromag-
netic waves reflected at each interface between layers ¢ and 7 4+ 1, with reflection

coefficient r(; ;1) and transmission coefficient £ ;1) = /1 — r( the total re-

i,4+1)°
flected intensity I, can be expressed following®®

2 . )
(02) T ] = [ronEd + M —ryrayEee ™ + .7,

(2.43)

where ¢;...0; describes the phase shift of the wave after layer i. Re-writing

Ly = [E L E-

(0,1)

Fresnel’s equation 2.17 in terms of refractive indices n; and angles of reflection
0, = 0, and transmission ¢, = 0;;1, the reflection coefficients r(; ;41) for waves
polarised perpendicular (L) and parallel (]|) to the plane of incidence are defined

as

- + - +
N n; cos 0, — niqq cosl; I N1 cost; —mn;cosO;

T'(i,i+1) (0) =

" a1 cosf; + mycos 0,
(2.44)

Note that in visible optics, # is considered in respective to the surface normal,

n; cos 6, + n;;; cos 9;:1

while in section 2.1 for X-ray optics « is defined relative to the surface. The phase
shift ¢; is calculated in dependence on the layer thickness d;, considering Snell’s
law 0, = sin"!(ng/n;sinf7) for defining the angle of reflection 6; in terms of

incident angle 07, which yields the expression

27m,-di 0- 27Tdi
P = cosl; =
LA DY

n? — nsin20 . (2.45)

Using the definition of equation 2.45 and assuming the negligence of multi-
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2.4. Laser-Pulse Induced Cell Detachment

reflections, the total intensity reflected from a system of multiple layers under
quasi-perpendicular illumination of incident angle 6, = 0 can be expressed as

2

m i
L2
Liot(z,y) = | Eq (2,y) (7“(071) +D i {H (L —=rf_1 ;) exp <—1 N 2nidz‘(l‘=y))] ) 7
i=1 j=1

effective reflection coefficient R

(2.46)
where R represents the effective reflectivity and interference occurs between
waves of identical polarisation. Dependent on the local thickness d;(z,y) at posi-
tion z,y, inhomogeneities in the layered system are directly identifiable by devia-
tions in the local interference patterns, characterised by the optical path difference
A; = 2n;d;(z,y). In the present work, the functionalised substrate is considered as
consisting of parallel, homogeneous layers, whereas the height between substrate
and the bottom cell membrane is viewed as a layer of cell medium of inhomo-
geneous thickness. Arising from the deviations of layer thickness d;(z,y), the
effective reflection coefficient R exhibits minimum and maximum values depen-
dent on destructive and constructive interference for wavelength A and the optical
path difference of

1
Adest = <l€ + 5) /\, Aconst = k?)\, with k£ € Z. (247)

In practice, these undulations are visible as the characteristic Newton’s rings
appearing for spherical objects (cf. fig. 2.4 (B)). In general, for an inhomoge-
neous layer the reconstruction of the relative height profile is possible, assuming
known thickness d; and refractive index n; of all layers. Under the application
of dual-wavelength RICM,*® however, even the absolute height profile can be re-
constructed, due to the information gained from the parallel use of two different

wavelengths.

2.4. Laser-Pulse Induced Cell Detachment

For the determination of adhesion strength between cells and substrates, several

methods have been developed over the years, such as single-cell detachment by

47-51

micropipette aspiration, optical and magnetic tweezers,” %> or AFM scratch-
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2. Theoretical Background

56799 Due to the disadvantages of small force ranges, low statistics, elastic

55

ing
deformation, and mechanical damage of the cells,” one of the more recent tech-
niques circumventing these limitations was chosen for this study. Introduced by

1,9 multi-photon absorption at the focal point of an infrared, high-

Yoshikawa et a
powered pico-second laser pulse (A = 1064 nm) induces the formation of a cavita-
tion bubble through the evaporation of aqueous medium, upon whose collapse a
strong pressure wave is created, propagating at supersonic velocity. Figure 2.5 (A)
displays the schematic principle of the laser-pulse induced cell detachment, with
(B) the corresponding positions of adherent (black) and detached (red) cells after
exposure to the shock wave propagating from left to right. The short exposure
to the detachment pressure ensures the prevention of cell deformation, whereby
the detachment force can be determined without corruption. Damage to the cells
caused by exposure to aqueous vapour is excluded by estimating the maximum

100,101

radius of the cavitation bubble and removing cells within this radius from

analysis. A mathematical description for the propagation of cavitation bubbles

yields the relation between wave pressure P and distance from the focus r(t)

as:1007102

u(t)—cq

P(r(t)) = c1pov(t) (10 2 — 1) + Do (2.48)

with the density of aqueous medium before compression by the shockwave py,
velocity of the shock wave v, sound velocity c¢q, hydrostatic pressure p.., and the
empirical constants ¢; = 5190m/s and ¢, = 25306 m/s.'% Using the modified
Rayleigh equation, the maximum radius of the cavitation bubble in dependence

on its collapse time 7, can be written as'®*

Tc Poo - PO
Rz = , 2.49
0.915 o (2.49)

where the difference between static pressure and vapour pressure inside the
cavitation bubble is given by P, — Py = (10° — 2330) Pa at 20 °C.}* Considering
the boundary of the planar substrate, the collapse time T, is altered by factor k,

depending on the ratio of distance L between laser focus and boundary, and the

cavitation radius R,uqz °°
T R
= ¢ —14+041 22, 2.50
K T + 57, ( )
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2.5. Deformation Analysis
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Figure 2.5.: Schematic principle of laser-induced cell detachment.

(A) Detachment of cells by shock wave induced via pico-second laser pulse. Pres-
sure P dependent on distance to position of laser focus, determined via calibration
measurement using pressure sensor. (B) Positions of adherent (black) and detached
(red) cells after exposure to shock wave propagating from left to right (black arrow).
Wave fronts of decreasing pressure with increasing distance indicated by black semi-
circles of decreasing line thickness.

For simplification, it is assumed that the distance to the rigid boundary of the
sample is significantly larger than the radius of the cavitation bubble (L >> R,,4.),
leading to a value of kK = 1. Therefore, R,,., can be estimated by the measurement
of the collapse time 7, as determined to be ~ 100 us from experiments in the
present work.

By inducing pressure via laser power in the range of 1 — 30mJ, detachment
forces applied in the present work are approximately six orders of magnitude larger
than those of the aforementioned detachment experiments. Cell statistics in this
experiment depend on the size and density of seeded cells. Throughout this work,
each sample contained several 1000 cells, that could be analysed after the exposure

to one single pressure wave.

2.5. Deformation Analysis

To assess active energy consumption, i.e. by processes such as the bending of

1077109 gpatial frequency

membranes and the remodelling of cytoskeletal structures,
domain analysis is used to quantify the temporal changes of cell shapes and migra-
tion. Motility is most commonly viewed as static translation under the negligence
of deformation processes.!'%1!2 In this study, however, not only translation, but

also deformation is analysed, using the definition of cell shape in terms of its av-

29



2. Theoretical Background

A

single frame

om m 2 2 4
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Figure 2.6.: Shape analysis of time lapse experiments. (A) Single frame of
cell in phase contrast image, indicating cell radius r(«). (B) Polar plot of r(«) for
determination of contribution from individual modes of deformation, and (C) power
spectrum of deformation for exemplary single frame.

erage radius ry with deviations dr(a,t) in space and time, following!*?
r(a,t) =ro(l+ dr(a,t)). (2.51)

Figure 2.6 (A) presents a single frame from a time series of phase contrast
images, displaying the cell radius r in dependence on polar angle .. In panel (B),
r(a) is plotted in polar coordinates, including the average cell radius ry (dashed
line). Treated as a spatio-temporal wave, the normalised shape deviations dr(a,t)
can be represented by spatial harmonics of sinusoidal frequencies, using Fourier

series expansion to calculate the corresponding Fourier coefficients c,, !

o0

Orm(at) = > cplt)e™. (2.52)

m=—0oQ

For assessing the contribution of each spatial mode m to the overall shape of the
cell, the complex fast Fourier transform is utilised to calculate the power spectrum

of shape deviation

T, = <FTm (6r(a, 1)) - FT, (0 (cx, t))>t. (2.53)

Here, time-coefficients for cells with high motility can be calculated by a second,
temporal FFT over the temporal fluctuations of the spatial harmonics, where dy-
namic changes are characterised by the corresponding temporal frequencies.!'? In
the present study, however, cells exhibited only a low amount of motility, wherefore

the amplitude of temporal changes in spatial harmonics was very low. Therefore,
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2.6. Migration Analysis

only the spatial FF'T was further analysed, presented by the time-average over one
hour of observation time.

In general, spatial frequency domain analysis is sensitive to the cell size, repre-
sented by mode m = 0. To provide comparability between different experiments
and cell types, the power spectrum I',, is normalised by the contribution of mode 0,
namely ['y, excluding effects of isotropic expansion and contraction from analysis.
Furthermore, the contribution of translation (mode m = 1) is also removed from
analysis by the definition of center-of-mass position as the origin in the inertial
frame. Due to these normalisation steps, I',, is presented in dimensionless units.
As presented in fig. 2.6 (C), the normalised power spectrum exhibits amplitudes
corresponding to the contribution of each mode to the overall shape. This calcula-
tion of power spectral density allows the comparative analysis of cell deformation,
since it is proportional to the mechanical power dissipated by morphological dy-
namics.!?

For analysis of temporal patterns, exemplary auto-correlation maps were calcu-

lated following the auto-correlation function of shape deviations

(Or(a + Aa, t + At) - or(a, 1)),
<(5T(O‘7t))2>t |

ACF(;N;T(AO(, At) == (254)

where the time period T of oscillatory deformations could be extracted (cf.
section 3.6, figure 3.9).

2.6. Migration Analysis

For migration analysis, experiments considering not only start-to-end point de-
termination, but also cell behaviour during migration are of great importance.
Experimental systems of migration are typically investigated by performance of
time-lapse experiments, from which the center-of-mass position of cells is tracked
over time T, with a time interval of At. The resulting trajectories are analysed in

terms of persistence and mean squared-displacement.

Persistence [Following the migration analysis presented by Ohta et al.®¢ and
Svensson et al.,''® trajectories of migrating cells are analysed in terms of persis-

tence. Describing the correlation between velocity v at time points ¢ and t + At,
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Figure 2.7.: Migration analysis. (A) Exemplary trajectory indicating positions r
at time points ¢ and ¢ +nAt, with motion between time points at angles 0;1pa¢. (B)
Behaviour of M SD(At) for different types of migration following M SD = 4D(At)“:
supra-linear relation o > 1 for directed migration, linear relation o = 1 for normal
diffusion, i.e. free diffusion, and power-law behaviour o < 1 for anomalous diffusion.
Exponential relation MSD ~ —e (A1 for confined diffusion.*!”

the persistence time 7 increases with more directed trajectories. For determina-
tion of persistence time 7, the autocorrelation function of the direction of motion

is calculated using®®
. . At
ACF(At) = (cos 0, - cos Oyynr + sin 0y - sin Qynr), = exp | —— |, (2.55)
T

where the angle 6 describes the absolute orientation of the movement at time
t, as depicted in fig. 2.7 (A). Fitted with an exponential decay function, the
persistence time 7 is determined as the exponential decay time of the ACF. An
alternative approach is to analyse the correlation not in time, but in space, which

results in the determination of the persistence length.

Mean Squared-Displacement The dynamic properties of a moving object not
only result in a typical behaviour of migration direction, but also a characteristic
mean squared-displacement (M SD), which can be calculated from the object’s
trajectory. From the individual positions r; over a total tracking time 7', the

MSD is calculated using the following equation:

T—-At

MSD(At) = {(Ara)*) = A > (re—reead)?. (2.56)

In order to achieve uniform sampling and equivalent weighting of all segments,

the MSD is averaged over all pairs of points with time lag At, i.e. total internal
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2.6. Migration Analysis

averaging.''® Figure 2.7 (A) displays an exemplary trajectory with positions r;
and 7 ,A¢, as used to determine the MSD. In panel (B), the different types of
migration are displayed with their characteristic curves, which are defined depen-

dent on their time-behaviour following the general form!!?

MSD(At) = AD(At), (2.57)

where D describes the diffusion constant and « the anomalous exponent.

For migration at random walk, the anomaly parameter « is known to be equal
to 1, representing the linear behaviour of (r?) ~ At labelled as normal migration’.
This behaviour is most often found in experiments using cells in a 2D-environment
in the absence of external stimulation, where the non-directed migration behaviour
can be described by Brownian motion.?%

For values of a > 1, migration occurs in a directed behaviour, where the special
case of & = 2 leads to the linear relation between change in position and time
interval VM SD ~ At, characterised as ballistic motion. This type of motion can
be expected from cells following mechanical or chemical cues e.g. a chemokine
gradient, 217124

For a cell in a heterogeneous environment, anomalous or confined migration is
observed in most cases. This type of migration may occur in systems, where not
all neighbouring sites can be visited with equal probability, due to e.g. inhomo-
geneities on the substrate or collision with neighbouring cells. Dependent on the
environment, the migration behaviour can be described as anomalous, following
equation 2.57 at a < 1. Another variation of restricted behaviour is described as
confined migration, which is mostly found in crowded systems, where collisions
with neighbouring objects restrict the path of random walk. To determine the re-
lation between diffusion coefficient D and the geometry and mobility of obstacles,
the dynamic behaviour of crowded systems can be defined from Monte Carlo and

Brownian dynamics simulations as'!"125128

__4BDAt
MSD(At) = (r2) (1 —Ae (%) ) , (2.58)

where (r?) describes the size of the subdomain, within which the observed object
is able to migrate, and A and B represent parameters set by the geometry of the

domain.

33



2. Theoretical Background

Throughout this work, the diffusion coefficient D of each trajectory is deter-
mined by a linear fit to the linear part of each MSD according to equation 2.57
with o = 1. Artefacts that occur in the statistical analysis of trajectories are
dependent on the length of the trajectories Ny and the number of time steps Np
used for fitting the M SD. In order to minimise the error due to statistical inaccu-
racies, the fitted region of the M SD curves should be chosen to be 10 - 25% of the
total trajectory length, since the number of pairs averaged over is much smaller

for large time lags At than for short time steps.'®

Migration Velocity In order to follow previously published results from cell mi-
gration experiments, trajectories were further analysed in terms of migration ve-
locity. Therefore, the average migration speed was calculated according to Monzel

et al. by averaging over the step size in each frame®”

(v), = <A£§t>t (2.59)

2.7. Theoretical Model of Cell Crawling

To understand self-organisation on a macroscopic scale far from equilibrium, the
dynamics of self-propelled particles are of great interest. Many theoretical studies,
however, consider force generation through the cytoskeleton and dynamic adhesion
to the substrate ligands, but neglect the occurrence of deformation,”™ ™ although
most experimental systems show deformation caused by the particle’s motion or
the exertion of propulsion forces by deformation. Other models that focus on
membrane bending forces, surface tension, and cross-linked actin filament fields

™ although propulsion

exclude the occurrence of interaction with the substrate,
forces to the substrate are exerted via friction. Therefore, it is of great importance
to consider friction and deformation for modelling the self-propulsion of biological
particles.%?

Throughout this work, single-cell experiments were performed using primary
stem cells from umbilical cord blood. Since these cells were used within 6h af-
ter donation, no culturing or molecular markers could be introduced. Therefore,
a theoretical model excluding molecular processes was applied to simulate the

collision-free migration of single, deformable particles.
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2.7. Theoretical Model of Cell Crawling

In the following section, the principle of the model introduced by Ohta et al.
will be explained. First, in section 2.7.1 the cell’s deformation will be derived from
the deformation tensors on the predominant modes of deformation, whereafter the
time-evolution of the intrinsic forces will be introduced in section 2.7.2. Finally,
the results of the differential equations will be presented in the overall equation of

motion in section 2.7.3.

2.7.1. Deformation Tensors

The aim of this model is the simulation of migration, induced by the deformation of
biological particles. In general, this type of migration is observed in crawling cells,
where elongation in combination with formation of head-tail asymmetry leads to
self-propulsion. Using the same definition as introduced in section 2.5 for defor-
mation analysis, the simulated shape of the self-propelled particle is expressed in

terms of its average radius Ry with deviations dR(«, t) in space and time
R(a,t) = Ro(1+ 6R(a, t)). (2.60)

Treated as a spatio-temporal wave, shape deviations 0 R(a, t) can be represented
by a Fourier series determining the Fourier coefficients ¢,, and the extent of defor-

mation from the circular shape s, following®

ORu(o,t) = > colt)e™, (2.61)
| S
with ¢, =5 e, (2.62)

The motion of deformation and migration in two dimensions is described by the
coupling of symmetric, 2" and 3™ rank deformation tensors®® S;; = s(n;n; — 36;;)
and Uy, = s (ninjnk — }1 (035 + Ok +(5ki)) to the velocity components v of the
center of mass®

U = ’YSijUz'jk, (2-63)

with the components of the unit vector n = (n;,n;) in direction of the elongated
axis of the simulated cell, 7, j, k € [1, 2], and the mobility -y representing the friction
between cell and substrate.

The tensors for elliptical and triangular deformation S;; and U, can be rewrit-
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Figure 2.8.: Simulated modes of deformation. Illustration of simulated defor-
mation modes n = 2, 3 and combined simulation of mode 243 in Cartesian (top) and
polar (bottom) coordinates, including simulation angles 0, 63, and 6. Polar plots of
radius R(«) (coloured lines) in arbitrary units, average radius Ry = 1 (broken lines).

ten using the Fourier coefficients defined from the shape of the cell in eq. 2.62.
Due to normalisation, the coefficient for isotropic expansion ¢ is removed from
the series, and the coefficients for translation c4; are implemented in the velocity
of center of mass v,. With 0y and 65 defining the direction of the elliptical (mode

2) and triangular (mode 3) deformation, the tensors are rewritten as:®?

SH = Cy+C_9g= 2@2 COS 262 = —SQQ, (264)
812 = i(CQ — C,2> = 2@2 sin 292 = 521, (265)
Ui = ¢34 c_3 = 2a3 cos 203 = —Ujag = —Usz1o = —Usay, (2.66)
U222 = —1(03 — C_3) = —2a3 sin 26)3 = _U112 = —U211 = —Uggl, (267)
where as, az > 0.
Using this definition, eq. 2.63 can be expressed as
v = ’)/[(Sll — 522) U111 — 2512(]222] = ")/[28253 COS(3(93 — 292)}, (268)
Vo = ’Y[(SQQ — Sll) U222 — 2512(]111} = ’)/[28283 sin(393 — 202)], (269)

with sy = 2a9 > 0 and s3 = 2a3 > 0.

The vector components v; = v cosf and vy = v sin@ of velocity v lead to the
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2.7. Theoretical Model of Cell Crawling

expression of amplitude |v| and direction @ of the cell’s movement following

|v] = 2[y|s2ss, (2.70)
0 — 30, — 20, — U, (2.71)

The experimentally observed behaviour of the cell following the direction of a
broader ’head’ instead of a narrow ’tail’ after break of symmetry is implemented
by the definition of ¥, = 0 for v > 0 and ¥, = 7 for v < 0.5 Simulated modes of
deformation n = 2, 3 are plotted with corresponding simulation angles 6, 03, and
in figure 2.8. For calculation of v using equations 2.70 and 2.71, the time evolution

of deformation parameters ss, s3, #5, and 03 will be derived in the following section.

2.7.2. Time Evolution and Intrinsic Forces

In order to compute the migration of a cell over time, the time evolution of deforma-
tion needs to be defined. This time evolution is implemented in the time-derivatives
of the deformation tensors, which are governed by time-dependent intrinsic defor-
mation forces Fi(j?) (t) and Fl(j?’k) (t). Obeying the definition for the time-derivative
of velocity %vi = kv; — a|v?|v; + d'Sijv; + a”S;;Usjk including general constants a,

a’, and a”, the derivation of the deformation tensors are given by®% 3
Sl“ 5@ 2
dt —FK25i5 + by <W’j - ijkvk) + Fz(g (1), (2.72)
Uz" UnUp
d;k = —r3Usji + do [Uivjvk i (Gij0% + djxvi + (5;.”1)]')] + F;(gglc) @). (273

The line tension of the cell membrane is represented by the relaxation rates ko
and k3, which are positive constants defined in eqs. 2.72 and 2.73 with a negative
sign. Without changes in the deformation by an intrinsic force, the relaxation

rates will cause the shape to return to its relaxed, circular state, at which the
S Uijk

-1 = =% = 0 is reached. The non-linear coupling between direc-

tion of deformation and velocity is induced by the constant, non-linear coupling

equilibrium of

parameters by and dy, which can be used to introduce persistence to the system.
Further non-linear coupling of Ujjxv, and S;;vy is excluded from this model.?%%
To induce deformation, intrinsic force moments Fi(f) (t) and Fg}g (t) acting on the

cell membrane are introduced. By integrating the forces f;(a,t) over all positions
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a on the cell boundary, the force moments are written as®®
2
Fé)@)::j/daamﬂ(mt% (2.74)
Fﬁ,ﬁ(t) = /da 225 fr(a,t). (2.75)

For simplification, the force tensors are defined in the same symmetry behaviour
as the deformation tensors defined in eqs. 2.64 — 2.67, and can be expressed in

terms of time-dependent amplitudes g™ (t) and phases O by%3

2 2
F(t) = ¢?(t) cos20), (2.76)
Fz(jg) (t) = g®(t) cos 3@5?,1 (2.77)

For constant deformation amplitudes ¢® and ¢®®, continuous migration would
occur at constant elongated shape. Phases @Z(»?-) and @l(j’,l can either be chosen to
match the direction of deformation, i.e. defining the migration to be induced by
deformation, or to match the direction of motion, i.e. defining the deformation
to be induced by migration. Throughout this work, the first case of deformation

induced migration is considered, and the phases are defined as®

0 =0, (2.78)
@?zey—g (2.79)
o =6, (2.80)
0% =05+ —. (2.81)

2

In general, the computation of deformation induced cell migration is based on the
time-dependent amplitudes of deformation forces, where elongation is followed by
break of symmetry in a recurring manner. This time behaviour can be realised by
defining the deformation force amplitudes e.g. as oscillatory forces or an excitable
system of certain time period,®® and by introducing a phase shift between mode 2
and mode 3 deformation so that mode 3 follows mode 2. Since recent reports®® as
well as experiments performed within the framework of this thesis showed oscilla-
tory behaviour in the deformation patterns of hHSCs, the deformation forces were

also defined as oscillatory throughout this work. The time-dependent amplitudes
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— qg@

— q®
000{ — 9

400 410 420 430 440 450
simulation time [a.u.]

Figure 2.9.: Time evolution of deformation force amplitudes. Amplitudes
g™ of mode 2 (green) and mode 3 (blue) deformation forces with oscillation period
T = 10 time units and phase shift ® between modes 2 and 3, over simulation time
400 — 450 of 500 time units.

of deformation forces are defined as®®

1 + cos(wt 2

9@ (t) = g + g5 <%) , (2.82)
1+ cos(wt — ® 2

gV () =9 + g5 ( (2 )> , (2:83)

with the offset g((;"), amplitude gé"), and phase shift ® between mode 2 (elonga-
tion) and mode 3 (break of symmetry) oscillations. For simplification, the number

of free parameters is reduced by the definition of the offset g((;Q) = g((;?’) = ¢. and

the amplitude g(()z) = 2983) = 2¢. of deformation forces.® Time evolution of defor-
mation forces g™ (t) is plotted in figure 2.9 for mode 2 (green) and mode 3 (blue)
over simulation time 400 — 450, with oscillation period T = 27” = 10 time units.
Note that with a time increment of 6t in the simulations 1 time unit [t.u.] = 5
simulation steps.

For reproduction of the stochasticity observed in magnitude and direction of
deformation from cell experiments presented in this work, both amplitude ¢
and phase O of the deformation force are introduced to random Gaussian noise.

Using the noise terms &, on force amplitude, 7, on force phase, and eqs. 2.78 —
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2.81, equations 2.76 and 2.77 can now be rewritten as

FE = (¢2(t) + &(1)) cos2 (62 + na(t)) (2.84)
Fy = (g2(t) + &(t)) sin2 (6 + ma(t)) . (2.85)
F3) = (99(t) + &(t)) cos3 (05 + (1)), (2.86)

(9 (t) + &(1)) si 3(1)) (2.87)

2.87

where (n,) = (£,) = 0. For both noise terms, non time-correlated Gaussian

noise of amplitude D, is used, following

(¢) =0, (2.88)
(C@)¢ct)) = DZo(t —t'). (2.89)

For simulations in terms of discrete steps i of time increment ¢, also a discretised
form of the noise is applied, using the random uniform distribution G; € [—1,1]
to define the noise

G = D¢ G, (2.90)

which is numerically accurate for sufficiently small 6¢.5%1%° The discretised noise
term is then implied into the differential equations of general form

dX (t)

— = [(X0) + hX0)C() (2.91)

via Euler-Maruyama scheme for discretised simulations, where values of function

X at time step ¢ + 1 are determined from previous step i by!3°

X1 — X, = f(X,)6t 4+ D:Gih(X;)Vt. (2.92)

This stochasticity in the time-evolution of deformation is essential for the sim-

ulation of random cell migration.

2.7.3. Differential Equations of Deformation

For calculation of deformation induced migration in the absence of inertia following

dﬁz‘j d(é?k (cf. egs. 2.72 — 2.73) are

expressed using the definitions of migration angle 0 (cf. eq. 2.71) and deformation

equation 2.63, the differential equations of and

40



2.7. Theoretical Model of Cell Crawling
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Figure 2.10.: Time evolution of deformation amplitudes, migration veloc-
ity, and center of mass position. (A) Amplitudes of mode 2 (green) and mode
3 (blue) deformation, with migration velocity (red) over simulation time 400 — 450
of 500 time units, and oscillation period of deformation forces T' = 10 time units.
(B) Trajectory of center-of-mass position (CM) calculated from velocity v according
to |v| = 2|y|s2ss (cf. eq. 2.70) and 0 = 303 — 203 — U, (cf. eq. 2.71).

forces F™ (cf. eqs. 2.84 — 2.87), which yields the set of differential equations for

amplitude s,, and orientation 6,, of deformation®? 63
% = —KaSz + (902_112 cos(66a3 + 2,) + gP(t) + & (1), (2.93)
% = —ZO—:: sin(6055 + 2W,) + 2 (22(t)n2(t), (2.94)
% = —K3s3 + dOTv?’ cos (663 + 3W,) + g (1) + &(1), (2.95)
% = —fgzz sin(6055 + 3W,) + 2 (Zt)ng(t), (2.96)

where 093 = 0, — 3. Relaxation rates ko and k3 are positive constants, yielding
a stable, circular shape in the absence of intrinsic forces. Front-rear asymmetry
of simulated cells is produced by intrinsic forces, and values for xy/3 are chosen
by results from experimental analysis.®> The trajectory of center-of-mass position
is calculated from initial cell position (xg, o), following the velocity v defined by
[v| = 2|7y|s2s3 (eq. 2.70) and 0 = 303 —20,— ¥, (eq. 2.71). Figure 2.10 (A) displays
an exemplary time evolution of deformation amplitudes s, and migration velocity
|v| over simulation time 400 — 450 of 500 time units, according to oscillatory forces
defined in the previous section 2.7.2, alongside with the corresponding trajectory

fig. 2.10 (B) calculated from equations 2.70 — 2.71. In the case of persistent
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2. Theoretical Background

migration, the direction of migration is coupled to the orientation of mode 2 and 3
deformation by the positive non-linear coupling parameters by and dy > 0. If by and
dy < 0 are defined as negative, migration occurs perpendicular to the elongation
axis, as observed e.g. from experiments on Keratocytes.” Throughout this work,
none of the experimentally obtained trajectories exhibited persistent behaviour,
therefore the non-linear coupling parameters were set to by = dy = 0 for further
simulations.

Finally, from the time evolution of amplitudes s, and directions 6, of defor-
mation, the cell periphery in polar coordinates is calculated using the angular

component 0 < o < 27, following

R(a,t) = Ro | 14 s2(t) cos2(ar — 05(1)) + s5(t) cos3(a—0s(t)) | . (2.97)

dR(a,t)
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3. Materials and Methods

3.1. Materials for Characterisation of LPS Ra

Monolayers

3.1.1. Buffers

All buffers were prepared using ultrapure water (resistivity R > 18 MQcem, Merck
Millipore, Darmstadt, Germany). Calcium(II)chloride dihydrate (CaCly 2 Hy0),
and potassium chloride (KCl) were purchased from Sigma Aldrich (Munich, Ger-
many), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was acquired
from Carl Roth (Karlsruhe, Germany). All chemicals were used without further
purification. For preparations of samples at the air-water interface, the following
buffers were used:
Ca?"-free buffer:

100 mM KCl1, 5mM HEPES, titrated with KOH to pH 7.4
Ca**-loaded buffer:

50mM CaCly, 5mM HEPES, titrated with Ca(OH), to pH 7.4

3.1.2. Lipopolysaccharide LPS Ra

For experiments at the air-water interface, lipopolysaccharide LPS Ra was used,
purified from the bacterial rough strains of Salmonella enterica (serovar Min-
nesota) rough mutant R60.1*! As demonstrated in previous accounts, the use
of LPS molecules purified from wild type strains makes the quantitative struc-
tural XRR analysis practically impossible due to long, highly polydispersive O-side
chains.” To overcome the intrinsic heterogeneity of LPS molecules from wild type
bacteria, LPS Ra was used due to its uniform saccharide head groups. As presented

in figure 3.1 (A), the carbohydrate headgroup of the molecule consists of uncharged
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Figure 3.1.: Chemical structures of (A) lipopolysaccharide LPS Ra,'32133 (B)
benzalkonium chloride (cationic surfactant, BAC),!3% and (C) benzyl alcohol (aro-
matic alcohol, BA).!35

(light grey, outer core) units, and units carrying negative charges (dark grey, inner
core). The outer core of the headgroup is built by one N-acetylglucosamine, two
glucose, two galactose, and one heptose unit. The inner core of the headgroup
consists of two phosphorylated (®)) heptose units, and two negatively charged
2-keto-3-deoxyoctonoic acid (KDO, (©)) units. With this full length of core sac-
charides, LPS Ra shows similar structure to other bioactive wild type LPSs. The
remaining part of the LPS molecule (defined as ’lipid A’) is built by two negatively
charged phosphorylated () glucosamines and six hydrocarbon chains.!3?133

LPS Ra was lyophilised as reported by K. Brandenburg and U. Seydel, 33134 and
kindly provided by K. Brandenburg and T. Gutsmann (Research Center Borstel,
Leibniz Lung Center, and Brandenburg Antiinfektiva GmbH, Borstel, Germany).
The lyophilised powder of LPS Ra was dissolved in a mixture of liquid phenol,
chloroform, and petroleum ether at a volume ratio of 2:5:8. Additionally, small
amounts of solid phenol were added until the stock solution was fully transparent,
since upon dissolving the solution appeared cloudy. The final concentration was
adjusted to 0.7 mg/ml.

3.1.3. Additives

Cationic surfactant benzalkonium chloride (BAC, hydrocarbon chain length n =
12) and aromatic alcohol (benzyl alcohol, BzA) were purchased from Sigma-Aldrich
(Munich, Germany). Chemical structures of the additives are presented in figure
3.1. BAC (fig. 3.1 (B)) is composed of one aromatic benzyl ring, one positively
charged ammonium group, and an alkyl chain of length n=12. BzA (fig. 3.1 (C))
consists of one aromatic benzyl ring and one hydroxy group.

For experiments at the air-water interface, buffer solutions were prepared as
indicated in figure 3.2 (A). Solutions for (1) Ca®*-free and (2) Ca*-loaded condi-
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2+
A o Ca2 -free buffer B LPS solution
(2) Ca**-loaded buffer +BAC barrier
+ BzA + BAC + BzA I

b) (c) d

Figure 3.2.: Sample preparation of LPS Ra monolayers. (A) Composition
of buffers in (1) absence and (2) presence of Ca?' ions, containing no, single, and
combined surface active additives BzA and BAC. (B) Spreading of LPS Ra mono-
layers on the subphase of a Langmuir film balance.

tions were prepared containing (a) no additives, (b) 100mM BzA, (c) 5 uM BAC,
and (d) 100mM BzA + 5uM BAC. To ensure maximum homogeneous distribu-
tion of surface active additives in the buffer solutions, all buffers were stirred until

immediate use.

3.2. Experimental Methods for Characterisation
of LPS Ra Monolayers

Experiments at the air-water interface were performed on a Langmuir trough.
Prior to adding the subphase and deposition of LPS Ra, the trough was thoroughly
cleaned. To ensure the absence of trace amounts of additives or EtOH at the
exchange of subphases of different additive composition, the trough was cleaned
with EtOH, followed by 10x rinsing with ultrapure water. Details of the membrane
preparation are shown in figure 3.2 (B). After filling the Langmuir trough with
the subphase, the surface pressure was allowed to equilibrate for ~ 15 minutes,
especially in the presence of surface active additives. LPS Ra stock solution was
spread on the subphase surface using a Hamilton syringe to form a monolayer.
To exclude the influence of trace amounts of organic solvents on the stability of
LPS-Ra monolayers, the solvent was allowed to evaporate for 30 minutes prior to

all experiments.

45



3. Materials and Methods

3.2.1. Pressure-Area Isotherms

Pressure-area (m — A) isotherms were recorded using a KSV Nima film balance
(Biolin Scientific, Vaestra Froelunda, Sweden) at symmetric compression by a
barrier speed of 0.5 mm/min, under constant temperature of 20°C set by water
circulation under the Langmuir trough controlled by a thermostat. By calculating
the change in surface pressure Om over the change in area per molecule 0A at the
air-water interface, the compressibility x was analysed in terms of it’s inverse, the

compressional modulus k™!, following!36 137

K =—-A (%)T (3.1)

at constant temperature 7. Dependent on the phase behaviour of the lipid
monolayer, the compressional modulus can be categorised into different ranges: in
liquid-expanded (LE) phase, <! exhibits values between 10 and 50 mN /m, while
in liquid-condensed (LC) phase, ' ranges from 100 to 250 mN/m.!3%139 This
categorisation allows the identification of phase transition of lipid monolayers at

the air-water interface.

3.2.2. Simultaneous XRR and GIXF

Simultaneous specular X-ray reflectivity (XRR) and grazing incidence X-ray flu-
orescence (GIXF) experiments were carried out at beamline ID10 of the Euro-
pean Synchrotron Radiation Facility (ESRF, Grenoble). Prior to measurements,
the monolayer was compressed to a surface pressure corresponding to a compara-
ble area per LPS-Ra molecule on Ca*"-free and Ca?*-loaded subphases, namely
~ 200 A at 20mN/m for Ca®*-free, and 15mN/m for Ca*"-loaded subphase. For
irradiation, a monochromatic synchrotron beam with a photon energy of either
8keV or 10keV (Agey = 1.55 A Moy = 1.24 A) was used. During all measure-
ments, the Langmuir trough was held at a sealed He gas atmosphere to minimise
the scattering of the fluorescence emission by air molecules. Furthermore, the sta-
bility the surface pressure was monitored throughout all experiments, to ensure
identical conditions.

Figure 3.3 shows the experimental setup of simultaneous XRR and GIXF mea-

surements. XRR experiments were performed under incident angles a; across the
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fluorescence
detector

incident beam

Figure 3.3.: Experimental setup of simultaneous measurement of XRR and
GIXF. X-ray reflectivity and fluorescence measurements of LPS Ra monolayers at
the air-water interface.

critical angle of total reflection, o, = 0.154°. Signals collected by a linear detector
(Mythen 1K, Dectris, Switzerland) were analysed as described in section 2.1 with
a genetic minimisation algorithm implemented in the MOTOFIT software pack-
age in Igor Pro (WaveMetrics, Portland, OR, USA).8%140 All parameters extracted
by fitting the XRR data were used to calculate the illumination profile for GIXF
analysis.

GIXF measurements were carried out using the same settings as for XRR exper-
iments, for each subphase in absence and presence of LPS Ra monolayer. X-ray
fluorescence emitted from elements within the illumination volume was recorded
using an energy sensitive detector (Vortex, SII NanoTechnology, USA). Intensi-
ties from each characteristic, element-specific emission line were normalised by the
intensity of the elastically scattered beam, to exclude systematic differences be-
tween conditions in the illumination pathway. The normalised intensity of each
characteristic line was extracted by fitting the spectra with a self-written multiple
Gaussian peak fitting procedure in Igor Pro 6.37 (WaveMetrics, Portland, OR,
USA) established by Dr. W. Abuillan.!*! To exclude artefacts from the geometry
of the beam footprint or detector aperture, each fluorescence signal in the presence
of LPS Ra monolayer was normalised to the corresponding reference measurement
on the blank buffer. Due to differences in the beam energy, comparability between
experiments was ensured by analysing all data in terms of scattering vector com-

ponent ¢, (eq. 2.21) normal to the interface.
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3.3. Materials for Cell Experiments

3.3.1. Buffers and Culture Media

Buffers For buffer preparation, sonication, and rinsing, ultrapure water was
used (resistivity R > 18 MQem, Merck Millipore, Darmstadt, Germany). Cal-
cium(IT)chloride dihydrate (CaCly % 2 HoO), hydrogen chloride (HCI), sodium chlo-
ride (NaCl), and nickel(IT)chloride hexahydrate (NiCly *6 HoO) were purchased
from Sigma Aldrich (Munich, Germany), 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES) was acquired from Carl Roth (Karlsruhe, Germany), and
PBS tablets were purchased from Gibco™ (ThermoFisher Scientific Inc., Waltham,
USA). All chemicals were used without further purification, and all buffers were
filtered using a MCE filter unit (pore size 0.22 um, Merck Millipore, Darmstadt,
Germany) under sterile conditions. For preparations of biological samples, the
following buffers were used:
PBS-buffer:

150 mM NaCl, 10 mM phosphate, 2.68 mM KCI, pH = 7.45
HBS-buffer:

100 mM NaCl, 10 mM HEPES, titrated with NaOH to pH 7.4
Ca*"-buffer:

100 mM NaCl, 10mM HEPES, 1 mM CaCl,, titrated with NaOH to pH 7.4
Ni?*-buffer:

100 mM NaCl, 10 mM HEPES, 5mM NiCl,, titrated with NaOH to pH 7.4

Culture Media and Supplements Isocove’s Modified Dulbecco’s Medium
(IMDM) and Trypan Blue were purchased from Gibco by Life Technologies
(Thermo Fisher Scientific, Waltham, USA). Fetal calf serum (FCS) and horse
serum were purchased from Stemcell Technologies Inc. (Vancouver, Canada). Hy-
drocortisone 100, L-glutamine, and penicillin /streptomycin were purchased from
Merck (Sigma—Aldrich Co., St. Louis, USA). Hydrocortisone was reconstituted
in ultrapure HyO at 10 mg/ml and sterilised using MCE filter units (pore size
0.22 um, Merck Millipore, Darmstadt, Germany). Cytokines FLT3, TPO, SCF,
and IL3 were purchased from R&D Systems (Bio Techne, Wiesbaden, Germany).
FLT3, SCF, and IL3 were reconstituted at 100 ug/ml in PBS containing 1 mg/ml
BSA. TPO was reconstituted at 100 pug/ml in 4 mM HCI containing 1 mg/ml BSA.
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Figure 3.4.: Molecular structures of (A) I-stearoyl-2-oleoyl-sn-glycero-3-
phosphocholine (SOPC),'12 (B) 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxy-
pentyl)-iminodiacetic acid) succinyl] (nickel salt) (DGS-NTA (Ni?*)),'2 and

(C) Exherin (ADH-1).143

Long-term bone marrow culture (LT-BMC) medium was prepared using 75%
IMDM, 12.5% FCS, and 12.5% horse serum, supplemented with 2 mM L-glutamine,
100 U/ml penicillin /streptomycin, 0.05 w% hydrocortisone 100, and 10 ug/1 of cy-
tokines FLT3, TPO, SCF, and T3 each, following the protocol described by Dex-
ter et al.®® All supplement and media aliquots were sterilised, stored at -20°C,
and used within 3 months after first reconstitution of supplements. All media
were pre-warmed at 37 °C before further usage. Throughout this work, cells were
pre-incubated in LT-BMC, and all cell experiments on surrogate substrates were

performed in serum free IMDM.

3.3.2. Lipids and Cell Adhesion Molecules

1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) and 1,2-dioleoyl-sn-glyce-
r0-3-[(N-(5-amino-1-carboxypentyl)-iminodiacetic acid) succinyl] (nickel salt)
(DGS-NTA (Ni*")) were purchased from Avanti Polar Lipids (Alabaster, USA).
Both lipids were diluted individually in a mixture of ethanol and chloroform (vol-
ume ratio 3:7) at a concentration of 5 mg/ml and stored at -20 °C. Molecular struc-
tures of SOPC and DGS-NTA are displayed in figure 3.4 (A) and (B). Histidine-
tagged human N-cadherin was purchased from R&D Systems (Bio Techne, Wies-
baden, Germany) and diluted in sterile H,O containing 2mM calcium, to a stock
concentration of 25 pg/ml. SOPC with a molecular weight of 788.13 g/mol was
used as matrix lipid to prepare the supported membranes, and DGS-NTA (Ni*")
with a molecular weight of 1057.02 g/mol was used to anchor histidine-tagged hu-
man N-cadherin to the phospholipid bilayer.
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3.3.3. Clinical Drug ADH-1

Cyclic pentapeptide Exherin / ADH-1 (Adherex Technologies, Durham, NC, USA)
was kindly provided by Prof. Dr. A. D. Ho and Dr. R. Saffrich, with the chemical
structure presented in fig. 3.4 (C). Designed as a synthetic peptide containing
the sequence His-Ala-Val (HAV), ADH-1 has been reported to inhibit N-cadherin-
based functions, including cell adhesion.!4*1%5 Stock solutions of ADH-1 with a
molecular weight of 570.69 g/mol were stored at -20°C and a concentration of

5ng/pl until further use.

3.4. Sample Preparation for Cell Experiments

3.4.1. Sample Chambers

Glass substrates were cleaned following a modified RCA protocol.'*® In brief,
for live-cell imaging and laser detachment assays, respectively, rectangular cover
slides of 26 x 76 mm? and circular cover slides of @ = 28 mm (Gerhard Menzel
GmbH, Braunschweig, Germany) were sonicated subsequently in acetone, ethanol,
methanol, and ultrapure water for 5 minutes each. Afterwards, the substrates were
incubated in 1:1:5 (v/v/v) HyO4 (30%) / NH,OH (25%) / HyO for 60 minutes
at 60 °C. All glass slides were rinsed 10x with ultrapure water and dried at 70 °C.
Bottomless p-Slide VI 0.4 and bottomless culture dishes of @ = 35 mm (Ibidi, Mar-
tinsried, Germany) were sonicated subsequently in 2% Hellmanex (neoLab Migge
GmbH, Heidelberg, Germany) and ultrapure water for 10 minutes each, rinsed by
a total of 10x with ultrapure water, and dried at 70°C. Glass substrates were
sealed to the corresponding sample chambers using polydimethylsiloxane (SYL-
GARD184, Dow Corning Co., USA) and sterilised under UV light for 30 minutes.

3.4.2. Vesicle Solution

For membrane preparation, vesicle solutions were prepared from lipid stock so-
lutions. For setting the desired average lateral distance (d) between anchored

proteins, the necessary molar fraction y of DGS-NTA (Ni2+) anchors within the
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SOPC matrix lipids was calculated using'47

_ Alipz'd
(d)>

(3.2)

the geometric relation between molar fraction, average distance, and average
lipid area Ajipiq ~= 65 A. Solutions of the desired molar fraction were mixed from
stock solutions of 5mg/ml in CHCl3, whereafter the solvent was evaporated under
Ny and vacuum overnight. After re-suspension of the lipids in HBS buffer, small
unilamellar vesicles were produced by tip sonication for 30 minutes at 4 W (S3000
tip sonicator, Misonix Inc., Farmingdale, USA). Residual titanium particles de-
tached from the sonicator tip were removed by centrifugation at 13.4 x 103 rcf
for 15 minutes (Centrifuge 5415R, Eppendorf Vertrieb Deutschland GmbH, Koln/
Wesseling, Germany).

3.4.3. Membrane Preparation and Functionalisation

48 vesicle solutions were injected into

For membrane formation via vesicle fusion,!
the sample chambers under sterile conditions and incubated for 60 minutes at
37°C. To reduce the extension of the seeding area for laser detachment assays,
all previously prepared @ = 35mm culture dishes were equipped with a micro-
insert 4 well (Ibidi, Martinsried, Germany) prior to vesicle fusion. Excess vesicles
were removed by rinsing the chambers with Ni*"-buffer, followed by a 45-minute
incubation to saturate the NTA headgroups with Ni*™ ions prior to the function-
alisation with N-Cadherin. After exchange for Ca?*-buffer, supported membranes
were incubated with 10 ug/ml N-cadherin solutions for 12 h at room temperature.
Prior to cell seeding, unbound proteins were removed using pre-warmed IMDM,

and sample chambers were equilibrated at 37 °C.

3.4.4. lIsolation of hHSCs

All experiments within this study were conducted following the guidelines of the
ethics committee on the use of human subjects of Heidelberg University. Writ-
ten consent was obtained for all voluntary donors in accordance with the relevant
guidelines and regulations. Human HSCs were derived from umbilical cord blood
(CB) and isolated using the Ficoll-Hypaque technique (Merck KGaA, Darmstadt,
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Germany) followed by the AutoMACS affinity column (Miltenyi Biotec GmbH,
Bergisch-Gladbach, Germany). In short, mononuclear cell (MNC) fractions were
isolated from CB samples by density gradient centrifugation (Ficoll-Hypaque tech-
nique). Subsequently, CD347" cells were separated by magnetic microbead labelling
and double sorting (AutoMACS). Prior to performing the experiments, hHSCs
were separated into two samples (control and test), and allowed to rest for 7h at
37°C and 5% COs in long-term bone marrow culture (LT-BMC) medium.

3.4.5. Preparation of Cell Samples

For ADH-1 experiments, 500 ng/ml of soluble ADH-1 were administered to the
test portion during the last 2h of resting in LT-BMC, while control cells re-
mained unaltered. Prior to seeding, LT-BMC was exchanged for serum-free, pre-
warmed IMDM and cells were seeded into the sample chambers at a density of
1 x 105 cells/cm? in the presence and absence of 500 ng/ml soluble ADH-1. All
further measurements were performed 2 — 4 h after seeding, and viability of hHSCs
was confirmed before and after performing measurements to be > 90 — 95% by dye

exclusion test using Trypan Blue.

3.4.6. Statistics

For all measurements, 3 independent experiments were performed using two sam-
ples of control and +ADH-1 each. For RICM and time lapse experiments, 20 — 30
cells were analysed per sample, each corresponding to one datapoint in the box-
plots. For the laser detachment assay, 2000 — 2500 cells per experiment were
analysed, resulting in the representation of 50 — 700 cells per one bar in the bar-

graph.

3.5. Experimental Methods for Cell Experiments

3.5.1. Reflection Interference Contrast Microscopy RICM

Reflection interference contrast microscopy (RICM) experiments were performed
on an inverted Zeiss Axio Observer Z1 microscope using a laser light source
Colibri7 (Carl Zeiss AG, Oberkochen, Germany) and a 63x/1.25 Antiflex oil-
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Figure 3.5.: Experimental setup of micro-interferometry. Light path of Anti-
flex technique®® for RICM using monochromatic laser light, a polariser, a A/4-plate,
and an analyser. Adapted from Monzel et al.*6

immersion objective equipped with a built-in A/4-plate. Quasi-monochromatic
light of A = 555nm was produced with high spatial coherence in direction of
the optical axis, where the influence of the optical pathway from the microscopy
setup was considered negligible compared to the influence of the sample. Live-cell
u-interferometry was performed using a Stage Top Incubator System (Ibidi, Mar-
tinsried, Germany) at 37 °C and 5% CO;. Sequences of 100 consecutive images of
time interval At = 30ms were acquired 2h after cell seeding using an Orca ER
CCD camera (Hamamatsu Photonics, Hamamatsu, Japan).

For optimisation of experimental realisation, the Antiflex technique is used as
introduced by Ploem et al.'*® To enhance the contrast of detected intensity, stray
light from diffuse origin is filtered out by using perpendicularly arranged polariser
and analyser in combination with a A/4-plate in the optical path. As illustrated
in figure 3.5, incident light is linearly polarised before passing through an Anti-
flex objective equipped with a A/4-plate. The thereby elliptically polarised light
receives a phase shift of 7 upon reflection from interface (i, 4+ 1), whereafter the
second passing through the A/4-plate causes conversion back to linear polarisa-
tion, now perpendicular to the initial wave. Due to the application of the analyser
perpendicular to the polariser, stray light from diffuse sources is filtered out from
the further light path, and only light reflected from the interface is reaching the
detector of the CCD camera.

For high temporal coherence in the incident light, a monochromatic laser is

used as light source. For achieving high spatial coherence, Kohler illumination®
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is applied, using the alignment of collector lens in combination with aperture and
field stop. By adjusting aperture and field stop, the illumination aperture NA
= nsin « is chosen in dependence on the opening angle a. Matching the geometry
of the sample, NA;; has to be set to optimise the dimensions of the depth of
field (i.e. sheet of focus plane), and the area of full spatial coherence. In general,
both the depth of field and the diameter d of the area of full spatial coherence are
defined in reciprocal dependence on NA ;;.'*° Furthermore, the lateral resolution

dr is set by the Rayleigh criterion of'5!

061
B NAill .

OR (3.3)

Therefore, NA ;; has to satisfy the requirements of depth of field, spatial coher-
ence, and lateral resolution. For small NA ;;, large objects can be analysed utilising
the information from deeper and more expanded structures via large depth of field
and a large area of full spatial coherence, at the cost of low resolution from high dg.
Furthermore, the small diameter of the aperture necessary for the small value of
NA ;; reduces the intensity of the incident light, which reduces the signal-to-noise
ratio and therefore the overall contrast. Setting NA ;; to high values, small objects
close to the interface can be investigated at high resolution (small 0g), with the
advantage of reducing signals from upper layers in the sample, at the cost of a
smaller area of full spatial coherence. In addition, however, the larger opening of
the aperture provides higher intensity of incident light, enhancing the signal-to-
noise ratio and therefore the overall contrast. Throughout this work, NA,;; was
set to high values, in order to investigate the interface between functionalised sub-

strate and bottom cell membrane at high resolution.

Analysis of RICM images was performed using a self-written procedure in
MATLAB 7.7.0 (R2008Db), established by Dr. B. Fréhlich.'®?  For normalisation,
raw image intensity at position x,y was divided by the background intensity from

the substrate, averaged over empty positions 2,4y’ in each frame at time-point ¢

- [t<x7y)

To determine the area of close contact, the gradient images of normalised inten-

sity, averaged over all frames N, are analysed in respect of the gradient maximum
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!

Figure 3.6.: M SA analysis of RICM data. (A) RICM image with (B) cor-
responding gradient image for determination of area of close contact. (C) Mask
created by gradient maximum, and (D) MSA image for determination of area of
tight adhesion. Scale bars 5 pm.

MSA x1073

o

caused by the first change from intensity minimum to maximum in the interfer-
ence pattern, where d; changes for the optical path difference from Ages t0 Aconst
(cf. eq. 2.47). In figure 3.6, exemplary data is displayed showing the original
RICM image (A) with its corresponding gradient image (B) and the image mask
(C) determined by maximum gradient. Since the height between substrate and
lower cell membrane cannot be reconstructed without dual-wavelength RICM or
the knowledge of refractive indices inside the inhomogeneous cytosol, all further
analysis is conducted regarding the normalised intensity I. Tn the area of tight
adhesion, height fluctuations of the lower cell membrane are considered to be very
small due to adhesive forces. For small changes in height, a linear change in in-
tensity Al is assumed, which is further analysed by the mean squared-amplitude

of its fluctuations for N frames, calculated by

MSA(z,y) = ( (x,y,n <f(x,y)>n>2 (3.5)

Mz

1
N n=1

Due to the lack of height fluctuations, the pixel area A,, of each position z,y is
counted as adherent if the corresponding M S A does not exceed an experimentally
determined threshold M SA7r, following

Tmaz,;Ymax

Aun = D Al ) s ay < a1sy (3.6)

rz=1,y=1

This threshold is dependent on the type of cells under investigation, and typically
determined from fully adherent cells, representing average membrane fluctuations

without detachment from the substrate. In figure 3.6 (D), a corresponding MSA
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image is displayed. For this work, the threshold fluctuation of human HSC was
determined to be MSA7 pusc = 0.0005, while previous studies on erythrocytes
(red blood cells) yielded M SA7 gpc = 0.02.'52 Since intensity fluctuations in the
area of close contact can also arise from the movement of structures of inhomoge-
neous refractive index inside the cells, the area of tight adhesion is corrected for

holes created by areas falsely categorised as non-adherent.

3.5.2. Laser-Induced Cell Detachment

Prior to laser detachment experiments, @ = 35 mm culture dishes were filled with
IMDM before removal of the micro-insert 4 well. For the laser induced cell detach-
ment,%° a pulsed Nd:YAG laser system (A = 1064 nm, 7, = 28 4 3 ps, EKSLPLA,
Vilnius, Lithuania) was coupled to an inverted microscope (Eclipse TE2000-U,
Nikon Europe). Throughout all experiments, samples were held at 37°C using
a self-built incubation chamber. As illustrated in figure 3.7 (A), pressure waves
were created by the expansion and collapse of cavitation bubbles induced by multi-
photon absorption from a picosecond laser pulse. Focus height through a 10x
objective was set at 700 um above the glass substrate at all times. Prior to each
experiment, pressure-energy and pressure-distance relations between shock wave
P, laser energy F, and distance d from the laser focus position were recorded using
a piezoelectric pressure sensor (Miiller Instruments, Oberursel, Germany). Result-
ing calibration curves are presented in figure 3.7 (B) and (C). Fitting functions

using the relations of®
i) Pox E“ and (i) Pocd™®, (3.7)

determined the parameters of a = 0.24, and b = 1.25 and 0.97 for the pressure
in the near- and far-field, respectively.®®

During the experiments, non-adherent cells were removed from the substrate us-
ing a weak pressure wave induced by a 0.5mJ laser pulse. Detachment of adherent
cells was induced by laser power of 12.7mJ, and damage to hHSCs was excluded
by positioning the laser focus at a distance from the region of interest that was
larger than the maximal possible radius of the cavitation bubble (cf. section 2.4).
Before and after each pulse, a 11 x 14 array of bright field images spanning an

area of 5.5 x 6.5 mm? was recorded and manually analysed using Fiji.'®® Cell po-
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Figure 3.7.: Laser-induced cell detachment. (A) Scheme of the experimental
procedure for cell detachment via laser-pulse induced shockwave. (B) Calibration
data of wave pressure P vs. laser energy F, fitted by power-law following eq. 3.7 (i).
(C) Calibration data of wave pressure P vs. distance d in logarithmic plot, fitted
by power-law following eq. 3.7 (ii), in the near- and far-field from the laser focus.!0

sitions before and after exposure to the pressure wave were determined to classify
hHSCs as ‘adherent’ and ‘detached’, whereafter the fraction of adherent cells x,an
was calculated in respect to the pressure values P obtained from the distance to
the laser focus in bins of equal AP, containing 50 — 700 individual cells per bin.
Assuming the behaviour of the cell population following a Gaussian distribution
of P* and standard deviation o, the resulting transition curve from adhesion to

detachment was fitted using an adapted error function

XO(P):A+Aerf<P_P*), (3.8)

g

with the critical pressure P* of cell detachment at the inflection point of the
curve. Due to the extended transition range between adhesion and detachment,
no difference between samples could be identified using the Gaussian peak P* + o
determined by the derivative of fitted error function. To test statistical significance
between samples and fit curves, the Kolmogorov-Smirnov test for goodness-of-fit 54
was adapted, where the raw data of one condition was tested against the fitted
error function of the respective other sample, and vice versa. In short, the null
hypothesis that the empirical distribution function x(F;) given by the sample data
follows the probability distribution X, (F;) given by the fitted error function to

the respective other sample was rejected at significance level «, if the maximum
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difference between x(P;) and Xo(P;)
Aoz = SI;P{ | xX(Pi) = Xo(P) [, [x(Fie1) — Xo(F) | } (3.9)

exceeded a threshold value d,, corresponding to the significance level o.'%°

3.5.3. Time-Lapse Imaging

Time-lapse experiments were performed on an inverted Axio Observer Z1 micro-
scope (Carl Zeiss AG, Oberkochen, Germany) equipped with a 63x/1.25 Antiflex
oil-immersion objective and a Stage Top Incubator System (Ibidi, Martinsried,
Germany). Images were recorded 2 — 3h after seeding at a time interval At of
40 — 70s. Per sample, 10 positions were recorded for the duration of 1h, and
throughout all experiments an atmosphere of 37°C and 5% CO, was maintained.

Image sequences were binarised by hand using Fiji/ImageJ'®® for shape analysis
and tracking of the center-of-mass position in Igor Pro 6.37, using self-written
procedures established by Dr. A. Yamamoto. All further analysis was performed

in Python 3.8 as described in sections 2.5 and 2.6.

Shape Analysis Cell shapes in each frame were analysed in polar coordinates
(cf. equation 2.51), from which the power spectrum [, of shape deviation was cal-
culated via spatial frequency domain analysis (cf. equation 2.53).22,109,113,156 Thjg
approach allows the identification of predominant modes of deformation, alongside
with the mechanical power dissipated by deformation processes due to the propor-

tionality to the power spectral density.¢ 115

Migration Analysis Persistence of migration was analysed using the auto-cor-
relation function of the direction of motion (cf. equation 2.55) and fitting for
the exponential decay time of persistence 7. From mean squared-displacement
MSD (cf. equation 2.56), the diffusion constant D characterising the migration
behaviour is calculated by fitting the linear part of each MSD curve according
to equation 2.57 with @ = 1. In order to minimise the error due to statistical
inaccuracies, the fitted region was chosen to be 10 - 25% of the total trajectory
length.!!8
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3.6. Numerical Simulations of Cell Crawling

3.6. Numerical Simulations of Cell Crawling

All simulations were performed using self-written procedures in Python 3.8. Using
the Euler method for the numerical, iterative solving of differential equations, the
time evolution of deformation was modelled over N = 50000 iterations, converted
by 6t = 0.01 into Ny = 500 time units. In the following, the example code is given
for calculating deformation parameters s, and 6, of iteration step [i+ 1] from the

previous step |i]| with a time difference of §t:

foriinrange (N —1):

So[i + 1] = so[i] — kasa[i] 6t + go[i] 6t + DeoGeoli]Vot
s3[i + 1] = ss[i] — kass[i] 6t + gs[i] 6t + DesGesli]Vot
ol + 1] = O] + HDMGMM\/&
Bsli + 1] = 65]i] + ?H D, 3Gyl 1]V61

The time evolution of velocity v of each step |i| was calculated by

foriinrange (N —1):
v [i] = 2]7|so[i]ss[i]
Oli] = 305[i] — 205[1] — U,

followed by the center-of-mass position (Zem, Yem)

foriinrange (N —1):
Tem|1 + 1] = Ten[i] +v[i] cosO[i] ot
Yem[1 + 1] = yem[1] + v[i]sinf[i] ot

To exclude boundary effects, only the last 90 time steps equiv. to 90 x 40s
= 60min were considered in the analysis, and the established model was used
without further alteration to the basic principle. For determination of parameters,
results from analysis of experiments were considered. As described in the previous
section, cell contours and center-of-mass positions were extracted from the time
series of live-cell images (fig. 3.8 (A) and (B)) and analysed in polar coordinates
(fig. 3.8 (C)). Treating r(a, t) as a spatio-temporal wave, Fourier coefficients could
be determined by Fourier expansion, which allowed the calculation of the power

spectrum (fig. 3.8 (D)). From the power spectra of the experiments, contribution
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Figure 3.8.: Schematic illustration of procedure from time lapse experi-
ments to simulations. (A) Time series and (B) single frame of cell migrating
on functionalised surface, indicating radius r(«). (C) Polar plot of r(a), and (D)
power spectrum of deformation for exemplary single frame. (J) Contribution of sin-
gle modes 2 and 3 to the particle shape, following the orientation of corresponding
angles 02 and 03. (H) Polar plot of single radii from m = 2,3. Overlay of mode 2
and 3 deformation in (G) polar and (F) Cartesian coordinates, indicating direction
of motion #. (E) Simulated time series of particle contour and trajectory, following
the results from experimental analysis.

of mode 2 and 3 deformation was extracted, and transferred into contributions of
sy and s deformation of simulated particles (fig. 3.8 (J) and (H)). Overlaying
both modes of deformation following eq. 2.97 resulted in the overall shape of the
particle in polar and Cartesian coordinates (fig. 3.8 (G) and (F)). From the time
evolution of s,, 6,, v, and 6, the time series of deformation induced migration was
modelled.

Simulated Length Unit As determined from live cell imaging, hHSCs exhibited
average radii of 4.5 — 5.5 um. Since in all simulations the average cell radius Ry

was set to unity, one simulated length unit corresponds to 5 um in real units.

Simulated Time Unit In difference to the previously performed simulations of
Ohta et al.?® on CXCL12-functionalised substrates, experiments on N-cadherin
showed a different scaling in time. Analysis of the auto-correlation function of
cell shapes (cf. eq. 2.54) allowed the determination of predominant time period
of oscillatory elliptical deformations. Figure 3.9 shows an exemplary ACF map,

where the time period of shape changes T = 10min can be read from the time
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Figure 3.9.: ACF map of cell deformation. Colour-map of auto-correlation
function of cell shape for determination of time scaling for simulations. Average
time period of shape oscillations T' = 7 — 10 min.

interval between correlation minima.

While on CXCL12 cells exhibited oscillatory forces on time scales of 7" = 5 min,
the average time period of shape oscillations on N-cadherin was determined to be
T = 7 — 10 min, increasing the definition of time unit At in the simulations from
30s to 40s.

Calculation of Mobility In order to estimate the mobility of simulated cells on

the substrates, eq. 2.70 was rearranged to

(v)
cale| — . 3.10
From the average (v), I's, and I'; of three independent repetitions of cell exper-
iments, |Yeae| was calculated to be 8.05 4+ 1.80 in the absence, and 11.1 4+ 3.4 in
the presence of ADH-1.

Intrinsic Force and Line Tension Determination of parameters g. and ko was
performed numerically, for which combinations of values for the two parameters
were used to calculate the deformability (s2) + (s2). Results are displayed as a
surface plot in figure 3.10 (A), with the colour scaling from (s3) + (s3) ~ 0.010
(red) to (s2) + (s2) =~ 0.040 (blue). Value pairs of g. and ko resulting in the
correct deformability of (s3) + (s3) = 0.031 £ 0.001 for control simulations, and
0.014 £ 0.01 for simulations in the presence of ADH-1 are plotted in figure 3.10
(B). Linear fit between g. and ks resulted in % = 0.09 for control simulations, and

0.06 for simulations in the presence of ADH-1.
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Figure 3.10.: Determination of parameter sets % and 2. (A) 3D plot of

results of (s3) + (s3) from different parameter sets of k2 and g.. (B) Scatter plot
of (s3) + (s3) ~ 0.031 (blue) for control and (s3) + (s2) ~ 0.014 (ved) for + ADH-1,
fitted with linear relation between ko and g.. % = 0.09 for control, and % = 0.06

2
for +ADH-1, respectively. (C) Plot of ratio % equivalent to %‘ from experiments,
2
K3

VS. .
K2

Ratio Between Contribution of Mode 2 and Mode 3 Determination of the
ratio between line tensions 3 and ko for mode 2 and mode 3 deformation was
performed numerically. Simulations were performed for multiple ratios x3/ko, and
corresponding results of (s3)/(s3) are plotted in fig. 3.10 (C). Power law fit to
the numerically determined data points allowed the calculation of necessary ratio
K3/ ks for reaching the desired (s2)/(s3) corresponding to I'y/T'3 = 2.1 from control
experiments, and 2.9 in the presence of ADH-1. The resulting ratio was determined

to be 1.8 for control simulations, and 2.2 for simulations in the presence of ADH-1.

Noise on Amplitude and Direction of Deformation Noise amplitude Dy, on
amplitude of deformation was chosen to be 0.025 so that no negative velocities were
created. Amplitude D, ,, was set according to simulated migration parameters D,
v, and 7, so that simulations matched the experimental results. Best results were
achieved by setting D, , = D, = 0.5 for both modes 2 and 3.
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4. Structural and Electrostatic
Characterisation of
Lipopolysaccharide Monolayers
at the Air-Water Interface

As introduced in chapter 1, the endo-toxicity of LPS displayed at the outer mem-
brane of Gram-negative bacteria is a severe issue in public health. Considering the
enhanced survival capability of those bacteria in the presence of divalent cations
such as Ca?", the impact of two components used in sanitisers will be analysed
and discussed for Ca*"-free and Ca?*-loaded environment in the present chapter.

To understand the physical mechanism underlying the killing of bacteria, a de-
fined model of the outermost surface of bacteria was fabricated by the deposition
of a monolayer of LPS Ra from Salmonella enterica (serovar Minnesota) rough
mutant at the air-water interface. To investigate the influence of additives on
the behaviour and structure of LPS Ra monolayers, surface pressure-area (m — A)
isotherms, X-ray reflectivity experiments, and GIXF measurements were performed
on Ca?"-free and Ca?"-loaded subphases, in the presence and absence of various
concentrations of benzylalcohol (BzA), benzalkonium chloride (BAC), and combi-

nations of both additives.

4.1. Influence of Additives on Compressibility of
LPS Monolayers

In the following section, the influence of additives on the monolayer behaviour of
LPS Ra is studied by surface pressure-area (m — A) experiments. First, in section
4.1.1 the stability of LPS Ra monolayers is presented on Ca**-free and Ca*-loaded
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Figure 4.1.: LPS monolayers on subphases without additives. (A) Pressure-
area isotherms and (B) compressional modulus of LPS Ra in the absence (black)
and presence (orange) of Ca?" ions in the subphase.

subphases. Subsequently, the influence of additives is investigated in the absence

(section 4.1.2) and presence (section 4.1.3) of divalent Ca*" ions.

4.1.1. Intact Monolayers on Subphases without Additives

In the first step, the impact of Ca®" ions on the stability of LPS Ra monolay-
ers is investigated by recording Langmuir isotherms on subphases containing K+
(Ca®*-free) or Ca®" (Ca*"-loaded). Figure 4.1 (A) shows pressure-area (7 — A)
isotherms of LPS Ra monolayers in the absence (KCI buffer, black) and presence
(CaCly buffer, orange) of Ca®' ions. In the absence of Ca®", the onset of the
pressure increase upon compression occurs at an area per molecule of ~ 300 A2,
whereafter the pressure increases continuously to a maximum at A ~ 150 A2 with
7 = 50mN/m, where the collapse of the monolayer is indicated by an abrupt
flattening of the curve. In the presence of Ca®" ions, the onset of the pressure
increase upon compression occurs at an area per molecule of ~ 240 A2, whereafter
the pressure increases also continuously until the maximum at A ~ 150 A2 with
7 = 50mN/m, where the monolayer collapses. The shift in the onset of surface
pressure change indicates that the the presence of Ca*" ions reduces the range of
repulsive interactions between LPS molecules that possess 6 negative charges.
Compressional modulus x~! calculated from 7 — A isotherms according to equa-
tion 3.1 is presented in figure 4.1 (B) in the absence (black) and presence (orange)

1

of Ca?*. In general, LPS Ra monolayers exhibit higher x~' values in the pres-

ence of Ca?" than on Ca?"-free buffer. This reduction of compressibility shows
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the enhanced intermolecular interaction between negatively charged head groups
and positively charged Ca*" ions. Regions at which the compressional modulus
exhibits values of ~ 100mN/m indicate that LPS Ra monolayers are in liquid-
expanded phase at 7 ~ 30mN/m in the absence of Ca?", and at m ~ 20 mN/m

! shows the phase transi-

in the presence of Ca®" ions. Further increase of k~
tion to liquid-condensed phase on Ca®'-free subphase at m ~ 35 mN/m, and on
Ca®*-loaded buffer at 7 ~ 25mN/m. Maximum values of x~! ~ 120mN/m and
~ 200 mN/m are reached at ~ 40 mN/m for both samples, whereafter the collapse

of the LPS Ra monolayers is indicated by the drop to x~! = 0 at ~ 50mN/m.

4.1.2. Pressure-Area Isotherms in the Absence of Ca’"

To highlight the impact of BzA and BAC on their bactericidal effect, the stability
of LPS Ra monolayers is presented in the absence of Ca®" ions, in which condition
the bacterial survival is known to be low. Figure 4.2 shows pressure-area (7 — A)
isotherms and compressibility analysis of LPS Ra monolayers on Ca®'-free buffer,
under the influence of various concentrations of BzA (green curves), BAC (blue

curves), and the combined presence of both (purple and red curves).

Influence of BzZA  Figure 4.2 (A) shows 7 — A isotherms of LPS Ra monolayers on
Ca®*-free buffer, in the absence (black), presence of 10mM (light green), 100 mM
(medium green), and 200 mM (dark green) BzA.

When 10 mM BzA is added (light green curve), the pressure increase upon com-
pression starts at larger molecular areas (~ 400 AQ), which indicates an interaction
between the LPS molecules at larger distances compared to the pure subphase
(black curve), caused by the BzA molecules between LPS Ra headgroups. The
collapse pressure is reduced to ~ 40 mN /m, relative to the buffer in the absence of
LPS Ra monolayer. When the concentration of BzA is increased by a factor of 10
(100 mM, medium green curve), the onset of pressure increase occurs already at
areas per molecule > 500A2. The overall curve is flattened in comparison to the
addition of 10 mM BzA, and the collapse pressure of the LPS monolayer is reduced
to ~ 33mN/m, relative to the sole buffer. It should be noted that the condition
of 100 mM BzA corresponds to the commonly used concentration in sanitisers.

To test a condition that would completely destabilise the bacterial membrane,

the condition of 200 mM BzA was measured (dark green curve). Here, the onset of
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(A) Pressure-area

isotherms and (B) compressional modulus in the presence of 10mM (light green),
100 mM (medium green), and 200mM (dark green) of BzA. (C) Pressure-area
isotherms and (D) compressional modulus in the presence of 5 uM (light blue) and
15 uM (dark blue) of BAC. (E) Pressure-area isotherms and (F') compressional mod-
ulus in the presence of 10mM BzA + 15uM BAC (purple), and in the presence of
100mM BzA + 5uM BAC (red).
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pressure increase was significantly larger than 500A2 per molecule, and the curve
was significantly flattened. The collapse of the monolayer occurred at ~ 22mN /m,

relative to the corresponding subphase without monolayer.

Compressional modulus £~ calculated from 7 — A isotherms on Ca®"-free buffer
is presented in figure 4.2 (B), in the absence (black), presence of 10 mM (light
green), 100mM (medium green), and 200mM (dark green) BzA. On Ca*'-free
buffer, LPS Ra monolayers exhibit a general reduction of x~! values with increas-
ing concentration of BzA. Maximum values of k™! ~ 70mN/m, ~ 50 mN/m, and
~ 20mN/m are reached at ~ 35 mN/m, ~ 30 mN/m, and ~ 10mN/m by increas-
ing concentrations of BzA, respectively. Collapse of the LPS Ra monolayer occurs
at ~ 40mN/m, ~ 30 mN/m, and ~ 20 mN/m, respectively. This successive reduc-
tion of compressibility and collapse pressure shows the enhanced intermolecular
interaction between negatively charged head groups and BzA molecules, increas-
ing with the concentration of the additive. All samples in the presence of BzA
exhibit values of k! < 100 mN/m, which indicates that LPS Ra monolayers are

in liquid-expanded phase and no transition to liquid-condensed phase is observed.

Influence of BAC Figure 4.2 (C) shows 7 — A isotherms of LPS Ra monolayers
on Ca®'-free buffer, in the absence (black), presence of 5uM (light blue), and
15uM (dark blue) BAC.

With the addition of 5 uM BAC (light blue curve), the onset of pressure increase
is already changed for large areas per molecule >> 500 A2. This indicates a strong
interaction between positively charged BAC molecules and negatively charged LPS
Ra headgroups. Furthermore, the presence of 5 uM BAC flattens the m — A curve
significantly, and the collapse pressure is reduced to ~ 40 mN/m. When the con-
centration of BAC is increased by a factor of 3 (15 uM, dark blue curve), onset
and change of compressibility is not altered compared to 5 uM BAC. The collapse

pressure of the LPS monolayer is further reduced to ~ 30 mN /m.

Compressional modulus £~ calculated from 7 — A isotherms on Ca®"-free buffer
is presented in figure 4.2 (D), in the absence (black), presence of 5 uM (light blue),
and 15 uM (dark blue) BAC. On Ca*"-free buffer, LPS Ra monolayers exhibit a

! values in the presence of BAC. Maximum values of

significant reduction of x~
k™1 ~ 30mN/m are reached at ~ 30 — 35mN/m and ~ 28 mN/m by increasing

concentrations of BAC, whereafter the monolayer almost immediately collapses.
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Similar behaviour of compressibility between the different concentrations of BAC
indicate that the range of interactions between BAC and LPS Ra headgroups
reaches an equilibrium state, independent from concentration. The decrease in
collapse pressure, however, leaves room for further investigation about the decrease

of stability with increasing BAC concentration.

Synergistic Effect of BzA and BAC In the next step, the influence of the
combined presence of the two additives BzA and BAC was investigated. 7 — A
isotherms are presented in figure 4.2 (E) with corresponding compressional modu-
lus (F). First, the maximum concentration of 15 uM BAC was combined with the
minimum addition of 10 mM BzA (purple curves), to see if the LPS Ra monolayer
could further be destabilised. As can be seen by both isotherm and compressional
modulus, the addition of 10 mM BzA did not cause major changes to the behaviour
compared to the pure presence of 5 and 15 uM BAC. The onset of pressure change
upon compression is comparable to that of the single presence of BAC. At molec-
ular areas of ~ 25 — 30mN/m, maximum compressional modulus of ~ 30 mN/m
is reached, whereafter the monolayer collapses at 7 = 35 mN/m.

Second, minimum concentration of 5 uM BAC was combined with 100 mM BzA
(red curves), the concentration present in the commercial sanitiser used for control
experiments (cf. appendix A.1). The onset of pressure change upon compression
is comparable to that of the single presence of BAC. Maximum compressional
modulus of ~ 20mN/m is reached at @ ~ 20mN/m, and the collapse of the
monolayer is observed at a maximum surface pressure of 7 = 25 mN/m. Compared
to the presence of single additives, the combined effect seems to be similar to
that of 200mM BzA, and more effective than 15 uM BAC. This indicates that a
strong effect of destabilisation of bacterial membranes can be achieved with the
combination of lower concentrations of additives, than necessary for the single

components.

4.1.3. Pressure-Area Isotherms in the Presence of Ca’"

In the next step, the stability of LPS Ra monolayers was measured against the
effect of BzA and BAC molecules in the presence of Ca®" ions, in which condition
Gram-negative bacteria exhibit resistance against a wide range of cationic surfac-

tants.!®1° Figure 4.3 shows pressure-area (m — A) isotherms and compressibility
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analysis of LPS Ra monolayers on Ca*"-loaded buffer, under the influence of var-
ious concentrations of BzA (green curves), BAC (blue curves), and the combined

presence of both (purple and red curves).

Influence of BzZA Presented in figure 4.3 (A) are the m — A isotherms of LPS Ra
monolayers on Ca®*-loaded buffer, in the absence (black), presence of 10 mM (light
green), 100 mM (medium green), and 200 mM (dark green) BzA. When 10 mM BzA
is added (light green curve), the pressure increase upon compression is shifted from
~ 240 A2 to slightly larger molecular areas of ~ 260 A2, which remains comparable

to the pure subphase (black curve). The collapse pressure remains unchanged.

When the concentration of BzA is increased by a factor of 10 (100 mM, medium
green curve), the onset of pressure increase occurs already at areas per molecule
> 350 A2. The overall curve is flattened in comparison to the addition of 10 mM
BzA, and the collapse pressure of the LPS monolayer is reduced to ~ 40mN/m,

relative to the sole buffer.

The condition of 200mM BzA, that destabilised the LPS Ra monolayer in the
absence of Ca®" without further additives, is also presented on Ca?*-loaded buffer
(dark green curve). Here, the onset of pressure increase was comparable to the
condition of 100 mM BzA, as well as the measured curve in the region of > 230 A2,
Below ~ 230 A2, the curve was further flattened, and the collapse of the monolayer

was reached at ~ 25 — 30mN/m, relative to the buffer without monolayer.

1 calculated from 7 — A isotherms on Ca?*-loaded

Compressional modulus x~
buffer is presented in figure 4.3 (B), in the absence (black), presence of 10 mM
(light green), 100 mM (medium green), and 200 mM (dark green) BzA. Also on

L val-

Ca**- loaded buffer, LPS Ra monolayers exhibit a general reduction of x~
ues with increasing concentration of BzA. Maximum values of k~! ~ 140mN/m,
~ 70mN/m, and ~ 50mN/m are reached at ~ 40mN/m, ~ 25mN/m, and ~
20mN/m by increasing concentrations of BzA, respectively. Collapse of the LPS
Ra monolayer occurs at ~ 50mN/m, ~ 40 mN/m, and ~ 25 — 30 mN/m, respec-
tively. This successive reduction of compressional modulus upon increasing the
concentration of BzA prevents the phase transition of LPS Ra monolayers into
the liquid condensed phase. Only the condition of 10mM BzA exhibits values

1

of k' > 100mN/m, which indicates the phase transition from liquid-expanded

phase to liquid-condensed phase at ~ 20mN/m, as observed for the control con-
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Figure 4.3.: LPS Monolayers on Ca’"-loaded buffer. (A) Pressure-area
isotherms and (B) compressional modulus in the presence of 10 mM (light green),
100mM (medium green), and 200mM (dark green) of BzA. (C) Pressure-area
isotherms and (D) compressional modulus in the presence of 5 uM (light blue) and
15 uM (dark blue) of BAC. (E) Pressure-area isotherms and (F') compressional mod-
ulus in the presence of 10 mM BzA + 5uM (light purple) and 15 uM (dark purple)
of BAC, and in the presence of 100 mM BzA + 5uM (light red) and 15uM (dark
red) of BAC.
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dition. For the two higher concentrations of 100 mM and 200 mM BzA, the values

of k1

remain below 100 mN/m, where no transition to liquid-condensed phase
can be observed. LPS Ra monolayers remaining in liquid expanded phase ex-
hibit an increased membrane fluidity in the presence of BzA molecules, which in
fact increases the membrane permeability. Furthermore, the decrease of collapse
pressure by increasing BzA concentration reflects the mechanical instability of the
monolayer. This combination of effects explains the antibacterial properties of the

aromatic alcohol BzA at high concentrations.

Influence of BAC Figure 4.3 (C) shows m — A isotherms of LPS Ra monolayers
on Ca*-loaded buffer, in the absence (black), presence of 5 uM (light blue), and
15 uM (dark blue) BAC.

With the addition of 5 uM BAC (light blue curve), the onset of pressure increase
is already changed for large areas per molecule >> 350 A2, This indicates a strong
interaction between positively charged BAC molecules and negatively charged LPS
Ra headgroups. Furthermore, the presence of 5 uM BAC flattens the 7 — A curve
significantly, but the collapse pressure remains unchanged. When the concentra-
tion of BAC is increased by a factor of 3 (15uM, dark blue curve), onset and
change of compressibility are not altered compared to 5uM BAC. The collapse
pressure of the LPS monolayer remained at ~ 50 mN /m.

I calculated from 7 — A isotherms on Ca?"-loaded

Compressional modulus s~
buffer is presented in figure 4.3 (D), in the absence (black), presence of 5 uM (light
blue), and 15 uM (dark blue) BAC. On Ca*'- loaded buffer, LPS Ra monolayers

! values in the presence of BAC. Maximum

exhibit a significant reduction of x~
values of k7% ~ 120mN/m and ~ 100mN/m are reached at ~ 40mN/m and
~ 35mN/m for increasing concentrations of BAC. The collapse of the monolayer
occurs at a higher surface pressure of ~ 50 mN /m, compared to the corresponding
values in the absence of Ca*" ions.

As observed on Ca*"-free conditions, the similar behaviour of compressibility
between the different concentrations of BAC indicate that the range of interactions
between BAC and LPS Ra headgroups reaches an equilibrium state, independent

from concentration.

Synergistic Effect of BzA and BAC Also in the presence of Ca*", the influence
of the combined addition of BzA and BAC was investigated. m — A isotherms
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are presented in figure 4.3 (E) with corresponding compressional modulus (F).
First, the maximum concentration of 15 uM BAC was combined with the minimum
addition of 10mM BzA (purple curves). As can be seen by both isotherms and
compressional modulus, the addition of 10 mM BzA did not cause major changes
to the behaviour compared to the pure presence of 5 and 15 uM BAC. The onset of
pressure change upon compression is comparable to that of the single presence of
BAC. At molecular areas of ~ 40 — 45 mN/m, maximum compressional modulus
of ~ 100mN/m is reached, whereafter the monolayer immediately collapses at
7 =45mN/m.

Second, low concentration of 5 uM BAC was combined with 100 mM BzA (red
curves). The onset of pressure change upon compression is comparable to that
of the single presence of BAC. Maximum compressional modulus of ~ 100 mN/m
is reached at m ~ 35mN/m, whereafter the immediate collapse of the monolayer
is observed. Compared to the presence of single additives, the combined effect
seems to be similar to that of 15 uM BAC, with a shift of 7 values towards lower
molecular areas, and the collapse behaviour of the monolayer to an immediate

effect at lower value.

4.1.4. Discussion

In this section, changes in stability and compressibility of LPS Ra monolayers
caused by the addition of surface active molecules were presented. As indicated
by CFU experiments in appendix A.1, the effect of additives is more pronounced
in the absence of divalent cations. For the single addition of BzA, the collapse
pressure was significantly reduced starting from 10 mM BzA, while on Ca®" con-
taining subphase a similar effect only occurred at a 10 times higher concentration.
Furthermore, the condition that destabilised the bacterial membrane in the ab-

sence of Ca®" did not achieve the same effect in the presence of Ca®" ions.

-1

max UDOL increasing the

The successive reduction of compressional modulus
concentration of BzA indicated a change in phase transition behaviour of LPS Ra
monolayers. In the absence of Ca®* ions, all concentrations of BzA caused s! to
remain below 100 mN/m, showing the prevention of phase transition from liquid-
expanded into liquid-condensed phase. Under Ca?*-loaded conditions, only the
addition of 10mM BzA provided values of k! > 100mN/m, which indicates a

max

phase transition from liquid-expanded to liquid-condensed phase. For higher con-
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Table 4.1.: Collapse pressure max [mN/m| obtained from 7 — A isotherms on
Ca?*-free and Ca®*-loaded subphase, in the presence of different concentrations of
BzA, BAC, and combination of both additives.

Ca’"-free Ca’'-loaded
BzA \ BAC | OpM  5uM  15uM OuM  5uM 15uM
0 mM 50 40 30 50 50 50
10 mM 40 35 50 45
100 mM 33 25 40 35
200 mM 22 27

-1
max

liquid-condensed phase can be observed. LPS Ra monolayers remaining in liquid

centrations of BzA, values of k! remain below 100 mN/m, where no transition to
expanded phase exhibit an increased membrane fluidity, which in fact increases
the membrane permeability. Furthermore, the decrease of collapse pressure by
increasing BzA concentration reflects the mechanical instability of the monolayer.
The combination of those effects explains the antibacterial properties of the aro-

matic alcohol BzA at high concentrations.

In the presence of single additive BAC, a concentration-dependent reduction of
collapse pressure was observed on Ca*"-free subphase, while under Ca®-loaded
conditions the collapse pressure remained unchanged. For the change of maximum

x~ ! indicating the phase transition behaviour of LPS Ra monolayers, BAC caused

Table 4.2.: Maximum compressional modulus k., [mN/m] obtained from 7
— A isotherms on Ca?"-free and Ca?"-loaded subphase, in the presence of different
concentrations of BzA, BAC, and combination of both additives.

Ca’"-free Ca’'-loaded
BzA \ BAC | OpM 5uM  15uM OuM 5uM  15uM
0 mM 120 30 30 200 120 100
10 mM 70 30 140 100
100 mM 50 20 70 100
200 mM 20 50
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an immediate decrease below 100 mN /m on Ca**-free condition, independent from
concentration. Therefore, by the presence of cationic surfactant, LPS monolayers
were prevented from transition into liquid-condensed phase, indicating increased
membrane fluidity causing an increase in membrane permeability. Furthermore,
the mean molecular area at 7 = 20 mN/m increased by AA ~ 90 A2 in the presence

of BAC, which suggests the incorporation of the hydrocarbon chains of BAC into

-1

the LPS membrane.'' In the presence of Ca®", however, the reduction of s !

-1

e Temained above 100 mN/m for all concentrations

was less pronounced, and x
investigated in this section. Furthermore, at 7 = 15mN/m, the increase in the
mean molecular area caused by BAC, A4 ~ 30 A2, was less than one half compared
to the effect on Ca**-free subphase.

The combined application of 100mM BzA and 5uM BAC caused further de-
crease of both collapse pressure and x_
dition of 10 mM BzA did not alter the impact of 15uM BAC significantly. On

Ca?*-loaded subphase, the collapse pressure was decreased by the addition of both

on Ca*"-free conditions, while the ad-

10mM and 100 mM BzA to previously discussed concentrations of BAC. Maximum
compressional modulus, however, remained unchanged at values of ~ 100 mN /m,
indicating a potential of transition into liquid-condensed phase.

The investigation of monolayer stability and phase transition behaviour provides
insight into the combined effect of the surface active compounds BzA and BAC. As
presented in this paragraph, the combined influence of non-lethal concentrations
of both additives seems to be as effective as the impact of lethal concentrations of
aromatic alcohol, and will be further investigated in the next sections. Following
to the onset of effect for single additives and the combined condition from film
stability and compressibility analysis, the intermediate concentration of 100 mM
BzA and the minimum concentration of 5 uM BAC were chosen for further studies,
focussing on fine structures as well as the reconstruction of ion distribution profiles

across LPS Ra monolayers using synchrotron radiation.
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4.2. Influence of BzA on the Structure of

Bacterial Outer Membranes

In the following section, the impact of aromatic alcohol BzA on the structure
of LPS Ra monolayers is investigated in the absence and presence of Ca*" ions.
Experiments considering 100 mM BzA were measured at 10 keV and performed at
ESRF, Grenoble, France. On Ca**-free buffer, surface pressure was held constant
at m = 20mN/m, corresponding to a mean molecular area of A &~ 205 A2 in the
absence of additives. In the presence of 100 mM BzA, 7 = 20 mN /m was set relative
to the surface pressure of the blank subphase (7mp,a ~ 15mN/m). Isotherm data
including this offset level are presented in appendix A.2 figure A.3 (A) and (D),
confirming that the area per molecule near the collapse converges with that of the
intact LPS Ra monolayer.

Since the LPS Ra monolayer is compacted in the presence of Ca®" ions,>® XRR
measurements on Ca®"-loaded condition were performed at 7 = 15mN/m, cor-
responding to a mean molecular area of A ~ 203 A2 in the absence of additives.
The surface pressure of the blank subphase containing the additive remained un-

changed compared to the Ca®"-free condition.

4.2.1. Structural Changes on Ca*"-free Subphase

In the first step, the impact of adding 100mM BzA on the structure of LPS Ra
monolayers was studied in the absence of divalent cations. XRR data (symbols)
and the corresponding best fit curves (solid lines) are presented in figure 4.4 (A) in
the absence (black) and presence (green) of 100 mM BzA. Electron density profiles
reconstructed from the fitting results are shown in panel 4.4 (B). For fitting, two
layers were applied in the slab model, representing the hydrocarbon chains as the
first layer, and the carbohydrate headgroups as the second. For starting values,
results from previously published XRR measurements were used.®

Resulting fitting parameters from the best matching fit curves are summarised in
table 4.3. While the thickness of both chains and headgroups remained unchanged
by the presence of 100 mM BzA, only the roughness of the interface between hy-
drocarbon chains and carbohydrate head groups was elevated from o = 3.9A to
5.6 A by factor of 1.4. This suggests that BzA molecules adsorb to the interface

between hydrocarbon chains and carbohydrate head groups and roughen this in-
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Figure 4.4.: Influence of BzA on LPS Ra monolayers in the absence and
presence of Ca’' ions. (A) XRR data and (B) reconstructed electron density
profiles of LPS Ra monolayers in the absence (black) and presence (green) of 100 mM
BzA, measured on Ca?T-free subphase. (C) XRR data and (D) reconstructed elec-
tron density profiles in the absence (black) and presence (green) of 100mM BzA,

measured on Ca?t-loaded subphase.

Table 4.3.: Structural parameters on Ca’"-free condition in the presence
of 100 mM BzA from fitting two layers in the slab model. Thickness d, electron
density p, and roughness ¢ of alkyl chains and saccharide head groups of LPS Ra

monolayers.
Ca’'-free + 100 mM BzA
d[A] pleA7% o [A] d[A] pleA7% o [A]
alkyl chains 10.6 0.326 3.4 10.8 0.323 3.9
head group  24.0 0.483 3.9 24.3 0.472 5.6
bulk 00 0.334 6.8 00 0.334 6.5
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terface, while the roughness of the other interfaces showed no remarkable changes.
The electron density was slightly reduced at the headgroups in the presence of
BzA. These minor changes in the monolayer structure seem to explain the addi-
tional data presented in appendix A.1 figure A.2 (A), showing that 100 mM BzA
caused a decrease in CFU/mL in Ca®'-free buffer, but is not sufficient to kill all

bacteria.

4.2.2. Structural Changes on Ca”*"-loaded Subphase

In the next step, XRR experiments as described in the previous section were
repeated in the presence of Ca*" ions. XRR. data (symbols) and the corresponding
best fit curves (solid lines) are presented in figure 4.4 (C) in the absence (black) and
presence (green) of 100 mM BzA. Electron density profiles reconstructed from the
fitting results are shown in panel 4.4 (D). In the presence of Ca®", the difference
in the global shape of XRR data caused by 100mM BzA was minor, and the
electron density profiles reconstructed from the XRR data are almost identical.
Results from the fitting are summarised in table 4.4, and no roughening of the
head-tail interface was caused (constant o = 3.7 A). This lack of effect is different
from the results on Ca®"-free buffer, and seems to coincide with the fact that the
CFU/mL level in the presence of BzA was about 2 orders of magnitude higher
in Ca®*-loaded buffer appendix A.1 figure A.2 (A) compared to the Ca®'-free
condition. This indicates that 100 mM BzA alone is non-lethal for Salmonella

enterica (serovar Minnesota) rough mutant R60.

Table 4.4.: Structural parameters on Ca’'-loaded condition in the pres-
ence of 100 mM BzA from fitting two layers in the slab model. Thickness d,
electron density p, and roughness o of alkyl chains and saccharide head groups of
LPS Ra monolayers.

Ca’*-loaded 4+ 100 mM BzA

d[A] plemA7% o [A] d[A] pleA o [A]
alkyl chains 124 0.319 3.3 12.7 0.348 3.7
head group 24.6 0.525 3.7 23.0 0.525 3.7
bulk 00 0.334 6.7 00 0.334 6.8
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4.3. Influence of BAC on the Structure of

Bacterial Outer Membranes

In the following section, results from analysis of the impact of cationic surfactant
BAC on the structure of LPS Ra monolayers is presented in the absence and
presence of Ca?" ions. In the presence of 5 uM BAC, XRR was measured at 8
keV. Surface pressure of 7 = 20mN/m on Ca*"-free buffer was set relative to the
surface pressure of the blank subphase containing the additive (mgac &~ 7mN/m).
The data including this offset level are presented in appendix A.2 figure A.3,
confirming that the area per molecule near the collapse converges with that of
the intact LPS Ra monolayer. In the presence of Ca*" ions, XRR measurements
were performed at 7 = 15mN/m. The surface pressure of the blank subphase

containing the additive remained unchanged compared to the Ca®"-free condition.

4.3.1. Structural Changes on Ca’"-free Subphase

First, structural changes of LPS Ra monolayers by the addition of 5 uM BAC were
probed in the absence of Ca®" ions. XRR data (symbols) and the corresponding
best fit curves (solid lines) are presented in figure 4.5 (A) in the absence (black) and
presence (blue) of 5 uM BAC, and e~ density profiles reconstructed from the fitting
results are shown in figure 4.5 (B). By the addition of BAC, periodic oscillations
are lost in the XRR data, which shows a distinct difference to the intact LPS Ra
monolayer. The reconstructed electron density profile (panel B) clearly indicates
that the structural integrity of the LPS Ra monolayer, the stratified membrane
structure with conformal roughness, was significantly disturbed by BAC alone.
Results from fitting two layers in the slab model are summarised in table 4.5.
While the layer thickness of both chains and headgroups remained mostly un-
changed, the roughness of the interfaces was altered by the presence of 5 uM BAC.
While the interfacial roughness of air-chain and chain-headgroup was elevated
from 3.4 A to 5.0A and from 3.9A to 7.3A (factor 1.5 — 1.9), the roughness at
the headgroup-bulk interface was reduced from 6.8 A to 4.3 A by factor of 1.6.
This disturbance of the integrity of the stratified membrane structure by BAC
alone seems consistent with the fact that no bacteria survived after 5 min incu-
bation only with BAC appendix A.1 figure A.2 (B). The electron density at the
headgroups was reduced from 0.483e~ /A% to 0.356 e~ /A3 by factor of 1.4 in the
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Table 4.5.: Structural parameters on Ca’*
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d[A] ple A~ o [A]

alkyl chains  10.6 0.326 3.4
head group  24.0 0.483 3.9
bulk 00 0.334 6.8
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presence of BAC. This decrease indicates a loss of LPS Ra molecules from the
interface, and combined with the increased roughness leads to the destabilisation

of the monolayer.

4.3.2. Structural Changes on Ca*"-loaded Subphase

Similar to the experiments presented in the previous section, the structure of
LPS Ra monolayers was also characterised in the presence of Ca?' ions and 5 uM
BAC. XRR data (symbols) and the corresponding best fit curves (solid lines) are
presented in figure 4.5 (C) in the absence (black) and presence (blue) of 5uM
BAC. Electron density profiles reconstructed from the fitting results are shown in
panel 4.5 (D). The global XRR curve in the presence of BAC resembles that of
intact LPS Ra, but the main difference can be seen in the head group region of
the e~ density curve.

Results from fitting two layers in the slab model are summarised in table 4.6.
While the thickness of both chains and headgroups remained unchanged by the
presence of 5uM BAC, roughness of the interface between hydrocarbon chains
and carbohydrate head groups was slightly elevated from o — 3.7A to 4.2 A. The
electron density of the headgroups was slightly reduced from 0.525 to 0.460 e_/AS.
These minor structural changes suggest the decrease in the packing density of
negatively charged saccharide head groups by the binding of cationic BAC.

The maintenance of stratified membrane structures with conformal roughness

was confirmed by the reconstructed electron density profiles (figure 4.5 (D)). The

Table 4.6.: Structural parameters on Ca’*-loaded condition in the pres-
ence of 5 uM BAC from fitting two layers in the slab model. Thickness d, electron
density p, and roughness o of alkyl chains and saccharide head groups of LPS Ra
monolayers.

Ca’"-loaded + 5uM BAC

d[A] ple AT o [4] d[A] ple AT o |4
alkyl chains 12.4 0.319 3.3 12.1 0.292 3.7
head group 24.6 0.525 3.7 23.7 0.460 4.2
bulk 00 0.334 6.7 00 0.334 7.2
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higher stability of the LPS Ra monolayer observed on Ca®-loaded subphase seems
consistent with the high CFU/mL level observed in bacterial killing assays at a
concentration of 5 uM BAC (cf. appendix A.1 figure A.2 (B)). The fact that 5 uM
BAC alone is not able to disturb the stratified LPS Ra membrane structure in the

presence of Ca*" coincides with the resistance of bacteria against QAC.'315

4.4. Synergistic Effect of BzA and BAC

The next question addressed in this chapter is whether the combination of aro-
matic alcohol (BzA) and cationic surfactant (BAC) promotes the disturbance of
bacterial outer membranes. In the presence of 100mM BzA + 5uM BAC, XRR
was measured at 8 keV. Surface pressure of 7 = 20mN/m on Ca®*-free buffer was
set relative to the surface pressure of the blank subphase containing the additive
(mBac:Bsa ~ 20mN/m). The data including this offset level are presented in ap-
pendix A.2 figure A.3, confirming that the area per molecule near the collapse
converges with that of the intact LPS Ra monolayer. In the presence of Ca*" ions,
XRR measurements were performed at 7 = 15mN/m. The surface pressure of
the blank subphase containing the additive remained unchanged compared to the

Ca’T-free condition.

4.4.1. Structural Changes on Ca*"-free Subphase

First, the the impact of the combination of 100 mM BzA and 5uM BAC on the
structure of LPS Ra was investigated in the absence of Ca*" ions, by performance
of of XRR experiments. XRR data (symbols) and the corresponding best fit
curves (solid lines) are presented in figure 4.6 (A) in the absence (black) and
presence (red) of 100 mM BzA + 5 uM BAC, and e~ density profiles reconstructed
from the fitting results are shown in figure 4.6 (B). As by the addition of BAC
alone (fig. 4.5 (A)), periodic oscillations are lost in the XRR data, implying the
loss of stratified membrane structures. Also the reconstructed electron density
profile clearly indicates that the structural integrity of the LPS Ra monolayer was
significantly disturbed. This finding seems reasonable, since no bacterial survival
was observed in Ca*"-free buffer at a concentration of > 1 uM BAC, independent
from additional BzA concentration appendix A.1 figure A.2 (B) and (C).

A summary of results from fitting two layers in the slab model is presented
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Figure 4.6.: Synergistic influence of BzA and BAC on LPS Ra monolayers
in the absence and presence of Ca’" ions. (A) XRR data and (B) recon-
structed electron density profiles of LPS Ra monolayers in the absence (black) and
presence (red) of 100 mM BzA + 5 uM BAC, measured on Ca’"-free subphase. (C)
XRR data and (D) reconstructed electron density profiles in the absence (black) and
presence (red) of 100mM BzA + 5uM BAC, measured on Ca?"-loaded subphase.

Table 4.7.: Structural parameters on Ca’"-free condition in the presence
of 100 mM BzA + 5 pM BAC from fitting two layers in the slab model. Thickness
d, electron density p, and roughness o of alkyl chains and saccharide head groups of
LPS Ra monolayers.

Ca’'-free + 100mM BzA + 5uM BAC
d[A] pleAT] o [A] d[A] pleA7 o [A]
alkyl chains  10.6 0.326 3.4 11.7 0.356 4.6
head group  24.0  0.483 3.9 20.6  0.360 4.9
bulk 00 0.334 6.8 00 0.334 5.7
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in table 4.7. While the layer thickness of both chains and headgroups remained
mostly unchanged, the combined presence of BzA and BAC caused an increase in
interfacial roughness between chains and headgroups by factor of 1.3 from 3.9 A to
4.9 A. Furthermore, the electron density at the headgroups was reduced by factor
of 1.3 from 0.483 e~ /A3 to 0.360e~ /A3, As discussed for the results on the single
addition of BAC in section 4.3.1, this effect can be interpreted as loss of LPS from

the interface and destabilisation of the membrane structure.

4.4.2. Structural Changes on Ca”*"-loaded Subphase

In the next step, structural changes of LPS Ra monolayers were analysed in the
presence of Ca*" ions and a combination of 100mM BzA and 5uM BAC. XRR
data (symbols) and the corresponding best fit curves (solid lines) are presented in
figure 4.6 (C) in the absence (black) and presence (red) of 100 mM BzA + 5 uM
BAC. Electron density profiles reconstructed from the fitting results are shown in
figure 4.6 (D). Remarkably, the global shape of the XRR curve (panel C) is clearly
different from the curves in the presence of BzA alone (fig. 4.4 (C)) or BAC alone
(fig. 4.5 (C)).

Results from fitting two layers in the slab model are summarised in table 4.8.
Thickness of the alkyl chains was slightly reduced from 12.4 A to 10.2 A in the
combined presence of additives (factor 1.2). Most remarkably, the roughness of
the interface between hydrocarbon chains and carbohydrate head groups was sig-
nificantly elevated by factor of 1.7 from ¢ — 3.7 A to 6.2 A which is an additional

Table 4.8.: Structural parameters on Ca’'-loaded condition in the pres-
ence of 100 mM BzA + 5uM BAC from fitting two layers in the slab model.
Thickness d, electron density p, and roughness o of alkyl chains and saccharide head
groups of LPS Ra monolayers.

Ca’"-loaded + 100 mM BzA + 5uM BAC
d[A] plemA7% oA d[A] plemA7%] o [A]
alkyl chains 124 0.319 3.3 10.2 0.313 4.0
head group 24.6 0.525 3.7 22.9 0.437 6.2
bulk 00 0.334 6.7 00 0.334 7.9
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increase by factor of 1.5 compared to the effect of 5uM BAC alone (o0 = 4.24A
table 4.6). The electron density of the headgroups was reduced from 0.525e~ /A3
to 0.437e~/A® (factor 1.2).

The obtained results clearly indicate the synergistic function of BzA and BAC.
As a reference, the XRR measurement of 50 mM BzA + 5 uM BAC is presented in
appendix A.3 figure A.3 (E), where the integrity of the stratified layers is clearly
indicated by the periodic oscillations of the XRR data. While the addition of
50mM BzA to 5uM BAC leaves the layered structure in the presence of Ca®"
mostly intact, the disturbance of the stratified membrane structures by 100 mM
BzA enables the incorporation of BAC.

4.5. Influence of Additives on the lon

Concentration Profiles near the Interface

As a LPS Ra molecule contains charged saccharide units (cf. fig. 3.1), the dis-
turbance of structural integrity of membranes should result in the change in ion
distribution near the membrane surface.”® To determine the ion concentration
profiles of K™ and Ca?" within the LPS Ra monolayers, each XRR experiment
was followed by the recording of GIXF signals at incident angles below (surface
information) and above (bulk information) the critical angle of total external re-
flection (cf. chapter 2.1, eq. 2.13). To highlight the protective function of divalent
Ca?" ions, the density profiles of K™ and Ca?" will be compared on Ca*"-free and
Ca?*-loaded subphase.

4.5.1. Concentration Profile of K

Figure 4.7 (A) shows the normalised X-ray fluorescence signals from the K-K, line
measured on Ca®'-free buffer in the absence of additives (black), in the presence
of 100mM BzA (green), 5 uM BAC (blue), and 100mM BzA + 5uM BAC (red),
plotted as a function of g,. Signals collected below the critical angle (¢, < g. =
0.022 A‘l) arise from K™ near the interface, while the data from the angle beyond
the critical angle g. > ¢. represent the K* in the bulk subphase. Experimental
data was fitted using equation 2.41, section 2.2, where the illumination profile was
calculated using the results from XRR analysis (cf. sec. 4.2 — 4.4, tables 4.3 — 4.7).
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Figure 4.7.: Influence of additives on ion concentration profiles in the ab-
sence of Ca”" ions. (A) Normalised X-ray fluorescence signals from the K-K,, line
measured in the absence of additives (black), in the presence of 100 mM BzA (green),
5uM BAC (blue), and 100 mM BzA + 5 uM BAC (red). (B) Reconstructed ion con-
centration profiles of KT in the absence (black) and presence (green) of 100 mM BzA.
Signals from disturbed layers could not be fitted for calculation of ion density pro-
files.

For all samples, counts at ¢, < g. exhibit higher values than in the bulk, which
suggests the accumulation of K near the interface. In the presence of 100 mM
BzA (green), no major changes in the normalised fluorescence signal were observed,
compared to the measurement in absence of additives (black). In the presence
of 5uM BAC (blue), the fluorescence signal near the interface was significantly
reduced. This reduction was further increased by the combined addition of 5 uM
BAC + 100mM BzA (red). For the absence of additives (black) and presence
of 100mM BzA, data sets were fitted using equation 2.41, while in the presence
of 5uM BAC and 100 mM BzA + 5uM BAC, no reasonable fitting results could
be achieved. This coincides with the observation from XRR data, suggesting the
strong disturbance of the layered membrane structures (cf. sections 4.3 — 4.4,
figures 4.5 — 4.6).

Ton density profiles of K™ ions corresponding to the best fit results and calculated
by equation 2.42 are presented in figure 4.7 (B). Bulk concentration was considered
constant at 100 mM K™, and thicknesses of layers were obtained from XRR analysis
(cf. section 4.2, table 4.3). For the intact LPS Ra monolayer in absence of additives

(black), the concentration of K™ ions exhibits a maximum value of ¢paxx) = 4.6 M

85



4. Structural and Electrostatic Characterisation of Lipopolysaccharide

Monolayers at the Air-Water Interface

at Zmax(k) = 6 A from the chain /headgroup interface. This concentration is 46 times
higher than the bulk level (100 mM KCIl), and the peak position corresponds to the
position of inner core saccharides consisting of two phosphorylated glucosamine
units and two 2-keto-3-deoxyoctonoic acid units. Lateral density c;, of KT ions
was calculated by integration of the concentration along the z-axis, to cp k) — 2.6
%10 ions/cm?. With the area per LPS Ra molecule at 7 = 20mN /m, A ~ 210 A2
(m — A isotherms, sec. 4.1.2, fig. 4.2 (A)), the number of K" ions associated with
one LPS Ra molecule was determined to be N = 5.5. The obtained value is in
agreement with previously published data,® and seems reasonable from the net
charge of 6 e~ per core saccharide.?

For the intact LPS Ra monolayer in the presence of 100mM BzA (green), the
concentration of KT ions exhibits a maximum value of Cmax(K) = 3-9 M at Znax(k)
— 8 A from the chain /headgroup interface. This minor broadening of the K* peak
can be attributed to the roughening of the interface between hydrocarbon chains
and head groups suggested by XRR, (sec. 4.2, fig. 4.4 (A), tab. 4.3). The apparent
shift in the peak position (Az = 2A) is within the spatial resolution® of & 3 A.
The calculated lateral ion density (cpk) = 2.9 x10* ions/cm?) and the number
of associating K™ ions (N = 5.7) suggest that the charge neutrality and thus the
electrostatic barrier were not disturbed by 100 mM BzA.

For the LPS Ra monolayer in the presence of 5uM BAC and 100mM BzA
+ 5uM BAC, no reasonable fitting results of fluorescence data and therefore no
reconstruction of the ion density profile could be achieved, due to the strong dis-

turbance of the layered membrane structures.

4.5.2. Concentration Profile of Ca’"

In the following section, Ca*" ion concentration profiles near the LPS Ra mono-
layers are reconstructed in the presence of Ca*"-loaded buffer containing 100 mM
BzA, 5 uM BAC, or the combination of both. Figure 4.8 (A) shows the normalised
X-ray fluorescence signals from the Ca-K, line measured on Ca*-loaded buffer
in the absence of additives (black), in the presence of 100 mM BzA (green), 5 uM
BAC (blue), and 100 mM BzA + 5 uM BAC (red), plotted as a function of ¢,. For
fitting of the experimental data, the illumination profiles were calculated using the
results from XRR analysis (cf. sections 4.2 — 4.4, tables 4.4 — 4.8).

For all samples, counts at ¢, < g. exhibit higher values than in the bulk, which
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Figure 4.8.: Influence of additives on ion concentration profiles in the
presence of Ca’" ions. (A) Normalised X-ray fluorescence signals from the Ca-
K, line measured in the absence of additives (black), in the presence of 100 mM BzA
(green), 5 uM BAC (blue), and 100 mM BzA + 5 uM BAC (red). (B) Reconstructed
ion concentration profiles of Ca®" in the absence of additives (black) and in the
presence of of 100 mM BzA (green) and 5 uM BAC (blue). Signals from the disturbed
layer could not be fitted for calculation of the ion density profile.

suggests the condensation of Ca*" near the interface. In the presence of 100 mM
BzA (green), no changes in the normalised fluorescence signal were observed, com-
pared to the measurement in absence of additives (black). In the presence of 5 uM
BAC (blue), the fluorescence signal near the interface showed minor enhancement
compared to the absence of additives. The addition of the combination of 5 uM
BAC + 100 mM BzA (red) resulted in a clear reduction of fluorescence signal near
the interface, and the characteristic shape of the Ca®" ion density profile was
strongly altered.

For the absence of additives, presence of 100mM BzA, and presence of 5 uM
BAC, data sets were fitted using equation 2.41. In the presence of 100 mM BzA +
5 uM BAC, no reasonable fitting results could be achieved. This coincides with the
observation from XRR data, suggesting that even in the presence of divalent Ca®"
the layered membrane structures is strongly disturbed by the combined presence
of BzA and BAC (cf. section 4.4, fig. 4.6).

Ton density profiles of Ca>" ions corresponding to the best fit results and cal-
culated by equation 2.42 are presented in figure 4.8 (B). Bulk concentration was
considered constant at 50mM Ca®", and thickness of layers was obtained from
XRR analysis (sections 4.2 — 4.3, tables 4.4 — 4.6). For the intact LPS Ra mono-

layer in absence of additives (black), the concentration of Ca®' ions exhibits a
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maximum value of cpaxca) = 4.0M at zmax(ca)y = 7 A from the chain /headgroup
interface, almost identical to zpaxx) on Ca’'-free subphase. Lateral density ¢,
of Ca*" ions was calculated by integration of the concentration along the z-axis,
to cricay = 2.5 x10' jons/cm®. With the area per LPS Ra molecule at surface
pressure 7 = 15mN/m, A &~ 190 A2 (cf, 7 — A isotherms, sec. 4.1.3, fig. 4.3 (A)),
the number of Ca?" ions associated with one LPS Ra molecule was determined to
be N = 4.7. This value is in agreement with previously published data.”® The
accumulation of Qcaoy ~ 49 e charges per LPS Ra molecule carrying Qrps ~ —6e
can be explained by the gain in cavitational energy outweighing the low electro-
static energy penalty, as interpreted within the framework of dielectric continuum

theory. 157159

For the intact LPS Ra monolayer in the presence of 100mM BzA (green), the
concentration of Ca?' ions exhibits a maximum value of Cmax(Ca) — 3-4 M at Zmax(ca)
— 8 A from the chain /headgroup interface, almost identical to the results in the ab-
sence of additives. The calculated lateral ion density (cp,(ca) = 2.4 x10 ions/cm?)
and the number of associating Ca*" ions (N = 4.8) suggest that the addition of
100mM BzA did not alter the electrostatic barrier compared to the control mea-
surement. This analysis shows that the presence of Ca*" not only preserves the
structures (sec. 4.2, fig. 4.4) but also the ion density profiles near the interface
from the influence of 100 mM BzA.

For the intact LPS Ra monolayer in the presence of 5uM BAC (blue), the
distribution of Ca** exhibited a distinct difference from the results in the absence
of additives, as well as the analysis of K™ measured on Ca*"-free subphase (cf. sec.
4.5.1, fig. 4.7 (B)). The reconstruction of the ion concentration profile resulted in
a maximum concentration of Ca*" ions of Cmax(Ca) — 8.0M at Zpax(ca) = 3 A from
the chain/headgroup interface. Still, the lateral density of Ca®* ions remained at

2 as well as the number of Ca®" ions associated with

Cr(ca) — 2.4 x 10 ions/cm
one LPS Ra molecule obtained from integration along the z-axis (N = 3.8). This
shift in the peak position is caused by the penetration of BAC molecules into the
outer saccharide units of LPS Ra molecules. Nonetheless, BAC alone was not able
to completely dislocate the Ca®" ions cross-linking the inner core of negatively

charged LPS Ra molecules, but merely pushed them into a more confined layer.

For the LPS Ra monolayer under the combined influence of 100 mM BzA +
5uM BAC (red), GIXF analysis could not achieve a reasonable fit due to the loss
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of distinct layered structures, indicated by the XRR data (sec. 4.4, fig. 4.6 (C)).

4.6. Discussion

Previous works have studied the modulation of biophysical characteristics and bio-
chemical functions of bacteria in response to sanitisers containing cationic surfac-
tants and aromatic alcohols.'® %160 However, the understanding of the synergistic
bactericidal mechanism of the two components has not been investigated at molec-
ular level yet. In this study, a defined model of bacterial outer membranes was
fabricated by the deposition of LPS Ra monolayers at the air-water interface.
Alterations of structure and electrostatics of LPS Ra membranes by the main in-
gredients of sanitisers, aromatic alcohol and cationic surfactant, were analysed in a
quantitative manner by the combination of structure analysis (XRR) and element-
specific ion-localisation (GIXF). As it has been shown that divalent cations, such
as Ca?' and Mg?*t, facilitate the survival of bacteria,”® the conditions of Ca?*-
free and Ca®**-loaded environment were used in the present work to demonstrate
the protective role of Ca*". As control, CFU counting assays verified that the
results obtained from the model system can directly be compared to the bacterici-
dal activity of the additives. The concentrations of 10 uM BAC and 100 mM BzA
commonly used in sanitisers are not at lethal levels when used as single additives.
Thus, to clearly discriminate the differential roles of the two compounds in the
presence and absence of Ca*", simultaneous XRR and GIXF experiments were
carried out, under a slightly milder condition of 5 uM BAC and 100 mM BzA.
First, the solitary effect of 100 mM BzA on the LPS membrane was examined
(cf. sec. 4.2 and 4.5). The simultaneous XRR and GIXF demonstrated that
BzA slightly roughens the interface between hydrocarbon chains and saccharide
head groups, but the layered structures and the electrostatic barriers remain in-
tact. XRR data gave quantitative insight to previously reported effects that the
increase in membrane fluidity is caused by the roughening of the interface between

161,162 while the concentration

the hydrocarbon chains and saccharide head groups,
and distribution of cations in close vicinity to the membrane remained unchanged.
Second, the solitary effect of 5 uM BAC on the LPS membrane was examined (cf.
sec. 4.3 and 4.5), where compared to BzA, the impact of BAC was more signifi-

cant. Analysis of 7 — A isotherms under Ca®"-free conditions showed a remarkable
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expansion of the mean molecular area in the presence of 5 uM BAC, and XRR and
GIXF suggested that the layered structures of the LPS Ra membrane were signifi-
cantly disturbed. This is consistent with the fact that no bacteria could survive in
the absence of Ca®" ions at concentrations of > 1uM BAC (appendix A.1 figure
A.2 (B)), where a penetration of the outer leaflet of the bacterial membrane by
surfactants allows the dissolution of inner phospholipid structures, and subsequent
loss of peptidoclycan and cytosol. In contrast to the Ca?'-free condition, XRR
data suggested that BAC alone did not disturb the structural integrity of the LPS
Ra membrane in Ca*" containing environment, but pushed the Ca?' layer closer
to the interface.

Remarkably for the combined presence of 100 mM BzA and 5uM BAC, XRR
data indicated that the mixture of additives disturbed the stratified LPS Ra struc-
tures even under Ca”"-loaded conditions (cf. sec. 4.4). This finding provides direct
evidence of the synergy of BzA and BAC from a structural point of view, which
was quantitatively supported by the element-specific localisation of K+ and Ca*"
ions using GIXF (cf. sec. 4.5). On one hand, the condensation of Ca®" was not
disturbed in the solitary presence of BAC due to the blocked incorporation by
cross-linked core saccharides. On the other hand, the ion concentration profiles
near the interface could not be calculated in the coexistence of BAC and BzA due
to the loss of structural integrity. Interestingly, the concentration of BzA seemed
to have a significant influence on the synergistic effect of both additives. For in-
stance, in the presence of Ca?' a lower concentration of 50 mM BzA in combination
with 5uM BAC left the LPS Ra monolayer intact (cf. appendix A.3 figure A.3
(E)). Therefore, it can be concluded that the bactericidal effect of sanitisers is
facilitated by the roughening of the head-chain interface via BzA, whereby the in-
creased permeability allows the incorporation of BAC into the LPS Ra membrane
and subsequently leads to the creation of defects in the membrane structures and
loss of cytosol.

These results demonstrate that the structural characterisation by XRR within
sub-A resolution, combined with the element-specific ion localisation by GIXF
within few A resolution, is a powerful tool to unravel the physical mechanism of

reactions at biological interfaces.
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5. Static and Dynamic Behaviour
of hHSC - Experiment and

Simulation

5.1. Influence of ADH-1 on Static and Dynamic
Behaviour of hHSC

In the following chapter the influence of the clinical drug ADH-1 on the adhe-
sion, deformation, and migration of hHSC on surrogate substrates displaying N-
cadherin will be presented and discussed. In section 5.1.1, the adhesion of HSC
in absence and presence of ADH-1 is investigated in terms of fraction of adherent
cells, adhesion area, and critical pressure for cell detachment. Experiments are
performed using reflection interference contrast microscopy (RICM) and picosec-
ond laser pulse induced shockwaves for cell detachment. In sections 5.1.2 and 5.1.3,
the deformation and migration of HSC is investigated using time-lapse microscopy

and numerical simulations.

5.1.1. Adhesion Area and Strength

Adhesion of HSC on N-cadherin functionalised substrates was investigated using
reflection interference contrast microscopy (RICM) and laser-induced cell detach-
ment, resulting in the measurement of adhesion area, fraction of adherent cells,

and the critical pressure P* for cell detachment.
Area of Adhesion In figure 5.1 the results from RICM experiments are pre-

sented. Figure 5.1 (A) shows the phase contrast (left) and RICM image (right)

of hHSCs on model surfaces displaying N-cadherin at intermolecular distance of
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Figure 5.1.: Adhesion area in the absence and presence of ADH-1. Phase
contrast (left) and RICM (right) images of HSC adhering to N-cadherin in (A)
absence (black) and (B) presence (red) of ADH-1, scale bars 5 pm. Area of tight
adhesion indicated by dark area of destructive interference in RICM images. (C)
Cell adhesion area (N > 52,p = 1.3 x 1079, two-sided Mann-Whitney test).

(d) = 18 nm, in absence of ADH-1 (scale bars 5 pm). In the RICM image, the area
of close contact is visible by the area of minimum intensity caused by destructive
interference at the center of the cell, surrounded by the typical Newton’s rings
generated by the increasing height between lower cell membrane and substrate.
Figure 5.1 (B) shows the phase contrast (left) and RICM image (right) of hHSCs
in the presence of 0.5 pug/ml ADH-1, scale bars representing 5 pum. The area of
close contact visible in the RICM image is smaller compared to the control sample.

To determine the area of tight adhesion, height fluctuations of the cell membrane
were analysed by MSA calculations of intensity fluctuations in the area of close
contact as described in section 2.3. Figure 5.1 (C) shows the results of MSA
analysis, for N > 52 cells from 3 independent experiments each. For control
samples, the average area of tight adhesion was 7.4 4 3.4 um?, while in the presence
of ADH-1, the average area of tight cell adhesion was reduced to 4.1 & 2.8 um?
(p = 1.3 x 1075, two-sided Mann-Whitney test). This result proves the significant

1.8-fold reduction of adhesion area caused by the presence of clinical drug ADH-1.

Fraction of Adherent Cells Results from laser pulse assay experiments are
shown in Figure 5.2. Prior to the measurement of the critical pressure for cell
detachment, all samples were exposed to a shock wave induced by a 0.5mJ laser
pulse to remove non-adherent cells. Analysis of adherent vs. non-adherent cells
showed an average of 73 £ 10 % adherent cells for the control sample, while in the
presence of ADH-1 the adherent fraction was reduced to 37 +11% (Figure 5.2
(A)). This reduction by factor of 2 was highly significant (N > 750, p =5 x 1077,
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Figure 5.2.: Fraction of adherent cells and adhesion strength in the ab-
sence and presence of ADH-1. (A) Total fraction of adherent cells in absence
(grey) and presence (red) of ADH-1 (N > 750,p = 5 x 1077, two-sided Mann-
Whitney test, each datapoint representing 50 cells). (B) Positions of adherent cells
in absence of ADH-1, after exposure to pressure wave emanating from top to bot-
tom. (C) Fraction of adherent cells in dependence on detachment pressure P. Fitted
error function (blue and yellow curves) presented for indication of critical pressure
P* (broken lines). Significant difference between samples (Kolmogorov-Smirnov test
for goodness-of-fit, p < 0.05), each bar representing 50 — 700 individual cells.

two-sided Mann-Whitney test).

Critical Pressure for Cell Detachment Bright field images of samples were
analysed before and after exposure to a shock wave induced by a 12.7mJ laser
pulse. Positions of adherent cells after exposure to the pressure wave emanating
from top to bottom are plotted in Figure 5.2 (B), where the lower cell density in the
area exposed to higher pressure is clearly visible. Cells classified as adherent and
non-adherent were counted in dependence on the induced pressure, binned, and
plotted as adherent fractions in bins of equal AP, containing 50 — 700 individual
cells per bin. Figure 5.2 (C) shows the resulting empirical distribution of adherent
fraction against the applied pressure range for control samples (left, grey) and
samples treated with 0.5 ug/ml ADH-1 (right, red). Empirical distributions were
fitted as described in section 2.4 with an adapted error function for determination
of the critical pressure of cell detachment P* at the inflection point. The derivative
Gaussian of the fitted error function (blue, solid line) is plotted on the right y-axis
for indication of critical pressure P* (blue, broken line).

In the presence of ADH-1, the critical pressure for cell detachment was reduced
from 5.1 + 2.0 MPa (control) to 3.4 + 2.0 MPa (ADH-1) by a factor of 1.5. Due
to the extended transition range between adhesion and detachment, the deriva-

tive Gaussian function corresponding to the fitted error functions could not be
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utilised to determine statistical significance between the determined critical pres-
sure P*. Therefore, both data sets and fit curves were compared using an adapted

t'%4 as described in section 3.5.2. Anal-

Kolmogorov-Smirnov test for goodness-of-fi
ysis showed that both empirical distributions were significantly different from the

respective other fitted error function at a significance level of o = 0.05.

Discussion

Compared to previously published data on hHSC adhering to surrogate substrates
displaying N-cadherin at (d) = 18 nm,?*87 control experiments in the present study
exhibited a lower fraction of adherent cells and lower adhesion areas, but higher
critical pressure for detachment P*. These deviations can arise from the fact
that hHSC were extracted from human donors, where behavioural variations exist
between individual groups of donors. Furthermore, the critical pressure for cell
detachment can not be directly compared to previous studies?? due to the differ-
ent experimental procedure used in this work. In the present study, one pressure
wave induced by a single laser pulse was applied to each sample, and analysed
by pressure variation at distances from 1.5 — 3.5 mm between cells and the laser
focus. In Burk et al.,?2 however, single cells were exposed to multiple pressure
waves with increasing pressure values, until detachment was observed. This re-
peated exposure to detachment forces can lead to a weakening of the adhesion on
the N-cadherin axis. Nonetheless, the overall effect of ADH-1 can be compared to
the values determined by Burk et al.?? and Monzel et al.%" By the administra-
tion of 0.5 ug/ml ADH-1 to the cells, the reduction of adhesion parameters was

comparable to the binding-to-unbinding transition occurring at lower lateral lig-

Table 5.1.: Adhesion parameters of hHSC in the absence and presence of
ADH-1 on surrogate substrates displaying N-cadherin at intermolecular distances
of (d) = 18nm 2h after seeding. Average values of 3 independent experiments con-
sidering N > 50 — 2000 cells, £+ standard deviation.

control  + ADH-1
Aggn [um? | 74+34 41428
X [ %] 73+10 37+£11
P* [ MPa| 51+£20 34420
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and densities. In Burk ef al., this transition occurred at intermolecular distances
of (d) = 30— 50nm, where the adherent fraction decreased below 50% and the
adhesion area was reduced to less than 4 pm?. Furthermore, the critical pressure
for cell detachment P* also is proportional to lateral ligand density.

These results present a strong indication that ADH-1 directly blocks N-cadherin
on the surrogate substrates, where the reduction of adhesion parameters can be
explained by the reduction of accessible binding sites, which is comparable to a

lower surface density of N-cadherin.

5.1.2. Deformation Analysis and Simulations

For deformation analysis, sequences of phase contrast images were recorded over
1h at a At of 40 — 70s, 2h after cell seeding as described in section 3.5.3. After
binarisation, cell contours were extracted from each frame, transformed into polar
coordinates, and analysed regarding their Fourier coefficients (cf. sec. 2.5). Based
on the experimental results, numerical simulations were performed according to
the model established by Ohta et al.5%8¢ Parameters g./k» in equations 2.93 — 2.96
were adjusted to match the simulated behaviour to the experimentally observed

deformation, as described in section 3.6.

Experiment Figure 5.3 (A) shows the outlines of deforming hHSC in the absence
(left, grey) and presence (right, red) of ADH-1 for experiments (top row, grey
panels). In the control experiments, hHSCs showed pronounced deformation, while
in the presence of ADH-1 the active deformation was distinctly reduced.

For quantitative analysis and reproduction of results, the deformation of hHSCs
was analysed in Fourier space to calculate the power spectrum and total power of
deformation. Figure 5.3 (B) shows the experimentally determined power spectrum
of hHSCs deforming in the absence (solid line, grey) and presence (solid line,
red) of ADH-1. In both samples, the contribution of mode 2 deformation to the
overall shape of the cell is most pronounced, followed by mode 3, which identifies
elongation as the predominant mode of deformation. In the presence of ADH-1,
the deformation power of all modes was reduced compared to the control sample.
Furthermore, the ratio I's /I3 between mode 2 and mode 3 deformation power was
increased from 2.1 (control) to 2.9 by a factor of 1.4 in the presence of ADH-1.

The total power of deformation calculated from the power spectra is presented
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Figure 5.3.: Deformation analysis and simulations in the absence and pres-
ence of ADH-1. (A) Experimentally tracked (top, grey panels) and numerically
simulated (bottom, white panels) cell deformation over time in absence (grey) and
presence (red) of ADH-1. Scale bars of 10 pm equivalent to 2 simulated length units,
1 minute in experiments equiv. to 1.5 simulated time units. (B) Power spectra and

(C) sum of deformation powers of mode 2 and mode 3, calculated from cell shapes

in experiments (solid boxes, left) and determined by deformability (s3) + (s3) in

simulations (open boxes, right). Reduction of sum of deformation power by factor
of 2.2 (N > 36,p < 0.001, two-sided Mann-Whitney test).

in figure 5.3 (C) for experiments (left, solid boxes) and simulations (right, open
boxes). For experiments, analysis resulted in a total power of deformation of I'y+1'3
= (0.031 +0.025 for control, and I'y+1'3 = 0.014 4+ 0.018 in the presence of ADH-1.
The total power of deformation was reduced by factor of 2.2 in the presence of 0.5
ug/ml ADH-1 (3 independent experiments, N > 36,p < 0.001, two-sided Mann-
Whitney test). This reduction could be reproduced by adjustment of parameters

in the numerical simulations.

Simulation Results from simulations are shown in figure 5.3 (A) bottom row
(white panels) for control samples (left, grey) and ADH-1 samples (right, red),
with the scale bar of 10 um equivalent to 2 simulated length units, and 1 minute
in the experiments represented by 1.5 simulated time units. As can be seen from
the qualitative appearance of plotted cell shapes, the effect of reduced deformation
in the presence of ADH-1 could be reproduced.

Starting from the results of the power spectrum analysis, the parameter ratio of
intrinsic force g. vs. line tension ko of cell membrane was adjusted to match the
total deformability (s2) + (s3) to the total power of deformation I'y + I'3 observed
from cell experiments. For control samples, a ratio of g./ks = 0.09 resulted in the
deformability of (s3) + (s2) = 0.031, matching the experimental result of T'y + I'3
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5.1.2. Deformation Analysis and Simulations

Table 5.2.: Deformation parameters of hHSC in the absence and presence
of ADH-1 on surrogate substrates displaying N-cadherin at (d) = 18nm 2h after
seeding. Average values of 3 independent experiments considering N > 50 — 2000
cells, and N > 40 independent simulations, + standard deviation.

control + ADH-1
Iy + T3 |au] 0.031 +0.025 0.014 +0.018
(s3) + (s3) [a.u.] 0.031 0.014
ge/ Ko 0.09 0.06

= 0.031 + 0.025. A reduction of g./ks for the ADH-1 sample by factor of 1.5
from 0.09 to 0.06 could reproduce the reduction of I's +I's to 0.014 4+ 0.018, with
a matching (s2) + (s2) = 0.014 in the presence of ADH-1. Deformability results
from simulations are plotted on the right y-axis of figure 5.3 (C), for control (grey)
and ADH-1 (red) samples. In figure 5.3 (B), the contribution (s ) of mode 2 and
mode 3 deformation to the overall shape is shown for simulations as solid symbols
for control samples (grey) and ADH-1 samples (red). Due to normalisation by,
units for experiments and simulations are directly transferable. The increase of
ratio ', /'3 obtained from power spectrum analysis of experiments in the presence
of ADH-1 by factor of 1.4 could be simulated by increasing the line tension ratio
k3 /K2 of mode 2 and 3 deformation from 1.8 (control) to 2.2 (ADH-1) by factor of
1.2.

Discussion

Control experiments showed similar deformation power compared to previous

22,87 considering the normalisation by Monzel et al.3” Both the predomi-

works,
nant mode of deformation and the reduction in the presence of ADH-1 could be
reproduced in the theoretical model by adjustment of parameters g., ko, and k3.
In the presence of ADH-1, the parameter ratio g./ks was reduced. From the per-
spective of simulations, this reduction indicates a reduction of intrinsic forces g,
or enhancement of relaxation rate x equivalent to a stiffening of the cell.

With this distinction of deformation during migration using power spectral anal-
ysis and numerical simulations, an additional perspective is given on cell migration,

which is only probed by start-to-end point observation in commonly applied screen-
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5.1. Influence of ADH-1 on Static and Dynamic Behaviour of hHSC

ing studies. Since in the presence of ADH-1 deformation activity is significantly
reduced, further details about the influence of ADH-1 on intrinsic force generation
and deformation parameters such as stiffness and membrane tension would be of

great interest.

5.1.3. Migration Analysis and Simulations

For migration analysis, cell positions were extracted from binarised images of the
time lapse experiments by calculating the center of mass in each frame, and the
corresponding trajectories were analysed using the MSD calculation introduced

in chapter 2.6.

Experiment Trajectories from migration experiments are shown in the top row
(grey panels) of figure 5.4 (A), in the absence (grey, left) and presence (red, right)
of 0.5ug/ml ADH-1. For control samples, cells could reach a total migrating
distance of ~ 20 wm, while in the presence of ADH-1, the total migrating distance
was reduced to ~ 10 pum.

Analysis of the M SD of each trajectory resulted in the fitting of the diffusion
constant D according to equation 2.57. Results are plotted in figure 5.4 (B) for
experiments (left, solid boxes) and simulations (right, open boxes). Control exper-
iments showed an average diffusion constant of 0.97 4= 0.64 pum?/min, while in the
presence of 0.5 ug/ml ADH-1, D was reduced to 0.40 & 0.33 um?/min by factor of
2.4 (N > 36,p < 0.001, two-sided Mann-Whitney test).

Figure 5.4 (C) shows the results from ACF analysis of migration direction as
described in section 2.6. Persistence time 7 from experiments is plotted in solid
boxes (left) for control (grey) and ADH-1 (red) samples. In the absence of ADH-
1, trajectories showed an average persistence time of 7 = 88 4 265, while the
presence of ADH-1 reduced 7 to 72 + 19 by factor of 1.2. (N > 36,p < 0.001,
two-sided Mann-Whitney test)

Simulation Results from simulations are plotted in white panels (bottom row)
of figure 5.4 (A), for both control (grey) and ADH-1 (red) samples. Unit settings
for the simulations define 1 simulated length unit as 5 um, therefore the plotted
radius of max. 6 units corresponds to the plotted radius of max. 30 um. The ex-

tension and reduction of trajectory length in the absence and presence of ADH-1
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Figure 5.4.: Migration analysis and simulations in the absence and pres-
ence of ADH-1. (A) Experimentally determined (top, grey panels) and numeri-
cally simulated (bottom, white panels) trajectories of hHSCs migrating in absence
(grey) and presence (red) of ADH-1. (B) Diffusion constant D and (C) persistence
time 7 of trajectories for experiments (solid boxes, left) and simulations (open boxes,
right). Reduction of D by factor of 2.4 and reduction of 7 by factor of 1.2 in presence

of ADH-1 (N > 36,p < 0.001, two-sided Mann-Whitney test). Note: 1 um = %l.u.,

Imin = 1.5 t.u., and 1 um?/min = % % = 0.0267% in experiments and sim-

ulations, respectively.

is well reproduced in the simulations. While simulated cells reached a total mi-
grating distance of ~ 4 length units (l.u.) under control conditions, corresponding
to 20 wm in real units, simulations of ADH-1 samples led to a reduction of total
migrating distance to ~ 2 l.u., which corresponds to 10 wm in real units. As indi-
cated from the qualitative observation of trajectory appearance and dimensions,
experimental behaviour could be well reproduced by the simulations.

For quantitative analysis, diffusion constant D and persistence time 7 were also
calculated for simulations, and matched to the experimental results by choice
of the linear model and adjustment of mobility parameter |y| in equation 2.70.
Diffusion constants D obtained from simulations are plotted in the right panel of
5.4 (B) (open boxes) for both control (grey) and ADH-1 (red) samples. Due to the
definition of length and time units of 1 pm = % l.u. and 1 min = 1.5 t.u., a diffusion
constant of 1 um?/min in the experiments corresponds to a value of % = 0.0267
in dimensionless units for the simulations. The reduction of D in the presence of
ADH-1 could be reproduced in the simulations by calculating mobility |y| from
average velocity |v|, T'g, and T3, following equation 3.10 as described in section
3.6. For control samples, the setting of |y| = 8.1 £ 1.8 resulted in trajectories
of D = 0.041 4 0.013, corresponding to 1.5 &= 0.5 um? /min in real units, while for
the presence of ADH-1, an increase in mobility |y| by factor of 1.4 to 11.1 £+ 3.4
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5.1. Influence of ADH-1 on Static and Dynamic Behaviour of hHSC

resulted in D = 0.009 4 0.004, corresponding to 0.3 £ 0.1 um?/min in real units.

Results for persistence time 7 from simulations are plotted in the right panel of
figure 5.4 (C) (open boxes) for control (grey) and ADH-1 (red) samples. Due to the
definition of time units, a persistence time of 40s in the experiments corresponds
to a value of 1 t.u. in dimensionless units for simulations. The reduction of 7 in the
presence of ADH-1 could be reproduced in the simulations. For control samples,
the setting of |y| = 8.1 & 1.8 resulted in trajectories of 7 = 2.66, corresponding to
106's in real units. For simulations of migration behaviour in the presence of ADH-
1, an increase of mobility |y| by factor of 1.4 resulted in 7 = 2.15, corresponding
to 86 s in real units.

Note that the the scattering of simulation values of D, (v), and 7 arises from

the choice of |y| including standard deviation.

Discussion

Compared to previously reported data of hHSC migrating on surrogate substrates
displaying N-cadherin at (d) = 18 nm, control experiments in the present study
exhibited a similar extension of trajectories.®” Other migration parameters such
as diffusion constant and persistence time have not been analysed in this report,
but studies on surrogate substrates displaying CXCL12 at (d) = 18 nm showed
comparable order of magnitude for diffusion constant D and persistence time 7.5

The effect of the administration of 5 ug/ml ADH-1 on migration showed a reduc-
tion of diffusion constant, speed, and persistence time. This is in good agreement
with previous data of migration assays performed on a human breast cancer cell

line, where cell migration was significantly reduced in the presence of ADH-1 mod-

Table 5.3.: Results from migration analysis of experiments in the absence
and presence of ADH-1 on surrogate substrates displaying N-cadherin at inter-
molecular distance of (d) = 18 nm 2 h after seeding. Average values of 3 independent
experiments considering N > 36 cells, + standard deviation.

controley, + ADH-1e,
D [um?/min | 0.97 £0.64 0.4040.33
(v) [wm/min] 2.03£0.66 1.30+0.76
7 [s] 88 + 26 72+ 19
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5.1.4. Summary

Table 5.4.: Results from migration analysis of simulations in the absence
presence of 0.5 ug/ml ADH-1. Average values of 40 independent simulations each,
=+ standard deviation.

controlgy, + ADH-14,,
D [a.u.]  0.041 +£0.013 0.009 £ 0.004
(v) [aw] 0.25440.014 0.109 % 0.026
rlaw] 2662086  2.15+0.54
|y| 81418 11.1£+34

ified liposomes as well as soluble ADH-1, compared to the control group in the
absence of ADH-1.4

Both qualitative and quantitative properties of control experiments and experi-
ments in the presence of ADH-1 could be reproduced by application of the linear
model for cell crawling presented by Ohta et al.°®% From the absence of persis-
tent behaviour, the linear case of by = dy = 0 in equations 2.93 — 2.96 was chosen
for numerical simulations. Adjustment of mobility parameter |y| showed that the
presence of 5 nug/ml ADH-1 causes an increase in mobility by factor of 1.4. This is
in good agreement with the findings of reduced adhesion parameters presented in
section 5.1.1, which strengthens the conclusion that ADH-1 blocks the accessible
binding sites of N-cadherin displayed on the substrate and thereby reduces the

friction between cells and substrate.

5.1.4. Summary

In this section, the effect of an external stimulus to the adhesion axis mediated via
N-cadherin was presented and analysed. By the administration of 0.5 pg/ml ADH-
1, adhesion as well as deformation and migration parameters of hHSC migrating
on surrogate substrates were significantly reduced.

The results of reduced adhesion area and strength are in good agreement with
previous publications regarding interruption of cell-cell adhesion by the applica-
tion of ADH-1,%163 as well as reduction of migration behaviour.** The results
presented in the current work indicate that ADH-1 directly blocks N-cadherin on

the surrogate substrates, where the reduction of adhesion parameters can be ex-
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Figure 5.5.: Experiment and Simulation. Time series from (A) experimentally
tracked and (B) numerically simulated cell deforming and migrating in absence of
ADH-1. Scale bar of 10 um equivalent to 2 simulated length units, 1 minute in
experiments equiv. to 1.5 simulated time units.

plained by the reduction of accessible binding sites.

Furthermore, reduced migration behaviour was investigated by applying a simple
model of cell crawling in 2D.%38 Taking the adjustment of deformability parameter
ge/ K2 together with mobility parameter |y| for migration, numerical simulations
led to good agreement between computation and experiments. Figure 5.5 (A)
presents the overlay of phase contrast images from time-lapse experiments for dif-
ferent time points during 60 minutes of tracking time, illustrating the propagation
of cell shape and position (i.e. deformation and migration) of hHSCs over time. In
figure 5.5 (B), the result from simulations of an equivalent time series is presented,
outlining the modelled shapes (colour gradient from red to blue) and trajectory
(black) over simulated time of 90 units. Due to the normalisation of 1 length unit
equiv. b um, length scales in both illustrations are comparable, demonstrating the
qualitative agreement between simulations and experimental observations. More-
over, the analysis of migration parameters as well as deformation power showed
good quantitative agreement between simulation and experiments.

Combined results of experiments and numerical simulations strongly indicate
that reduced deformability in the presence of ADH-1 dominates the outcome of
reduced migration behaviour. Therefore, the reduction of migration behaviour is
not a result of lacking mobility but indeed caused by deficient deformation activity.
Both the results of adhesion parameters from experiments as well as the mobility
parameter obtained from simulations show that friction between cells and substrate
is reduced by the presence of ADH-1. This detailed and differentiated effect of

clinical drug ADH-1 could not be shown by stand-alone experiments before.

102



5.2. Simulation of Dynamic Behaviour under the

Influence of N-cadherin

Following the effect of ADH-1 on blocking accessible adhesion sites on N-cadherin
functionalised substrates, the adhesion mediated via N-cadherin is further inves-
tigated using numerical simulations of deformation induced cell migration. In the
following chapter the influence of ligand spacing on the deformation and migration
of hHSC on surrogate substrates displaying N-cadherin will be presented and dis-
cussed. In section 5.2.1, the results from deformation analysis of hHSC on different
ligand spacing of N-cadherin are reproduced by the theoretical model. Further-
more, the migration behaviour of hHSCs under the same conditions are simulated
and discussed in section 5.2.2. All experiments on intermolecular distances of
(d) = 6, 34, and 47nm were performed by Dr. Alexandra S. Becker.

5.2.1. Simulation of Cell Deformation

Figure 5.6 displays the results from deformation analysis' (solid boxes, black sym-
bols) alongside the results from numerical simulations (grey symbols) of hHSCs
deforming on (d) = 6, 18, 34, and 47nm in the absence of further additives. On
substrates displaying N-cadherin at lowest intermolecular distance of (d) = 6 nm,
[y + I'3 showed similar values compared to control experiments on (d) = 18nm
presented in section 5.1.2. Deformation power on (d) = 34 nm remained unchanged
(0.032 £ 0.023), while the I'y 4+ I'; of hHSC migrating on highest ligand spacing
(d) = 47nm exhibited a strong reduction by factor 1.4 to 0.022 £+ 0.012. In sum-
mary, ['s + I'3 showed elevated values for 18 and 34 nm, but was decreased at the
highest (6nm) and lowest (47nm) ligand densities.

For numerical simulations, the parameter ratio g./ko was adjusted for each sam-
ple to reach the deformability (s3) + (s2) equivalent to values of I'y + '3 £10%
obtained from experiments. As a reference, the value of g./rks = 0.09 was used for
(d) =18nm, as obtained and presented in section 5.1.2. On substrates display-
ing (d) =6nm N-cadherin, g./rs was reduced to 0.087 to reproduce the minor
reduction of I's 4+ I's from 0.031 to 0.028 by factor 0.9. Since samples on 34 nm

N-cadherin showed similar values of total power as samples on 18 nm N-cadherin,

t Dr. Alexandra S. Becker, unpublished data
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Figure 5.6.: Cell deformation in dependence on intermolecular distance
between ligand molecules N-cadherin. Sum of deformation powers of mode 2
and mode 3, calculated from cell shapes in experiments’ (solid boxes, black symbols)
and determined by deformability (s3) + (s3) in simulations (grey symbols). Simula-

tions in good agreement with experimental results, all experiments were performed
by Dr. Alexandra S. Becker.

ge/ k2 was held almost constant at 0.089. To reproduce the reduction of deforma-
bility to 0.022 on substrates displaying 47 nm N-cadherin, g./ky was reduced to
0.078 by factor 0.87 compared to the value obtained for 18 nm N-cadherin.

5.2.2. Simulation of Cell Migration

Results from cell migration experiments! (solid boxes, black symbols) and simula-
tions are presented in figure 5.7, on substrates functionalised with N-cadherin of
various (d). In figure 5.7 (A), trajectories from experiments’ (top, grey panels)
and simulations (bottom, white panels) are plotted for ligand spacing (d) = 6, 34,
and 47 nm (left to right), for N > 40 cells each. As defined in section 3.6, unit
settings for the simulations define 1 simulated length unit as 5 um, therefore the
plotted radius of max. 6 units corresponds to the plotted radius of max. 30 pum.
For the lowest ligand spacing of (d) = 6 nm, trajectories of migrating cells reach a
net migrating distance of 20 — 30 um. For reduced ligand density ((d) = 34 and
47nm), the net distance reached by migration is reduced to ~ 10 — 20 pum.

The effect of decreasing migrating distance with increasing ligand spacing could
be reproduced by numerical simulations. While for simulations of (d) — 6nm the
simulated trajectories reach a net distance of 4 — 6 L.u. corresponding to 20 —
30 pm in real units, this extension is reduced to 2 — 4 L.u. for simulations on (d)

= 34nm ligand spacing, and further compacted for simulations on (d) = 47 nm.

t Dr. Alexandra S. Becker, unpublished data
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Figure 5.7.: Cell migration in dependence on intermolecular distance be-
tween ligand molecules N-cadherin. (A) Experimentally determined’ (top) and
numerically simulated (bottom) trajectories of hHSCs migrating on substrates func-
tionalised with N-cadherin of ligand spacing (d) = 6, 34, and 47nm, for N > 40
trajectories each. (B) Diffusion constant D and persistence time 7 of trajectories
from experiments!. (C) Diffusion constant D and persistence time 7 from simu-
lations. Simulations in good agreement with experimental results, all experiments
were performed by Dr. Alexandra S. Becker.

Figure 5.7 (B) shows the results of MSD- and AC F-analysis of experimentalf
trajectories according to section 2.6. Diffusion constant D obtained from M.SD-
analysis (upper panel) exhibits highest values for highest ligand densities ({(d) =
6, 18 nm), and decreases with increasing ligand spacing. For persistence time 7
obtained from ACF-analysis (bottom panel), the maximum value is obtained at
the highest ligand density ((d) = 6 nm), and decreases rapidly with increasing
ligand spacing.

Results from MSD- and AC F-analysis of simulated trajectories are presented
in figure 5.7 (C). Mobility |y| was adjusted for each sample to match diffusion
constant D and persistence time 7 equivalent to the corresponding values +£10%
obtained from experiments performed by Dr. Alexandra S. Becker. As a reference,
the value of |y| = 8.1 £+ 1.8 was used for simulations on (d) — 18 nm, as obtained
and presented in section 5.1.3. For substrates displaying N-cadherin at (d) = 6 nm,
simulations matching a reduced D of 0.90 £ 0.72 um?/min and an elevated 7 of
129 4+ 42s were reached by reducing |y| to 7.90 + 0.60 in combination with a
reduced parameter ratio r3/kK2, as observed from the ratio of deformation powers

I's/Ty in experiments’. For substrates displaying N-cadherin at (d) = 34nm,

t Dr. Alexandra S. Becker, unpublished data
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simulations matching a reduced D of 0.81 4+ 0.52 um?/min and a similar 7 of
86 + 16s were reached by keeping |y| at 8.00 £ 0.80 and adjusting k3/ks to
I'3/Ty from experiments. For substrates displaying N-cadherin at (d) = 47 nm,
simulations matching a reduced D of 0.70 + 0.53 um?/min and a similar 7 of
91 + 32s were reached by increasing the mobility |y| to 10.0 £+ 0.7 in combination
with the reduced deformability (s3) + (s3).

5.2.3. Discussion

The mechanism of hHSCs adhering and migrating on N-cadherin-functionalised
substrates seems to be fundamentally different from the pinning effect of other
ligand molecules such as E-cadherin, P-selectin, or CXCL12.4%8 Previous studies
of hHSC migrating on CXCL12-functionalised substrates have shown an increased
extension of trajectories as well as migration parameters with increasing ligand

spacing.%6

Panorchan et al. showed that N-cadherin acts as a dynamic adhe-
sive promoting cell movement, in contrast to E-cadherin, which works as a static
adhesive similar to the previously reported effect of CXCL12.4:8  Furthermore,
Panorchan et al. uses the analogy of a rolling wheel to describe the mechanism
of homophilic N-cadherin adhesion, where the dynamic behaviour of N-cadherin
is necessary for exertion of propulsive forces from cells to the environment, sim-
ilar to the friction of a rolling wheel.** This description of a ’dynamic adhesion’
is in agreement with the simulations presented in this work. At high densities
of N-cadherin displayed on the surrogate substrates, low mobility parameter ||

indicates higher friction to the substrate, which means that cells are able to exert

Table 5.5.: Results from deformation and migration analysis of experi-
ments’ on surrogate substrates displaying N-cadherin at intermolecular distances
of (d) =6 — 47nm, 2h after seeding. Average values of 3 independent experiments
considering N > 40 cells, &+ standard deviation.

6 nm? 18 nm 34 nm! 47 nm?
[y + T3 [au]  0.028 £0.021 0.031 £0.025 0.032+£0.023 0.022 +0.012
D |pm?/min | 0.90 £+ 0.72 0.97 £0.64 0.81 £0.52 0.70 £0.53
7 [s] 129 442 88 + 26 86 + 16 91 £ 32

106
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Table 5.6.: Results from simulations considering surrogate substrates displaying
N-cadherin at (d) = 6 — 47nm. Average values in dimensionless units of N = 40
independent simulations each, + standard deviation.

6 nm 18 nm 34 nm 47 nm
(s3) + (s3) 0.027 0.031 0.030 0.024
Je/ Ko 0.087 0.090 0.089 0.078
Y] 79+06 81+18 80+£0.8 10.0+£0.7

propulsion forces to their micro-environment.

In the occurrence of reduced deformation power at lower densities of N-cadherin-
functionalised substrates, however, the relative increase of mobility parameter ||
was not as high as the adjustment of |y| in previously reported simulations on
substrates displaying CXCL12.%¢ For N-cadherin, a mobility of |y|xcaq = 8 — 10
was determined in the present work, while in the work of Ohta et al., for migration
on CXCL12-functionalised substrates |y|cxcri2 was set to 5 — 7 for the same ex-
tension of trajectories, as well as parameters D and 7. This observation of reduced
friction between cells and substrate when comparing N-cadherin and CXCL12 is

consistent with the results of adhesion parameters presented in section 5.1.1.

In general, from the qualitative observation of trajectory appearance as well
as quantitative analysis of migration parameters, the experimental’ behaviour of
hHSC could be reproduced. Similar to the behaviour of deformation power and
mobility in the presence of clinical drug ADH-1 (cf. sec. 5.1.2), results presented in
the current section also exhibited an increase in mobility, combined with a decrease
in deformation activity and migration. This strongly indicates that the reduction
in migration behaviour is dominated by a lack of deformation activity, while the
mobility of cells is indeed increased by the reduction of accessible binding sites
of N-cadherin on the substrates. This finding strengthens the conclusion for the
influence of ADH-1, where the effect of reduced dynamic behaviour combined with

increased mobility was observed in a more pronounced manner.

t Dr. Alexandra S. Becker, unpublished data
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5.3. Simulation of Dynamic Behaviour under the
Influence of NOX-A12

In the following section, simulations of deformation and migration of hHSC under
the effect of chemokine CXCL12 as well as Spiegelmer NOX-A12 will be presented
and discussed. All experiments in this section were performed and published by
Dr. Cornelia Monzel and Dr. Alexandra S. Becker.®”

As reported in Monzel et al., adhesion area of hHSCs on substrates displaying
N-cadherin at intermolecular distances of (d) = 18 nm was not influenced by the
administration of soluble CXCL12 or NOX-A12.%7 The dynamic behaviour, how-
ever, was strongly influenced by the presence of NOX-A12, even in the absence of
its antagonist CXCL12. Therefore, it is of great interest to investigate the differen-
tial effect of NOX-A12 on deformation and migration using numerical simulations

of self-propelled cells.

5.3.1. Simulation of Cell Deformation and Migration

Figure 5.8 shows the results of cell deformation and migration experiments* and
simulations on substrates functionalised with (d) = 18 nm N-cadherin, in the pres-
ence of soluble CXCL12 and NOX-A12. In figure 5.8 (A), trajectories from ex-
periments* (top, grey panels) and simulations (bottom, white panels) are plotted
for the addition of 5ng/ml sol. CXCL12 (green), 50ng/ml NOX-A12 (blue), and
500 ng/ml NOX-A12 (purple). As defined in section 3.6, unit settings for the sim-
ulations define 1 simulated length unit as 5 um, therefore the plotted radius of
max. 6 units corresponds to the plotted radius of max. 30 um.

In the presence of sol. CXCL12, trajectories of migrating cells are compacted
and reach a net migrating distance of 10 — 20 um. In the presence of NOX-
A12, trajectories are more stretched and the net distance reached by migration is
enhanced to ~ 20 — 30 um. Increasing the concentration of NOX-A12 by factor of
10 did not increase the stretching of trajectories or the net distance of migration.

By adjusting the mobility parameter |v|, this trend could be reproduced using
numerical simulations. While for simulations in the presence of sol. CXCL12 the

simulated trajectories reach a net migrating distance of ~ 4 lL.u., this extension is

¥ adapted with permission from Monzel et al.®7
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Figure 5.8.: Cell migration in the presence of chemokine and synthetic
agent. (A) Experimentally determined? (top, grey panels) and numerically sim-
ulated (bottom, white panels) trajectories of hHSCs migrating on substrates func-
tionalised with (d) = 18 nm N-cadherin in the presence of sol. CXCL12 (green),
NOX-A125p (blue), and NOX-A12500 (purple). (B) Sum of deformation powers of
mode 2 and mode 3 (top) and migration velocity (v) (bottom), calculated from
experiments?, considering N > 30 cells each. (C) Sum of deformability (s3) + (s2)
(top) and migration velocity (v) in simulations, considering N > 40 independent
simulations each. Boxplots representing data minimum, maximum, sample median,
and the first and third quartiles. Simulations in good agreement with experimental
results, all experiments were performed and published by Dr. Cornelia Monzel and
Dr. Alexandra S. Becker.?

enhanced to 4 — 6 L.u. for simulations in the presence of NOX-A125q.

Figure 5.8 (B) displays the results from deformation analysis (upper panel, re-
normalised to currently used units a.u.) and migration analysis (lower panel) of
experiments? in the presence of soluble CXCL12 and NOX-A12. In the presence
of sol. CXCL12, total deformation power remained unchanged at 0.027 — 0.030
compared to the control samples in the absence of additives, but was significantly
decreased to values below 0.010 in the presence of NOX-A12. For migration ve-
locity (v), no significant difference between samples was observed, values in the
range of (v) = 1.3 — 1.6 um/s remained similar in all samples.®”

Results obtained from simulations are presented in figure 5.8 (C). Parameter
ratio g./ko was adjusted for each sample to reach the deformability (s3) + (s3)
(upper panel) equivalent to T’y + '3 +10% as reported by Monzel et al.3” As a

reference, the value of g./ks = 0.09 was used for control samples, as obtained and

¥ adapted with permission from Monzel et al.3”
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presented in section 5.1.2. For simulations in the presence of sol. CXCL12, ¢./kq
was reduced to 0.085 to reproduce the minor reduction of I's; 4+ I's. To obtain a
reduction of deformability in the presence of NOX-A12 by factor of 3 — 4, g./ks
was reduced to 0.045 by factor of 2 compared to the control sample, and to 0.055
by factor of 1.6, respectively.

To reach a migration speed (v) equivalent to the corresponding values +10% as

1,87 mobility parameter |y| was adjusted for simulations.

reported by Monzel et a
As a reference, the value of |y| = 8.05 + 1.80 was used for control samples as
obtained and presented in section 5.1.3. In the presence of sol. CXCL12, simu-
lations matching a (v) of 0.25 a.u. were reached by adjusting |y| to 8.40 £ 3.30
compared to control samples. To reach a migration speed of (v) = 0.18 a.u. by
simulations in the presence of 50 ng/ml NOX-A12, an increase of |y| by factor of
2.7 to 21.8 £ 7.4 was necessary, due to the significant reduction of deformability
(s3) + (s2). For simulations in the presence of 500 ng/ml NOX-A12, matching (v)
of 0.24 a.u. was obtained by increasing |y| by factor of 2.3 to 18.5 4+ 2.8 compared
to control samples. Since in the presence of 500ng/ml NOX the experimentally
obtained deformation power was higher than in the presence of 50 ng/ml NOX,

mobility |y| exhibited lower values for reaching a similar migration speed.

5.3.2. Discussion

From the qualitative observation of trajectory appearance as well as quantitative
analysis of dynamic parameters, the effect of sol. CXCL12 and NOX-A12 on the
dynamic behaviour of hHSC on surrogate substrates displaying N-cadherin could
be reproduced. In the presence of sol. CXCL12, no significant influence was ob-
served in experiments®” and simulations regarding deformation power, migration
speed, parameter ratio g./ks, or mobility |y|. Considering only net migration dis-
tance and migration speed (v), also the application of NOX-A12 showed no major
impact, as compared to control samples. This is in good agreement with trans-
well migration assays in the absence of CXCL12, where no statistically significant
difference was found for the migration of cells with or without the administration
of NOX-A12.164

Surprisingly, the application of CXCL12 Spiegelmer NOX-A12 altered the dy-
namic behaviour of hHSCs even in the absence of CXCL12, indicating a possible

interaction with cytoskeletal rearrangements during migration. In the presence
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Table 5.7.: Results from simulations considering surrogate substrates displaying
N-cadherin at (d) = 18 nm and the presence of sol. CXCL12 and NOX-A12. Average
values in dimensionless units, of N = 40 independent simulations each, 4+ standard
deviation.

control 4+ CXCL12 + NOX-A1257 + NOX-A125

(s2) + (s2)  0.031 0.029 0.007 0.011
Ge/ K2 0.090 0.085 0.045 0.055
] 81+18 84433  21.8+74 18.5+ 2.8

of NOX-A12, deformation activity was reduced, while migration trajectories were
elongated compared to the control group.®” From the perspective of simulations
performed in this chapter, the reduction of deformability (s3) + (s2) and therefore
ge/k2 in the presence of NOX-A12 indicates a reduction of intrinsic forces g., or
enhancement of relaxation rate x equivalent to a stiffening of the cell. With this
distinction of deformation during migration using numerical simulations on previ-
ously reported data, the present work provides additional insight into the impact
of NOX-A12 in the absence of CXCL12. From the simulations point of view, cell
migration is governed by deformation and mobility on the substrate. Since in the
presence of NOX-A12 the deformation is reduced, sustainment of migration can

only be achieved by an increase in mobility.

While NOX-A12 has been shown to inhibit the interaction between soluble
CXCL12 and its receptor CXCR4,'%571"" the direct effect of NOX-A12 on the
deformation activity of hHSC in the absence of sol. CXCL12 should be further
investigated. Several studies have shown that in parallel to the mobilisation of
hHSC, administration of NOX-A12 is followed by an over-expression of CXCL12
receptor CXCR4 on the surface of hHSC.'%5:172 Since none of the studies inves-
tigated control samples in the absence of CXCL12, the exact cause and effect of
increased CXCR4 expression is still to be discussed. An intriguing question to
address for future studies would be, for example, if the effect of over-expression
of CXCRA4 could be related to a change in cell stiffness or cytoskeletal rearrange-

ments, or if the impact of NOX-A12 is connected to an entirely different pathway.
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5.4. Summary

In this chapter, adhesion, deformation, and migration of hHSCs in the absence
and presence of extrinsic stimulation were presented and analysed, connecting
experimental results and numerical simulations. By the optical-microscopy based
techniques of micro-interferometry and laser-induced cell detachment, the influence
of a clinical drug antagonistic to the substrate functionalisation was determined.
Results showed a reduction of fraction of adherent cells as well as adhesion area
and adhesion strength. Power spectral analysis of experiments revealed a reduction
in total power of deformation upon administration of the clinical agent, as well as
the variation of ligand density displayed on the surrogate substrates.

Adjustment of simulation parameters to the corresponding results demonstrated
that in fact the ratio between intrinsic force and line tension g./ko was altered by
the stimulation. Migration analysis resulted in the determination of diffusion con-
stant D and persistence time 7 of cell trajectories, which was matched in numerical
simulation by adjustment of mobility |v|, representing the inverse of the friction
between cells and substrate. Seeming contradiction between increased mobility ||
and decreased migration behaviour could be explained by the drastic reduction
of deformation activity causing deficient cell propulsion. In order to reach the
extension of experimentally determined parameters D and 7, lack of deformation
activity was demonstrated to be counteracted by an increase in mobility. This
showed the direct influence of stimulation of N-cadherin mediated adhesion, where
increase of mobility equivalent to reduction of friction between cell and substrate
was caused by blocking or reduction of accessible binding sites.

Furthermore, experimental results reported by Monzel et al.8” were investigated
using numerical simulations. Drastic reduction of ratio between intrinsic force and
line tension g./ks as well as increased mobility |y| caused by NOX-A12 showed
that NOX-A12 not only influences the adhesion mediated via CXCL12/CXCRA4,
but also has an effect on deformation and mobility in the absence of its antagonist
CXCL12.

The results presented in this chapter demonstrate, how the combination of quan-
titative experiments utilising in vitro bone marrow micro-environments and the
simple model of cell crawling®® provides insight into the influence of clinical agents
and environmental parameters on the static and dynamic behaviour of human pri-

mary cells, that were not analysed elsewhere.
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In this work, electrostatics, mechanics, and dynamics of biological interfaces were
quantitatively determined in the absence and presence of external perturbation by

the combination of various physical techniques.

In chapter 4, the mechanism how the combination of charged surfactants and
alcohol synergistically destroys the electrostatic barrier protecting the surface of
bacteria was investigated on molecular level, utilising a model system representing
the outer membrane of Gram-negative bacteria prepared at the air-water interface.
The disturbance of the membrane’s equilibrium state by surface active molecules
BzA and BAC was studied within A resolution using X-ray techniques under
synchrotron radiation. In section 4.1, the results from compressibility analysis
were presented. In the absence of Ca*", the addition of BzA caused the reduction
of maximum compressional modulus from 120mN/m to 70 mN/m, 50 mN/m, and
20mN /m, as well as a decrease of the collapse pressure from 50 mN /m to 40 mN /m,
30mN/m, and 20 mN /m, with the effect increasing with increasing concentration
of BzA. Under the influence of BAC, the reduction of maximum compressional
modulus to 30mN/m was not dependent on concentration. Only the collapse
pressure decreased with increasing concentration, to 40 mN/m and 30 mN/m. For
the combined presence of both additives, 10 mM BzA with 15 uM BAC showed no
difference to the presence of 15 uM BAC alone. The combination of 100 mM BzA
with 5uM BAC, however, caused further reduction of maximum compressional
modulus to 20mN/m, as well as the collapse pressure to 25 mN/m, comparable
to the effect of lethal dose of 200mM BzA alone. In the presence of Ca®", the
observed effect was less pronounced than on Ca®T-free buffer. The addition of
BzA caused the reduction of maximum compressional modulus from 200 mN/m
to 140mN/m, 70 mN/m, and 50 mN/m, while the collapse pressure remained at
50mN/m for the addition of 10mM BzA, and was further reduced to 40 mN/m

and 25 — 30mN/m with increasing concentration. Under the influence of BAC,
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the maximum compressional modulus was reduced to 120mN,/m and 100 mN /m,
while the collapse pressure remained at ~ 50 mN/m for both concentrations. For
the combined presence of both additives, 10 mM BzA with 15 uM BAC showed no
difference to the presence of 15 uM BAC alone. The combination of 100 mM BzA
with 5uM BAC, however, caused further reduction of maximum compressional
modulus to 100mN/m, as well as a decrease of collapse pressure to 35mN/m,

similar to the effect of 15 uM BAC alone, with reduction of the collapse pressure.

Structural changes in the direction perpendicular to the membrane were inves-
tigated with sub- A resolution using specular X-ray reflectivity in sections 4.2 —
4.4. In the absence of Ca", the addition of 100 mM BzA caused roughening of the
chain-saccharide interface, and the stratified structures of the model membranes
were significantly disturbed by exposure to 5 uM BAC. In the presence of Ca*",
100 mM BzA did not show any major effect, and the pure addition of 5 uM BAC
caused only minor reduction of electron density and minor elevation of roughness
at both chain and saccharide regions. Remarkably, the addition of a non-lethal
concentration of BzA caused a significant increase of roughness between hydro-
carbon chains and saccharide headgroups, leading to a disturbance of structural

integrity of the LPS membrane and the incorporation of the cationic surfactant.

Finally, the ion concentration profiles of K™ and Ca®" near the interface were

determined with A resolution using X-ray fluorescence in section 4.5.

While the addition of 100 mM BzA showed no major effect for both subphases,
the presence of 5uM BAC caused significant changes. On Ca?'-free subphase,
cationic surfactants penetrated into the membrane core by disturbing the layer
of K* coupled to the negatively charged saccharide headgroups at z = 6 A from
the chain-saccharide interface, preventing analysis of fluorescence data due to the
disturbance of the layered structure. On Ca?*-loaded buffer, addition of pure BAC
caused a shift of concentration maximum in the condensed layer of Ca®*-ions from
z = 7A toz = 3A from the chain-saccharide interface, but the full incorporation
of BAC into the membrane core was still prevented by the condensed layer of
Ca®" ions cross-linking the charged saccharide groups. Remarkably, the addition
of a non-lethal concentration of aromatic alcohol caused a significant increase of
roughness between hydrocarbon chains and saccharide headgroups, leading to a

disturbance of structural integrity of the membrane.

These results demonstrate details about the synergistic effect of cationic surfac-

114



6. Conclusions

tant and aromatic alcohol on bacterial outer membranes, which were not inves-
tigated in depth before. Furthermore, the usefulness of simultaneous XRR and
GIXF measurement was demonstrated for providing element specific information
in the vicinity of interfaces, which provides insight into physical mechanisms at
complex, biological interfaces such as the synergistic interplay of sanitiser compo-

nents to achieve a high antibacterial activity.

In chapter 5, the mechanical properties and non-equilibrium dynamics of living
cells were quantitatively investigated on substrates precisely mimicking cellular
micro-environments. Human haematopoietic stem cells were analysed in cooper-
ation with Prof. A.D. Ho and Prof. C. Miiller-Tidow (Internal Medicine V, Uni-
versity Hospital Heidelberg) under the influence of molecules antagonistic to the
micro-environment composition, allowing the analysis of direct perturbation to
the system’s single components. Area of tight cell contact and adhesion strength
in the presence and absence of clinical agents were measured by label-free micro-
interferometry and a cell-detachment assay, which is based on shockwaves induced
by pico-second laser pulses.

The influence of clinical drug ADH-1, antagonistic to N-cadherin, was analysed
in section 5.1. As determined by p-interferometry analysis, the administration of
ADH-1 reduced the area of tight adhesion significantly by a factor of 1.8, from
7.4 £ 34um? to 4.1 £ 2.8 um?. Laser-induced cell detachment showed a highly
significant reduction of adherent fraction by a factor of 2, from 73 + 10% to 37 +
11%. The adhesion strength was determined to be reduced from 5.1 2.0 MPa to
3.4 + 2.0 MPa by a factor of 1.5 in the presence of ADH-1.

Deformation and migration of hHSCs in the absence and presence of ADH-1
were presented and analysed in sections 5.1.2 and 5.1.3, connecting experimen-
tal results and numerical simulations. Dynamics of cells were characterised by
power spectral analysis of membrane deformation from live cell imaging data,
yielding the energy dissipation due to active deformation. Power spectral analysis
of experiments showed that the addition of ADH-1 reduced the total power of
deformation significantly by a factor of 2.2, from 0.031 £ 0.025 to 0.014 £+ 0.018.
Spatio-temporal dynamics of cells were theoretically modelled by adding periodic
deformation forces and friction to the Ohta-Okuma model for self-propelled, de-
formable particles. Adjustment of simulation parameters to those results demon-

strated that in the presence of ADH-1, the ratio between intrinsic force and line
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tension g./k2 was reduced by a factor of 1.5. Line tension of mode 2 and 3 defor-
mation was also altered by the presence of ADH-1. To match the experimentally
determined increase in deformation power I'y in respect to I's, the ratio between
line tension of mode 2 vs. mode 3 k3/ko was increased by factor 1.2. Migration
analysis resulted in the determination of diffusion constant D and persistence time
T of cell trajectories. In the presence of ADH-1, D was significantly reduced from
0.97 4 0.64 um? /min to 0.40 & 0.33 pm?/min by factor of 2.4, as well as 7 from
88+ 26 to 72+ 19s by factor of 1.2. In order to match those experimental results
in simulated arbitrary units, mobility || on the substrate was increased by factor
of 1.4 from 8.14+1.8 to 11.1+3.4. This contradiction between decreased migration
behaviour and increased mobility could be explained by the drastic reduction of
deformation activity causing deficient cell propulsion. In order to reach the ex-
tension of experimentally determined parameters D and 7, lack of deformation
activity was demonstrated to be counteracted by an increase in mobility. This
showed the direct influence of ADH-1 on N-cadherin mediated adhesion, where
increase of mobility equivalent to reduction of friction between cell and substrate

was caused by blocking of accessible binding sites via ADH-1.

In section 5.2, the results from unpublished experiments regarding deformation
and migration of hHSCs on various surface densities of N-cadherin were recon-
structed using numerical simulations. To match the decreased deformation power
observed in the highest intermolecular distance of N-cadherin ((d) = 47nm) dis-
played on surrogate substrates, the ratio between intrinsic force and line tension
ge/ kKo was reduced by factor of 1.2 compared to control simulations presented on
(d)y = 18nm in section 5.1.2. Migration parameters of D and 7 were adjusted
in arbitrary simulated unity by choice of mobility |y|. To reach the values ob-
served from experiments at highest intermolecular distance of N-cadherin, |y| was
increased to 10.0 £ 0.7 by factor 1.2, compared to control simulations presented
in section 5.1.3. These results showed the enhanced mobility of hHSCs caused by
a reduced number of binding sites via reduced surface density of N-cadherin on

surrogate substrates.

Finally, in section 5.3 the theoretical modelling of hHSC dynamics under the
influence of NOX-A12 was presented. Following the experimental results published

87
L,

by Monzel et a simulation parameters were adjusted to match the results for

sum of deformation power I's + I's and migration velocity v. The reduction of
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['s+T'3 by factor of ~ 2.8 — 4.4 in the presence of different concentrations of NOX-
A12 was reached by reducing parameter ratio g./ks by factor 1.6 — 2 from 0.090 to
0.045 — 0.055, respectively. Matching the change of migration velocity in arbitrary
simulated units led to the increase in mobility |y| by factor 2.3 — 2.6, from 8.1 to
18.5 — 21.8. As for the influence of ADH-1, the drastic reduction of deformation
caused by NOX-A12 was counteracted by an increase in mobility, showing that
the Spiegelmer not only influences the adhesion mediated via CXCL12/CXCRA4,
but also influences deformation and mobility in the absence of the ligand-receptor
pair.

These results demonstrate how the combination of quantitative experiments
utilising 4n vitro bone marrow micro-environments and a simple model of cell
crawling® provides insight into the influence of clinical agents and environmental
parameters on the dynamic phenotype of human primary cells. Although the
Ohta-Okuma model for self-propelled, deformable particles is not able to include
chemical reactions inside the cells, the simulations could describe the deformation
and motion of human stem cells in the absence and presence of drugs as modulation

of adhesion and active deformation.
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A. Appendix |: Characterisation
of LPS Ra Monolayers

A.1l. Antibacterial Activity of Sanitiser and its

Ingredients

Bacterial killing assays were performed by Simone Gierlich, following a slightly
modified version of a previously reported protocol.'*'6 Positive control experi-
ments were performed using a commercial sanitiser (Bathmagiclean, Kao Corpo-
ration, Tokyo, Japan) to confirm its antimicrobial activity to Salmonella enterica
(serovar Minnesota) rough mutant R60. As shown in figure A.1 (A), when a 100- pl
portion of suspension containing 7 x 10® bacteria was deposited on lysogeny broth
(LB) agar, the surface was fully covered with bacterial colonies after an overnight
incubation at 37°C. On the other hand, only 2 colonies survived when 10 times
more bacteria were exposed to a 0.1% (v/v) sanitiser for 5 min before seeding (fig.
A.1 (B)). The antimicrobial activity of the commercial sanitiser confirmed that
the monolayer of LPS Ra is valid as the model to understand how the sanitiser

and its ingredients interact with the outer membrane of Gram-negative bacteria.

] Eé
—_—
7 x 10° bacteria 7 x 107 bacteria

after incubation with
0.1 % (v/v) sanitiser

Figure A.l.: Antibacterial activity of a commercial sanitiser against
Salmonella enterica. (A) Control suspension containing 7 x 10° bacteria de-
posited on LB agar, showing full surface coverage. (B) When 10 times more bacteria
were exposed to 0.1% (v/v) sanitiser, only 2 colonies survived.
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Figure A.2.: Influence of concentrations of additives on the normalised
colony forming unit (CFU/ml) of Salmonella enterica (serovar Min-
nesota) rough mutant. Influence of (A) benzyl alcohol (BzA) and (B) benzalko-
nium chloride (BAC) on Ca**-free (open symbols) and Ca*"-loaded (solid symbols)
buffers. Note the difference in the scale of the x-axis. Synergistic effect of BAC and
BzA in killing Salmonella enterica in (C) Ca’"-free and (D) Ca?'-loaded buffer.
Adapted from Thoma et al.'®

In order to understand how each ingredient individually contributes to the killing
of bacteria, the same experiment was performed under the exposure to solutions
of either aromatic alcohol (BzA) or the cationic surfactant (BAC) at different
concentrations, dissolved in Ca*"-free and Ca*"-loaded buffers. Figure A.2 (A)
shows CFU/ml of Salmonella enterica after 5 min exposure to BzA solutions of
various concentrations in the absence and presence of Ca®" ions. Compared to the
control experiment at 0 mM BzA, the CFU /ml levels decreased but remained high
at cg,a = 100mM. Moreover, experiments in Ca%*-loaded buffer (solid symbols)
showed higher CFU /ml levels than under Ca®*-free condition (open symbols) at all
BzA concentrations, indicating the protective function of Ca*" ions. All bacteria
in Ca*"-free buffer died at cpya = 200 mM, while those in Ca*"-loaded condition

still survived with ~ 107" CFU/ml. Figure A.2 (B) presents CFU/ml of Salmonella
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enterica after a 5min exposure to solutions with different BAC concentrations
in the absence and presence of Ca*" ions. Compared to BzA, all bacteria were
killed at cgac = 1 uM under Ca®*-free condition (open symbols), while for BzA
Salmonella enterica could withstand even 10° times higher doses (fig. A.2 (A)).
Remarkably, in Ca**-loaded buffer (solid symbols), colony forming units still re-
mained high for this concentration of BAC (~ 10'© CFU/ml). In the presence
of Ca®" ions, the BAC concentration necessary for killing all bacteria was more
than one order of magnitude higher (cgac = 20 uM). The obtained results suggest
the critical role of cationic surfactant (BAC) in bacteria killing and the protective

function of Ca®* ions.

The next condition addressed was the combination of both BzA and BAC present
in sanitisers. The synergistic effect of both additives was examined in Ca®'-free
(A.2 (C)) and Ca®"-loaded (A.2 (D)) condition, which showed that the CFU/ml
level exhibited a clear decrease by adding BzA. Even in the presence of Ca®", the
complete killing of Salmonella enterica was achieved at additive concentrations of
cgac = 10uM and cg,a = 20mM. As these values are distinctly lower than the
individual lethal concentrations of BAC or BzA, cgac = 20 uM and cg,a = 200 mM,
respectively, this data confirmed that the combination of cationic surfactant and

aromatic alcohol indeed facilitates bacteria killing.

A.2. Pressure-Area Isotherms

Pressure-area isotherms were measured excluding the offset level between blank
subphases containing the additive and pure water. Isotherm data including this
offset are presented in figure A.3 (A) and (D) for Ca®*-free and Ca®*-loaded condi-
tions, respectively. Control (black), 100 mM BzA (green), 5 uM BAC (blue), and
100mM BzA + 5uM BAC (red) measurements are shown including the offset,
confirming that the area per molecule near the collapse converges with that of
the intact LPS Ra monolayer. Offset levels of blank subphases were observed as
surface pressures of g4 = 15mN/m for 100 mM BzA, mgac = 4mN/m for 5 uM
BAC, and 7p,a + pac = 20mN/m for 100mM BzA + 5uM BAC.
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Figure A.3.: Pressure-area isotherms including offset of blank subphases,
and synergistic influence of BzA and BAC on LPS Ra monolayers in the
absence and presence of Ca’" ions. Isotherm measurement on (A) Ca®"-free
and (D) Ca?"-loaded conditions for control (black) and in the presence of 100 mM
BzA (green), 5uM BAC (blue), and 100mM BzA + 5uM BAC (red). XRR data
(B) and reconstructed electron density profiles (C) of LPS Ra monolayers in the
absence (black) and presence (red) of 50mM BzA + 5 uM BAC, measured on Ca®'-
free subphase. XRR data (E) and reconstructed electron density profiles (F) in
the absence (black) and presence (red) of 50mM BzA + 5uM BAC, measured on

Ca’T-loaded subphase.

A.3. Additional Condition in XRR

As a reference, XRR measurement of 50mM BzA + 5uM BAC is presented in
figure A.3 (B) and (E) on Ca®*-free and Ca*"-loaded condition, with corresponding

reconstructed electron density profiles in panels (C) and (F). While in the absence

of Ca®" the disturbance of the layered structure can be seen by the loss of periodic
oscillations in the XRR data, the integrity of the stratified layers under Ca?"-
loaded condition is clearly indicated by the intact profile of the XRR data.
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Appendix |l: Glossary on
Mathematical Symbols

B.1. X-Ray Reflectivity and Micro-Interferometry

Table B.1.: Mathematical symbols used for calculations of X-ray reflec-

tivity and p-interferometry in sections 2.1 and 2.3

at, af incident angle, relative to the surface

Qle, O scattered angle, relative to the surface

oy complex transmission angle, relative to the surface

Qe critical angle for total reflection, relative to the surface
B, B; imaginary part of n;, absorption

9,9, real part of n;, dispersion

0+ phase change between layers

Ai; Aconst7 Adest

optical path difference arising from layer ¢, for construc-

tive and destructive interference

0., 0; angle of reflection in p-interferometry, relative to the
surface normal

0, H;EH angle of transmission in p-interferometry, relative to the
surface normal
penetration depth

7 attenuation coefficient

p electron density

g root-mean-square (rms) roughness of layer j

©; phase shift between incident and reflected wave
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B. Appendix II: Glossary on Mathematical Symbols

d;

Ey

Ey

E-, E(;)
E~(2)

k—, k(;k)
k

n, nj

P 1
q

qc

q:
Te

TL

T'(4,5+1)
T(j.g+1)
Rp
tJ_
LG+
t5+1)
Z, Zj

? E(_j7k)7

thickness of layer j

incident wave

amplitude of incident wave

amplitude of reflected wave propagating in layer j and
reflected from interface to layer k, at depth z
amplitude of reflected wave propagating in layer j =0
transmitted wave

amplitude of transmitted wave propagating in layer j,
at depth z in the sample

total reflected intensity in p-interferometry

normalised intensity in p-interferometry

incident wavevector

magnitude of incident wavevector

scattered wavevector

reflected wavevector

magnitude of reflected wavevector

transmitted wavevector

magnitude of transmitted wavevector

z-component k., of wavevector k

refractive index of layer j

propagation matrix between adjacent layers j and j + 1
wavevector transfer

wavevector transfer for critical angle of total reflection
z-component of wavevector transfer

classical electron radius

reflection coefficient for s-polarised wave

reflection coefficient for interface between layers (7, j+1)
modified reflection coefficient between layers (7,7 + 1)
Fresnel reflectivity

transmission coefficient for s-polarised wave
transmission coefficient for interface between layers
(J,J +1)

modified transmission coefficient between layers (7, j+1)

z-position in layer j
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B.2. Deformation Analysis and Numerical Simulations

B.2. Deformation Analysis and Numerical

Simulations

Table B.2.: Mathematical symbols used to describe cell deformation in
experiments and simulations in section 2.5 — 2.7

experiments

simulations

Table B.3.:

7, 1]

polar angle to describe
the cell radius
deformation power of
mode m

Fourier coefficients
cell radius

average cell radius
normalised shape de-
viations

Fourier expansion of
shape deviations

mode of deformation

R(a,t)

R, (a,t)

polar angle to describe
the cell radius
deformability of mode
n, equivalent to I',,
Fourier coefficients
cell radius

average cell radius
normalised shape de-
viations

Fourier expansion of
shape deviations
simulated mode of de-

formation

Mathematical symbols used for simulations in section 2.7

mobility parameter

Kronecker delta

general noise term, ¢ € [£,, 7]

noise on direction of intrinsic force F™

direction of migration velocity

orientation of deformation of mode n

angle between 6, and 63
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B. Appendix II: Glossary on Mathematical Symbols

em)
Ky Kn

&n
iy

v,
bo
do

phase of intrinsic force F(™

relaxation rate of mode n

noise on amplitude of intrinsic force F™

phase shift between oscillations of mode 2 and mode 3 deforma-
tion force amplitudes

phase defining migration to follow broader end of particle
non-linear coupling parameter for mode 2 deformation
non-linear coupling parameter for mode 3 deformation
amplitude of Gaussian noise ¢, with ¢ € [£,, ]

intrinsic force of mode n

time-dependent amplitude of intrinsic force of mode n
offset of intrinsic force amplitude

amplitude of intrinsic force oscillations

random uniform distribution for discrete definition of noise
amplitude of deformation of mode n

274 rank deformation tensor

time period of oscillatory deformation forces

37 rank deformation tensor

migration velocity

migration velocity component k

amplitude of migration velocity
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C. Appendix Ill: Abbreviations

ACF Auto-correlation function

ADH-1 Exherin

AML Acute myeloid leukaemia

BAC Benzalkoniumchloride

BM Bone marrow

BzA Benzyl alcohol

CAM Cell adhesion molecule

CDH2 N-cadherin

CLL Chronic lymphocytic leukaemia

CXCL12 C-X-C motif chemokine 12, also known as SDF-1a
CXCR4 C-X-C chemokine receptor type 4, also known as CD184
EMT Epithelial-to-mesenchymal transition

FT Fourier transform

FWHM Full width at half maximum

GIXF Grazing incidence X-ray fluorescence

HBS HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HSC, hHSC Human haematopoietic stem cell

LPS Lipopolysaccharide

MM Multiple myeloma

MSA Mean squared-amplitude

MSD Mean squared-displacement

NOX-A12 Olaptesed pegol, Noxxon Pharma

PB Peripheral blood

PDMS Polydimethylsiloxane

SDF-1a Stromal cell-derived factor 1o, also known as CXCL12
XRR X-ray reflectivity
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