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Abstract

Mechanotransduction describes a cellular mechanism of sensing and converting me-
chanical cues into biochemical signals to regulate cell processes, such as adhesion,
migration, proliferation and/or apoptosis. Thus, becoming an ever-growing field of
research with high potential for medical applications.

In the first part of my thesis, I present a novel strategy towards reliable microinden-
tation measurements, which is essential for investigating mechanotransduction using
soft substrates with defined material properties. I show a precise and reproducible
determination of Young’s moduli through an automatic analysis of indentation data.
The algorithm presented detects Young’s moduli in a region without dependence on
indentation depth while minimizing the fitting error. This strategy is an essen-
tial step towards a comprehensive study of soft materials on a spatial scale similar
to cell interactions. It has broad applicability ranging from fundamental research
of mechanotransduction to developing innovative implants that match the in vivo
situation more precisely.

In the second part of my thesis, I present novel approaches for multifaceted cellular
manipulation. I show that layer thickness of a soft material fixed to a stiff under-
lying substrate can be crucial for cell adhesion. Since a stiffness mismatch between
implant material and in vivo situation can lead to implant complications, such as
scar formations that reduce signal transduction in brain tissue, these findings are
pioneer for new implant designs and advanced application fields. In addition, I
present two atomic force microscopy (AFM)-based manipulation systems that allow
applying specific mechanical stimuli to single cells and a subsequent correlation to
whole cell detachment and single bond strengths. The unique AFM-based shear
system presented combines application of shear stimuli and cell detachment mea-
surements, whereas the AFM-based modulation system combines oscillatory pushing
and pulling with cell detachment measurements. Both shear and oscillatory forces
are essential mechanical stimuli in our body. For instance, disturbed shear condi-
tions interfere vascular functionality and increase the risk for atherosclerosis, whereas
oscillatory forces are essential for bone formation or heart muscle contraction.

Thus, the strategies presented in this thesis are of significant medical interest allow-
ing an overarching study of mechanotransduction and may pave the way towards
smart stimulation devices that allow cell adhesion on demand.






Zusammenfassung

Mechanotransduktion beschreibt einen zellularen Mechanismus des Ertastens und
Umwandelns mechanischer Reize in biochemische Signale, um Zellprozesse wie Mi-
gration, Adhésion, Proliferation und/oder Apoptose zu steuern. Dadurch wurde
Mechanotransduktion zu einem stetig wachsenden Forschungsgebiet mit erheblichem
Potenzial fiir medizinische Anwendungen.

Im ersten Teil meiner Dissertation stelle ich eine neuartige Strategie zur zuverlassigen
Mikroindentationsmessung vor. Dies ist fiir die Erforschung von Mechanotransduk-
tion mittels weichen Substraten mit definierten Materialeigenschaften unerlasslich.
Ich zeige eine prazise und reproduzierbare Bestimmung von Elastizitdtsmoduln mit-
tels einer automatischen Analyse von Indentationsdaten. Der dargestellte Algo-
rithmus ermittelt Elastizitdtsmoduln in einem Bereich ohne Abhéangigkeit von der
Eindringtiefe. Diese Strategie ist ein wesentlicher Schritt zu einer umfassenden Un-
tersuchung weicher Materialien auf Zellebene mit einer Anwendbarkeit, die von der
Grundlagenforschung der Mechanotransduktion bis zur Entwicklung innovativer Im-
plantate reicht.

Im zweiten Teil meiner Dissertation stelle ich neue Ansatze zur vielfaltigen Zell-
manipulation vor. Ich zeige, dass die Schichtdicke eines weichen Materials, das an
ein steifes Substrat befestigt ist, entscheidend fiir die Zelladhéasion sein kann. Ein
Steifigkeitsunterschied zwischen Implantatmaterial und in vivo-Situation kann zu
Implantatkomplikationen fithren. Im Gehirn kénnen zum Beispiel Narben entstehen,
die die Signaliibertragung beeintrachtigen. Deshalb kénnen die Erkenntnisse meiner
Dissertation wegweisend fiir die Entwicklung neuartiger Implantate sein. Dariiber
hinaus stelle ich zwei Rasterkraftmikroskopie-basierte Manipulationssysteme vor,
die es ermoglichen, spezifische mechanische Stimuli auf einzelne Zellen auszuiiben
und anschlielend mit der vollstandigen Zellablosung sowie Einzelbindungskraften zu
korrelieren. Das vorgestellte einzigartige Schersystem kann gezielte Scherstimuli auf
einzelne Zellen ausiiben, wohingegen das Modulationssystem oszillierendes Driicken
und Ziehen mit Messungen der Zellablosung kombiniert. Sowohl Scherkrafte als
auch oszillierende Krafte sind wesentliche mechanische Reize in unserem Korper.
Beispielsweise beeintrachtigen geschadigte Scherbedingungen die Geféaf3funktion und
erhohen das Risiko fiir Atherosklerose, wahrend oszillierende Kréfte fiir die Knochen-
bildung oder Herzmuskelkontraktion unerlasslich sind.

Die in dieser Dissertation vorgestellten Strategien sind von erheblichem Interesse
fiir die Medizin, da sie eine allumfassende Untersuchung der Mechanotransduktion
ermoglichen und den Weg zu intelligenten Stimulationsgeraten ebnen konnen.
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Chapter 1

Introduction

1.1 Biological Background

Cells are the smallest structural and functional unit of all living beings [1], [2]. Our
survival is guaranteed through a variety of different tasks (e.g., structural support,
molecular and electrical signaling, energy production) [2]. Some cell functions and
tasks are universal [3], whereas distinct cell types emerged that specialized on certain
functions [4]. For instance, neurons are responsible for electrical signal transduc-
tion, whereas cells of the immune system defend our body against foreign substances
and endothelial cells give structural support [2], [3]. Although such cell functions
can differ significantly, the basic structure of a cell is the same [1]. In mammalian
cells, a selective double lipid membrane protects and separates the cell interior from
the outside [1]. Membrane proteins allow an interaction with the outside [3], [5].
Membrane receptor proteins, for example, are responsible for inside-outside signal-
ing, whereas transport proteins exchange molecules or ions with the outside and
cell adhesion molecules (CAMs) control the communication with the surrounding.
Furthermore, CAMs are highly relevant for the linkage of cells to other cells or their
surrounding [5], [6]. Inside the cell, a cell nucleus contains all genetic information
that is necessary for reproduction and construction of other cell components. These
so-called reaction spaces synthesize proteins, provide energy or regulate pressure
within a cell [1]. The cytoskeleton serves as support structure of a cell and is re-
sponsible for the transportation and distribution of substances and information [7]-
[9]. It consists of actin, intermediate filaments and microtubules [1], [7], [9]. Mi-
crotubules are the highways of a cell and responsible for the transport within the
cell [1], [10]. Actin filaments contract muscles, whereas intermediate filaments give
structural support [1], [9].

Cells are surrounded by a composition of glycoproteins (e.g., collagen, fibronectin,
laminin, elastin) and proteoglycans in form of a complex support structure that is
called extracellular matrix (ECM) [1], [7]. Cells permanently interact with the ECM
and an impaired interaction between cells and their ECM can affect many biological
processes including cell adhesion, migration and differentiation [7], [8], [11].
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1.1 Biological Background

1.1.1 Cell Adhesion

For survival, many cells need a physical connection to another cell or the ECM [8],
[11], [12]. This so-called cell adhesion is essential for cell communication and reg-
ulatory processes such as growth, division, differentiation and apoptosis [7], [13],
[14], thus proving an essential role for diseases and medical applications [7], [15]. In
wound healing, for example, a fast but light adhesion is initially required to recruit
leukocytes to the wound but reinforcement of cell adhesion over time is necessary
to seal the wound [16]. In cancer, on the other hand, cell adhesion is often reduced
and/or the expression of cell adhesion molecules impaired, which can both promote
metastatic behavior [13], [17].

Cell adhesion is a dynamic process of formation and disassembly of connections
between a cell and its surrounding [10], [18]. In contrast to chemical bonds, biological
binding is based on molecular recognition and a lock-and-key principle [3], [19]. A
pair of binding partners (receptor and ligand) resemble in shape (high structural
affinity) to produce a tight bonding [3]. If necessary, this bond separates and the
binding partners can be reused again [4], [20]. Ligands within the cell environment
(e.g., fibronectin, collagen) bind to receptors (e.g., transmembrane CAMs such as
integrins) at so-called cell junctions (see Figure 1.1) [2].

Extracellular matrix (e.g., fibronectin, collagen)

—_—~ ——
Integrin

I

-4 Extracellular space
PH EIIIIII}I{[ Cell membrane

Intracellular space

Cell junction

Vinculin

Figure 1.1: Visualization of receptor-ligand binding. Transmembrane cell adhesion
molecules, such as integrins, bind to proteins of the extracellular matrix (e.g., fibronectin,
collagen) at cell junctions. In the intracellular space, the connection of integrins to the actin
cytoskeleton is realized through the binding of adhesion proteins (e.g., talin, vinculin) [2], [21].
Inspired by [22].

In addition to the anchoring junctions relevant for cell adhesion, there are commu-
nicating and occluding junctions [23]. Occluding junctions generate barriers with
selective permeability [15], [22]. Communicating junctions guarantee chemical and
electrical signal transduction [2]. In animal tissues, anchoring junctions can be
found especially in regions of large mechanical stress (e.g., heart muscle, skin ep-
ithelium) [2] and generate cell-ECM or cell-cell connections depending on the type
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Chapter 1 Introduction

of transmembrane protein family. Anchoring junctions formed by a cell-cell connec-
tion are called adherens junctions and link cells together through transmembrane
proteins of the cadherin family [2], [24]. Focal adhesions, on the other hand, refer
to anchoring junctions through cell-ECM connections formed by integrins [2], [15].

During initial adhesion, single receptor-ligand bonds [8] and unspecific interaction
of ECM and the cell’s glycocalix exist. Since these bonds are weaker than covalent
bonds, a binding and breaking can simply occur due to thermal fluctuations [3],
[20]. However, the initial binding of receptor and ligand leads to an intracellular
signal cascade to recruit more integrins to the cell junction (i.e., binding site) [8],
[20], [25]. After the recruitment of integrins to a cell junction, an adhesion cluster is
formed, where external stresses can be distributed over multiple integrins and makes
it more probable that broken bonds rebind before their receptors diffuse out of the
adhesion complex [20], [26]. To establish stable focal adhesions, the intracellular
part of the integrins attach to the actin cytoskeleton [8], [21] through adhesion
proteins such as paxillin, talin, vinculin or zyxin (see Figure 1.1) [2], [3], [27]. Focal
adhesions are highly regulated structures with lengths of 2-6 pm [28] that allow signal
transduction between cell and ECM [10], [29], [30]. For instance, focal adhesions
forward information about the state of the ECM to cells (e.g., stress distribution,
deformations) and are involved in force-sensing mechanisms [20], [27], [31].

1.1.2 Mechanotransduction

A cell’s environment can be diverse. The stiffness, topography or thickness can
vary [11]. For instance, the stiffness of brain tissue is multiple magnitudes lower
than bone tissue [32] or the epithelial tissue consists of densely packed cells of
different structures (e.g., cuboidal, columnar, stratified) [33], [34], whereas blood
mainly contains three types of floating cell types (erythrocytes, leukocytes, throm-
bocytes) [2]. Also, cells are subjected to a variety of forces [7], [35], [36]. For
instance, the bloodstream causes shear forces to cells in blood vessels [12], [35], cells
of the heart and lung experience contractile forces due to breathing [37], whereas
blood pressure stretches the blood vessel wall [12]. At adhesion sites, cells can exert
forces to actively interact with their environment [38]. For instance, these so-called
traction forces facilitate cell migration [39], allow the sensing of environmental cues
such as elastic or topographic properties [7], [38] or can open ion channels within
the cell membrane [40]. Furthermore, the level of traction forces may scale with
the cell type [11], [38]. For instance, it was shown that neuronal traction forces can
be weaker than traction forces of fibroblast cells [41], whereas epithelial cells can in
turn exert larger traction forces than fibroblast cells [38].

A cell’s ability to exchange signals with its surrounding and to adapt its behavior
accordingly is essential for our survival and the functionality of organisms with a
high degree of switchability and dynamics [2], [11]. For many decades, the research
focus was on biochemical cues such as protein structures [42] but since several years,
it became evident that mechanical cues such as external forces, stiffness variations
or topographic properties are equally significant [7], [11], [43], [44]. Mechanotrans-
duction describes a cell’s ability to respond to mechanical cues by transmission of
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1.1 Biological Background

an external stimulus to specific structures and its translation into biochemical sig-
nals [12], [35], [36]. However, the involved mechanotransduction pathways are not
fully understood yet [12], [27], [42]. Existing knowledge about mechanotransduction
indicates that a better understanding of this subject will initiate new strategies for
early disease detection, prevention of disease outbreaks or disease treatments [8].
For instance, the physical properties of tissues often change in disease [11], which
can be utilized in early disease detection. Findings about the role of substrate stiff-
ness for cell behavior will have an impact on the design of implant materials [7].
Additionally, deeper understanding of mechanotransduction will not only reduce
the mismatch between the rather static in vitro and the very dynamic, reversible in
vivo conditions [45] but reduce the number of necessary in vivo experiments, which
is ethically favorable. Ultimately, this knowledge will affect a plethora of diseases
such as deafness, muscular dystrophy, heart disease or cancer [12].

Although responsive behavior of proteins is often related to biochemical regulation,
there are many proteins and biological systems that can be mechanically activated
over a broad range of time scales (seconds to hours) [12], [27]. For instance, some
proteins undergo a structural change upon external stimulation that can result in a
functional change [10], [46], [47]. Allosteric regulations, for example, describe a force-
induced conformational transition of proteins from a weakly bound state towards a
state with higher binding strength that can act as so-called catch bonds [46]. In gen-
eral, catch bonds describe bonds that strengthen upon applying tensile forces [48],
which means that the lifetime is increased under tensile forces in contrast to slip
bonds that decrease its lifetime [20], [46], [48].

Cells developed a variety of strategies to adapt their adhesion to external stimuli.
Such concepts include direct strengthening of adhesion molecules (higher affinity)
or enhanced avidity (number of available adhesion molecules) [4], [49]. But also the
properties of the cellular anchor of an adhesion molecule can be altered, external
loads can be distributed over multiple adhesion molecules [4], [20] or conformational
changes can provide additional binding sites (e.g., talin unfolding to achieve vin-
culin binding) [20], [47], [50]. All these factors allow a fast and efficient remodelling
of the cytoskeleton [7], [11]. This is, for example, highly relevant to guarantee
fast reactions to blood shear flows or infections [7]. Cells use their focal adhesions
to transform extracellular mechanical cues into a cellular response [28], [36]. For
instance, integrin signaling and mechanosensitive ion channels are routes for me-
chanical signal transduction [10], [12], [51]. Additionally, it is believed that the cell
nucleus is relevant for mechanotransduction [12], [27]. For instance, changes in the
protein composition of the nuclear envelope influence nuclear deformability and can
impair force transmission between nucleus and cytoskeleton [52].

Integrins

Integrins are an essential part of the adhesion complex responsible for biological
functions, such as embryogenesis, immune response or inflammation, and they are
generally accepted mechanosensors [6], [9], [29] that change between two affinity
states in the presence of anions [4], [53]. Integrins are transmembrane proteins with
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Chapter 1 Introduction

two subunits (a and ) that exist in different forms [6], [13], [15], [53]. Specific
combinations of a and /3 bind to defined ligand partners [6], [9], [49]. For instance,
a1 specifically binds to fibronectin, whereas a3, binds to laminin [4]. Mechanical
stimuli can be used to improve and/or manipulate integrin clustering, ECM binding
and/or the recruitment of focal adhesion proteins [29]. Hence, integrins have an
essential role for mechanotransduction studies.

Mechanosensitive Ion Channels

In general, ion channels are membrane proteins that control the exchange of specific
ions (e.g., calcium) across the cell membrane to regulate electrical signals or the
cell volume [54]. The opening and closing mechanism (so-called gating process)
of a certain ion channel can, for example, be controlled through voltage gradients,
specific ligand binding or mechanical signals [2], [54]. The gating process of so-called
mechanosensitive ion channels can be regulated through mechanical signals, such as
stretch, pressure or shear [51], [55], [56]. Hence, they are an essential candidate
to explain mechanotransductive behavior. Recently, a Nobel Prize was awarded
to David Julius and Ardem Patapoutian for their discoveries of ion channels as
receptors for temperature and touch [57]. This shows the ongoing research focus on
mechanotransduction and the necessity to gain a comprehensive understanding of
mechanotransduction pathways.

Multiple mechanosensitive ion channels have been discovered in various organisms
(e.g., Piezol, Piezo2, TRPV4, TRPM7, TMEMS87a) [58]-[60]. Piezol exists in dif-
ferent cell types, such as endothelial cells or red blood cells, and in several organs
(e.g., stomach, lung, bladder) [54], [61], [62]. Piezol has a propeller-like structure
that forms a calcium selective pore [61], [63], [64], where calcium influx can be ac-
tivated through force application [51]. Piezol proved to be essential for different
functions and developmental steps [56], [63]. For instance, impaired development of
the vascular system in Piezol-deficient mice embryos is lethal [56], [64]. In addition,
Piezol showed its significance in several diseases (e.g., metastasis [65], hemolytic
anemia [61], pancreatitis [62]) and in inflammatory responses of the immune sys-
tem [66].

1.1.3 Single Cells to Complex Tissues

Many cell functions are based on single cell behavior. However, cells specialized on
specific skills and functions to build complex structures, such as the human body [1],
[7]. For instance, neurons are designed for electrical signal transmission throughout
the body [2], whereas bone tissue is specialized to bare high compression forces [7].
A network of cells with the same specialization is called tissue [1] and there are
four different tissue types in animals: epithelial, connective, muscular and nervous
tissue [1], [2]. Epithelial cell layers build the epithelial tissue covering all inner and
outer organ surfaces [1], [2]. This forms a protective barrier against invasion of
foreign substances or fluid loss [2]. The connective tissue is an important support
structure in the whole body. It gives organs stability, strength and elasticity [2].
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1.1 Biological Background

Muscular tissue allows muscle movement and contractions. For instance, skeletal
muscle cells move the limbs or the cardiac muscle guarantees blood flow through the
body. In the nervous tissue, neurons ensure signal transduction and glial cells have
a support function and organize sufficient nutrients [1]. In all tissues, cell adhesion
is an essential process as it permits the diverse and dynamic formation of cellular
structures into organized structures [15].

Fibroblast Cells

Fibroblast cells are a major component of the connective tissue [2]. They are not
fully differentiated cells, which means that they can differentiate into other cell
types such as fibrocytes or epithelial cells and their main task is the synthesis of
ECM proteins [67], [68]. Fibroblast cells grow to oval-shaped cells with many long
irregular cytoplasmic extensions to communicate with each other [68], [69].

Fibroblast cells have an essential role for wound healing, tumor growth and skin
regeneration [2], [70]. For instance, in skin, fibroblast cells provide strength and
permeability producing collagen and elastin, which are essential for the resistance
and elasticity of skin [71]. However, the activity of fibroblast cells decreases with age
or external factors, such as UV radiation, resulting in a reduced collagen production
that often leads to loss of moisture storage [71]. During wound healing, tissue injury
stimulates the proliferation of fibroblast cells and the release of cytokines to support
the damage repair. Here, collagen serves as a temporary wound closure until the
contraction of so-called myofibroblast cells (i.e., a special form of fibroblast cells due
to cytokine release) leads to a stable wound closure. However, incorrect production
of myofibroblast cells can have severe medical implications (e.g., impaired wound
healing, tumor growth) [68], [70]. In addition, fibroblast cells allow the development
of in wvitro models for the formation of new blood vessels from existing ones (so-
called angiogenesis) [67]. Hence, fibroblast cells are of great interest for aesthetic
and medical applications.

Fibroblast cells belong to the group of cells that were first reported to show mechano-
sensitive behavior [11]. For instance, the behavior of fibroblast cells correlates with
the stiffness of their environment [11], [72]. On soft substrates, fibroblast cells show
diffuse, dynamic adhesion complexes, whereas they form stable focal adhesions on
stiff substrates [11]. This stiffness response is also reflected by their durotactic be-
havior (i.e., migration towards stiffer regions of a material) [73]-[75]. Fibroblast
cells are even able to adapt their own stiffness according to the stiffness of their
environment [72].

Their medical relevance and mechanosensitive character in addition to the uncom-
plicated cultivation in the laboratory make fibroblast cells the perfect candidate as
a model cell for many mechanotransduction studies.



Chapter 1 Introduction

Human Embryonic Kidney Cells

In the 1970s, Graham et al. succeeded to transform human embryonic kidney (HEK)
cells with sheared deoxyribonucleic acid (DNA) fragments of human adenoviruses
(adenovirus type 5) and established the stable HEK293 cell line [76]-[78]. At that
time, it was the only adenovirus transformed human cell line [76]. Although HEK293
cells have epithelioid character [76], they also exhibit neuronal character [79], [80]
and their gene expression profile shows no specificity for a certain tissue [78], [79].
For instance, markers for neuronal cells and adrenal gland were observed [78]. Hence,
HEK293 cells may not show typical behavior of kidney cells [79].

However, versatile transfection of HEK293 cells and good cell culture maintenance
make them a preferred host for expression of recombinant proteins [77]. Hence,
HEK293 cells became, in addition to HeLa cells (named after Henrietta Lacks), one
of the most commonly used cells in cell biology studies [78]. For instance, HEK293
cells have been utilized investigating neurotropic viruses (e.g., poliovirus, rabies
virus) [80], [81] and/or developing adenovirus vectors [82].

Dr. Kate Poole and her working group used transfected HEK293 cells to investigate
the role of different mechanosensitive ion channels (e.g., Piezol, TMEMS87a) [51],
[55], [60]. The absence of functional TMEMS87a (renamed to Elkinl) in melanoma
cells, for example, hinders mechanoelectrical transduction and cell motility [60].
Piezol is essential in disease progression (e.g., metastasis, hemolytic anemia) and
inflammatory responses of the immune system [61], [65], [66].

1.2 Biofunctional Soft Materials

Since many cells react to environmental cues, the understanding of mechanotrans-
duction and its underlying processes will help the development of biomaterials with
different properties for different application fields [8]. For the realization of reliable
i vitro studies, materials that represent the natural environment as precisely as
possible are necessary [83]. For instance, cells experience various stiffness values
ranging from less than 1 kPa in the brain to several GPa in bone tissue [11], [26],
[32] and many cell processes are directly linked to substrate stiffness (e.g., cell pro-
liferation and migration) [44], [75]. The stiffness of a material can, for example, be
utilized to control the differentiation of stem cells into a desired tissue [84]-[88]. In
addition, very soft substrates can prevent the formation of focal adhesions for some
cells, whereas stiff substrates can support the formation of strong focal adhesions
and actin stress fibers [38], [43], [88]. Thus, materials with variable stiffness that
precisely mimic the physiological conditions of the relevant cells are required [26],
[89]. Other material preferences are: cheap and easy production, optical clarity,
inertness, non-toxicity and consistent properties that can easily be regulated (e.g.,
elasticity). Also, a versatile biofunctionalization with adhesion proteins is favorable
to guarantee reliable cell-material interactions [90].

Over the years, a variety of materials has been developed [8], [91]. Commonly used
examples are agarose [8], alginate [92], collagen [93], matrigel [8], polyacrylamide
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(PAM) [94] or polydimethylsiloxane (PDMS) [91], to name some examples. How-
ever, usually not all of the abovementioned criteria are satisfied by one material.
Hence, it is necessary to choose a material with regard to its suitability for a specific
application field or requirement (e.g., elasticity, topography, biodegradability).

1.2.1 Polyacrylamide

Polyacrylamide (PAM) is a soft material that swells in water up to 90 % (so-
called hydrogel) without dissolving [95]. Its porous network consists of crosslinked
monomer chains that mimic the scaffold structure of the ECM [83]. PAM is produced
from a mixture of acrylamide monomers and bis-acrylamide crosslinkers [44]. In
addition, N, N, N, N'-tetramethylethylenediamine (TEMED) and ammonium per-
sulfate (APS) are added to initiate a free radical polymerization [90], where oxygen
inhibits the polymerization process [96], [97]. Hence, it is important to eliminate
all oxygen from the solution prior to initiation of the polymerization [96]. In the
end, a covalent network of long acrylamide chains with statistical crosslinks of bis-
acrylamide is formed [90].

The mixture of acrylamide with different ratios of bis-acrylamide allows easy pro-
duction of variable elasticities without alterations of the chemical properties [43],
[83], [96]. The range of elasticities covers many physiological relevant tissue stiff-
nesses (ca. 1-100 kPa) [7], [42] but even elasticities of up to 740 kPa have been
produced [42]. PAM has a high optical quality allowing microscopic investigations
with no or less fluorescent effects [83], [96]. Disadvantageous for PAM is the non
perfectly elastic behavior [87], [98]. Yet, PAM shows linear deformation for a large
range of stress and recovers quickly once the stress is released [83], [87], [98].

1.2.2 Biofunctionalization

Although many cell types attach unspecifically to some materials (e.g., glass) [3],
most materials require a coating with adhesion proteins such as fibronectin or colla-
gen (so-called biofunctionalization) to promote or enable cell adhesion [96]. There
are different possibilities to functionalize a material with specific adhesion pro-
teins [87]. To guarantee a stable connection between a material and adhesion pro-
teins, the materials used may need a modification (e.g., incorporation of molecules).
For instance, acrylic acid N-hydroxysuccimide ester (a-NHS) can be added to a
PAM solution prior to polymerization to allow a biofunctionalization with adhesion
proteins [90]. In addition, a method called micropatterning allows functionalization
of defined areas of a material [99], which is, for example, relevant for investigating
the role of ligand densities for specific cell responses (e.g., cell spreading area) [14],
[100]. To guarantee specific cell binding to glass surfaces, they can be treated with
oxygen plasma to generate a negatively charged surface of OH™ groups. Then, the
backbone of poly-D-lysine (PDL) or poly-L-lysine (PLL) can electrostatically bind
to the glass surface and after treatment with glutaraldehyde, a stable coating with
fibronectin can be realized [3], [101].
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1.3 Atomic Force Microscopy

Mechanotransduction studies concentrate on how cells are affected by environmental
cues, the measurement of forces exerted by cells or goal-oriented manipulations of
cells and their behavior [102]. In the last decades, various techniques have been
developed for investigating mechanotransduction. Atomic force microscopy (AFM),
flow chambers [8], biomembrane probe [3], [8] or microneedle assays [39] are well-
known techniques used to actively apply external forces to living cells, whereas
changes of the cell environment such as material stiffness or drugs rather affect cells
indirectly. In addition, traction force microscopy (TFM) allows the measurement
of so-called traction forces to gain knowledge about how cells actively interact with
their environment [8], [103], [104]. Techniques such as optical [8], [105] and magnetic
tweezers [105] are commonly used to measure small interaction forces (e.g., single
molecule forces) [3] or to apply forces to cells (e.g., manipulation with small beads).
Since the invention of a cell balance with millisecond time resolution and picogram
mass sensitivity by Martinez-Martin et al., it is even possible to measure the total
mass of single or multiple adherent cells [106].

Among these techniques, AFM has emerged since its invention by Binnig, Quate
and Gerber in 1985 as a versatile technique with outstanding properties for the
investigation of mechanotransduction [8], [107]. Besides atomic resolution of surface
topographies [108], a diversity of experiments can be conducted under physiological
conditions (i.e., body temperature, fluids) without restriction of the cell type or
adhesion molecules investigated [8], [108], [109]. Additionally, AFM can easily be
combined with optical microscopy allowing the observation of cellular structures
simultaneously to force or height measurements [8].

The general concept of AFM is the measurement of interaction forces between a
sample and a force sensor (so-called cantilever) to gain knowledge about properties
of the sample (e.g., topographic, elastic or adhesive properties) (see Figure 1.2) [108].
Such a cantilever is considered as a Hookean spring with a spring constant & [22].
Various possible spring constants allow measurements with a large force range from
10-10° pN [3], [109]. More precisely, a laser beam is directed to the cantilever tip
and reflected to a position sensitive photodiode (see Figure 1.2 a)) [108]. Once
the cantilever interacts with the sample surface, the cantilever deflects and the
position of the laser spot on the photodiode is shifted, which is translated into
the desired output signal (e.g., force or height signal) [108]. The imaging mode is
generally used to extract information about the topography of a sample. Depending
on the application, three different modes are available to control the exact interaction
between a sharp tip at the cantilever front and the sample (i.e., contact, non-contact
and intermittent/tapping mode) [108]. To record a complete image, the cantilever
scans over a predefined region of the sample [108].

In the force spectroscopy mode, the force signal can be used to determine sample
properties, such as elastic or adhesive properties. In contrast to imaging, the can-
tilever measures at single points or records point-to-point curves. These so-called
force-distance curves display the force signal as a function of the distance between
cantilever and sample. An example force-distance curve is shown in Figure 1.2 b). In
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Figure 1.2: General visualization of an AFM setup to record force-distance curves.
a) A laser is directed to a cantilever and reflected to a photodiode. The laser spot position
deviates from the center of the photodiode according to interaction forces between cantilever
and sample. b) The system measures the cantilever deflection translated into force as a function
of distance between cantilever and sample. The resulting curve is called a force-distance curve.
The approach curve (also called extend curve) contains information about elastic properties of
a sample. The retract curve can be used to determine adhesive properties.

principle, a force-distance curve can be divided into three parts: approach, contact
phase and retract.

Initially, a defined gap between cantilever and sample exists. Then, piezoelectric
motors with subnanometer precision [108] move the cantilever towards the surface at
a constant speed until a predefined setpoint force (i.e., defined cantilever deflection)
is reached. The contact point is defined as the distance at which the force deviates
from zero the first time (see Figure 1.2 b)). The additional movement towards the
sample until the setpoint force is reached describes an indentation of the sample
(so-called indentation depth). During the contact phase, the cantilever is usually
kept at a constant force for a defined time (so-called contact time). Afterwards,
the cantilever movement is reversed and the cantilever is retracted from the sample.
The cantilever usually sticks to the sample surface due to adhesive properties of the
sample. However, once the retract force is great enough, the cantilever snaps back
to zero force.

The approach curve (or extend curve) of force-distance curves is often used for
the determination of Young’s moduli of soft materials, cells or cellular structures.
This type of measurement is called AFM-based microindentation (see Section 1.3.1).
The retract curve is widely used to measure interaction forces between single cells
and multiple cells or materials. These experiments are called single cell force spec-
troscopy (SCFS) and explained in Section 1.3.2 [3].
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1.3.1 AFM-based Microindentation to Determine the Elas-
ticity of Soft Materials

Cells are able to sense and react to external forces and environmental cues, such
as elastic or topographic properties [7], [12], [43], [44]. Both precise control and
reliable measurement of elastic properties are crucial. Many techniques have been
developed to measure material properties, such as AFM-based microindentation,
nanoindentation, rheology and tensile testing. In tensile testing, a material is usu-
ally under uniform tension until failure and the Young’s modulus of the material
is determined from the linear region of the loading curve [110]. Rheology can be
used to measure viscoelastic properties of a given material usually placed between
two plates or a cone and a plate [111]. The upper plate or the cone is subjected
to a defined rotation, while the material response is measured in terms of shear
moduli [111]. The relation between storage and loss modulus determines whether
a material is elastic or viscous [111]. Nanoindentation, often used for measuring
hardness, indents a given material with a sharp indenter of known shape up to a de-
fined indentation force or depth at high spatial resolution [112], [113]. In contrast to
conventional hardness measurement techniques using microscopic images, material
properties determined with nanoindentation (e.g., Young’s modulus) are extracted
from the loading-unloading curves [112], [114].

State-of-the-art techniques, like rheology or tensile tests, rather determine elastic
properties on a macroscopic scale than on a microscopic scale. However, cells in-
teract on a microscopic scale with materials [14], [20], [115] and the measurement
method itself may affect the Young’s moduli determined [87]. Nanoindenters can
measure on the microscale but induce very high strains to the material indented,
which might alter the outcome of the measurements. AFM-based microindentation
enables semi global (i.e., creation of elasticity maps) and microscopic measurements
with piconewton precision [3], [109]. An AFM is usually combined with light mi-
croscopy, a heating system and a chamber for measurements in liquids. This allows
the determination of elastic properties under physiological conditions and conse-
quently the quantification of cell mechanics (e.g., stiffness of different cell types) [72].

During such AFM-based microindentation experiments, a cantilever with a well-
defined probe (so-called indenter) is pressed into a sample up to a predefined set-
point force. An elastic theory (i.e., mathematical fitting model) is applied to
the approach curve of the recorded force-distance curve to determine the Young’s
modulus of the sample. Different elastic theories have been developed to predict
the relation between indentation depth and force. The most well-known ones are
the Hertz, Johnson-Kendall-Roberts (JKR) or DMT (after Derjaguin, Muller and
Toropov) [84], [116], [117]. While JKR and DMT include adhesion between probe
and sample, the Hertz model neglects it [84], [116]-[118].

The Hertz model can be employed for different indenter shapes (e.g., spherical,
parabolic, conical) [119]. Usually a stiff spherical indenter is attached to the can-
tilever and the equation for a parabolic shape is used to reduce the mathematical
complexity (applicable for small indentation depths, see Equation (1.1)) [87].

11



1.3 Atomic Force Microscopy
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Where F' is the indentation force, R is the radius of the indenter, F is the Young’s
modulus, v is the Poisson’s ratio and d is the indentation depth defined as:

d = |dmaz — cp| (1.2)

where d,,q. is the distance value of the cantilever position at maximum indentation
force and cp is the distance value of the cantilever position at the contact point. This
relation is visualized in Figure 1.3. The cantilever movement starts at a distance
value of 100 pm (convention of the AFM setup). With decreasing cantilever-sample
distance, the distance values displayed also decrease. Hence, the distance value
of the cantilever position at maximum indentation force is the lowest. Then, the
indentation depth can be calculated from the absolute value of the difference between
distance values at the contact point and the maximum force.
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Figure 1.3: Visualization of the calculation of indentation depths. The example extend
curve demonstrates the calculation of an indentation depth. The cantilever movement starts
at a distance value of 100 pm (convention of the AFM setup) and the distance values displayed
decrease with decreasing cantilever-sample distance. Hence, the distance value of the cantilever
position at maximum indentation force is the lowest. The indentation depth can be calculated
from the absolute value of the difference between distance values at the contact point and the
maximum force.

A common drawback of most elastic theories is the use of assumptions that do
not entirely hold. Especially hydrogels and other biomaterials often lack isotropy
and homogeneity. Additionally, exact knowledge about the forces between inden-
ter and sample is difficult to quantify or determine [117], [120]. Still, AFM-based
microindentations allow the reduction of effects due to sample inhomogeneity. The
recording of elasticity maps, for example, is a strategy to improve the outcome of
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such experiments. However, this usually requires time-consuming analysis of huge
data sets. Chapter 2 describes the development of a useful strategy to increase the
overall reliability of AFM-based microindentations.

Furthermore, not all materials investigated are entirely elastic but show viscous
behavior, too. Varying indentation speeds can reveal viscoelastic behavior and affect
the Young’s modulus determined. However, experimental details like the indentation
speed are often missing in the literature. To address the importance of experimental
details and stating them in scientific publications, I discuss the influence of different
experimental details in Chapter 2.

1.3.2 Single Cell Force Spectroscopy to Characterize Cell
Adhesion

The knowledge about cell adhesion is an integral part towards a better understand-
ing of mechanotransduction. Forces are a common measure for the quantification
of cell adhesion [103]. For instance, the forces exerted by cells, so-called traction
forces, show how cells actively interact with their surrounding [38]. Forces neces-
sary to induce cell reactions or rupture adhesion complexes provide insights into cell
adhesion strength, cell viability and/or cell-material compatibility [8], [121]. This
helps to determine the quality of implant materials (e.g., expected rate of tissue ac-
ceptance) [122], [123] or drug treatments for diseases [8]. Furthermore, it allows the
characterization of different stages of cancer cells and the establishment of biomark-
ers to diagnose diseases at an early stage [8]. In principle, the inclusion of all such
forces is necessary to achieve full perception of mechanotransduction and related
processes.

There are multiple methods to measure cell-cell or cell-material interactions. For
instance, centrifugation assays or flow chambers permit the measurement of cell
detachment of multiple cells under shear stress [8]. Since intensity gradients of a
strongly focused laser beam attract small objects towards the focus of the beam,
so-called optical tweezers have been developed to trap and/or manipulate nano- to
micrometer-sized objects with forces up to 100 pN [105], [124], [125]. AFM single
cell force spectroscopy (AFM SCFS) is a versatile technique with an exceptional
force range (10-10° pN) that enables the measurement of cell-material interactions
under physiological conditions [3], [109]. This facilitates the measurement of living
cells, which is essential as some cellular reactions (e.g., connection between trans-
membrane adhesion proteins and actin cytoskeleton) cannot be observed with dead
cells [7].

In this thesis, I employ different strategies to measure cell detachment with AFM
SCEFS. For this purpose, a single cell that is attached to the front of a functionalized
tipless cantilever serves as a probe (see Figure 1.4 a)) [3], [4]. The basic measurement
(so-called “normal” mode) consists of the previously described parts (i.e., approach,
contact phase and retract, see Section 1.3) to record a force-distance curve. For the
approach, the cell is pressed onto a substrate (e.g., material, cell) until a predefined
setpoint force (usually 0.5 nN) is reached. After a defined contact time (seconds to
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minutes, see Figure 1.4 a) Contact phase), the cantilever is retracted to completely
detach the cell from the surface (see Figure 1.4 a) Retract). The retract curve of the
recorded force-distance curve contains the relevant information about the interaction
forces between the cell and the substrate (see Figure 1.4 b)).

a)

Approach Contact phase Retract

V=" A=

Lowae /' LT/

b
) 500 Retract curve
250 Tether Last rupt ¢
= 0. | _Lastrupture even
o
§ -250 - }Steps/Rupture events
o -500
(1
-750
-1000; Detachment force

0 20 40 60 80
Distance [um]

Figure 1.4: General visualization of AFM single cell force spectroscopy. a) During
approach, the cantilever presses the cell on to the substrate until the setpoint force is reached.
The contact phase takes a few seconds to minutes while the cantilever is kept at constant
force to guarantee a steady cell-substrate interaction. Finally, the cantilever is retracted to
detach the cell from the substrate. b) Example force-distance curve that contains the relevant
information about the cell-substrate interaction (e.g., detachment force, last rupture event).
A tether depicts a plateau region prior to a rupture event.

A closer look at the retract curve shown in Figure 1.4 b) reveals specific points
and regions of interest. Once the cantilever starts to retract, the force load is
released from the cell and the measured force intersects zero force at the contact
point. With further cantilever retraction, an increasing negative force occurs due to
cell-substrate interactions. The linear relation between force and distance mainly
results from elastic cell stretching [4], [26]. The minimum of the force-distance curve
is reached at a critical pulling force (so-called detachment force) that roughly gives
the total cell adhesion strength [4]. Then, a step-like pattern (i.e., sudden decrease
in force) illustrates rupture events of receptor-ligand bonds (see Figure 1.4 b)).

The height of a step is a measure for the adhesion strength of the ruptured bonds [3],
[126]. These steps can result from multiple bond ruptures or neighboring bonds can
partially adopt the force load, which leads to a smaller height [126]. Additionally, a
functionalization with a lectin such as concanavalin A (conA) may be interpreted as
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receptor-ligand rupture, which complicates the interpretation of rupture events [3].
However, the last step (so-called last rupture event) is generally considered a single
receptor-ligand bond rupture but can also result from several bonds rupturing at
the same time [3], [126].

The distance of a single receptor-ligand bond rupture is a measure for the bond
lifetime since

thond = d'rupture/v (1 3)

where tp,,4 is the bond lifetime, dyypiure is the distance of the bond rupture and v is
the pulling speed [3], [22]. The distribution of bond lifetimes allows investigation of
biological bond kinetics [3], [22].

The slope of a plateau region preceding a step indicates if a tight connection to the
cytoskeleton existed. A stable connection to actin (e.g., typical for matured focal
adhesions) is displayed by a steep negative slope [4], [126]. A horizontal plateau
(slope close to zero) means that the receptor was only attached to the cell mem-
brane [4] and leads to an extraction of viscous tubes (so-called tethers) that hinder
bond rupture [3]. A tether can act as force clamp [3], [4], which keeps the loading
rate at almost zero (see Equation (1.4)) [3]. Furthermore, the force remains less than
the bond breaking level [4]. Hence, the detachment energy (dissipated energy during
cell-substrate separation [3]) increases linearly for a very long pulling distance [4].

r=dF/dt =0 (1.4)

Where r is the loading rate, F' is the setpoint force and t is the time.

The strength of biological bonds increases logarithmically with increasing loading

rate, which makes the loading rate an essential parameter for adhesion force mea-
surements [127], [128].
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Chapter 2

Mechanical Characterization of Biomaterials with
AFM-based Microindentation

2.1 Introduction

Many cells show mechanosensitive behavior, where the stiffness has an extraordinary
role. For instance, the differentiation of stem cells into different tissue types due to
variable substrate stiffness is a common example [84]-[88] but also the beating of
cardiomyocytes is affected by the stiffness [129], [130]. Two main factors are of
great importance for mechanotransduction studies: The availability of suitable ma-
terials and reproducible techniques for the characterization of these materials. More
precisely, materials are necessary that possess desired material properties and/or
can easily be adapted to them [89]. For instance, materials that precisely mimic
the extracellular matrix are of interest [94], [131]. On the other hand, reproducible
and quantitative techniques to measure the material properties are required to fully
predict and understand their interactions with cells or tissues [117].

Although AFM-based microindentation stands out compared to other common char-
acterization techniques like nanoindentation, rheology, there are some drawbacks
that make the measurements inconsistent and/or difficult to compare. Drawbacks
are mostly related to technical issues (e.g., cantilever calibration, fitting model) or
missing information (e.g., insufficient details in scientific publications) [87]. To calcu-
late the Young’s modulus from AFM-based microindentation data, a mathematical
fitting model is applied to the data. These elastic theories, such as the Hertz model,
usually need strong assumptions such as substrate homogeneity and isotropy or exact
knowledge about the forces between the substrate and the measuring device [117],
[120]. However, these assumptions are often not entirely met for soft materials that
are usually used as biomaterial [120]. Other elastic models exist to overcome some
of the Hertz models’ disadvantages (e.g., DMT or JKR [117], [118]). Yet, the Hertz
model is still the most commonly used elastic model to characterize elastic properties
of hydrogels [84], [117]. The scientific community apparently prefers to work with
many approximations instead of choosing more sophisticated models. This makes
a full statement of all experimental parameters necessary. However, detailed de-
scriptions such as indentation force or speed are often not specified in publications,
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which hinders reliable comparisons between works of different research groups [132].
Most of the developed improvements of the Hertz model instead concentrate on
descriptions of more complex force interactions between the substrate and the in-
denter (e.g., adhesive forces [118]) or on corrections for the experimental designs
(e.g., thin film substrates [98]) instead of focusing on considerations regarding the
inhomogeneity, anisotropy of soft materials or the reliability of measurements.

A major advantage of AFM is the ability to measure multiple indentation curves
at different positions of a sample to reduce effects due to sample inhomogeneity.
Furthermore, a variety of experimental parameters like indentation force or speed
can easily be applied and possible alterations of Young’s moduli can be revealed.
However, recording a large number of indentation curves leads to effortful data
analysis. Although most of the analysis can be automated, the impact of the in-
dentation depth on the Young’s modulus measured is not incorporated in standard
AFM analysis software until now. Buxboim et al. showed for PAM (most commonly
used hydrogel in biophysical research [87]) that the Young’s modulus depends on
the indentation depth [133]. It is inevitable that knowledge about the role of the
indentation depth for the elastic response of a material is essential [87]. These fac-
tors underline the lack of standardized measurement settings that also consider the
dependence of the Young’s modulus on the indentation depth and make the need
for more sophisticated experimental procedures with statistical approaches obvious.

I here present the development of a self-made algorithm to automatically analyze
AFM-based microindentation data (see Section 2.3). This algorithm calculates
Young’s moduli for different indentation depths of one measurement cycle (i.e., one
indentation curve). The result is a so-called E-d curve that displays the Young’s
moduli calculated as a function of indentation depth. Then, the algorithm detects
Young’s moduli in a region without dependence on the indentation depth. Hence,
the role of the indentation depth on the Young’s modulus calculated is considered.
Additionally, the algorithm chooses that Young’s modulus calculated with mini-
mized fitting error. These considerations increase the reliability and comparability
of such indentation measurements.

I prove the added value of our new algorithm through a systematic investigation
of how different experimental parameters affect the outcome of the measurement of
elastic properties of PAM samples (see Section 2.4). The display of the E-d curves
generated is essential to guarantee a reliable investigation of the impact of various
experimental parameters. We employed the commonly used Hertz model as proof
of principle, but our algorithm can be adapted to other, more sophisticated fitting
models. Finally, I elaborate the diverse elastic characterization of soft materials and
biological samples with AFM-based microindentation.

2.2 Experimental Design

In this thesis, small and stiff beads attached to tipless cantilevers were used to indent
soft materials up to a defined setpoint force (see Figure 2.1 a)). During this process,
force-distance curves were recorded at different positions of the samples. The Hertz
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model was fitted to the extend curve of the force-distance curves to calculate the
Young’s modulus of the materials.

a) ; b)
Bead ﬁ
/ Sample /

Figure 2.1: Setup of AFM-based microindentation experiments. a) Single stiff beads
were attached to tipless cantilevers and used for the indentation of soft samples with defined
setpoint forces and indentation speeds. b) Representative image of a successful bead attach-
ment with homemade sideview cantilever holder.

2.2.1 Cantilever Preparation

The experiments were conducted on the CellHesion® 200 or the NanoWizard® 3
setup (see further details in Appendix B.1). Tipless cantilevers of type HQ:NSC35
(MikroMasch, Innovative Solutions Bulgaria Ltd.) were used. The spring constant
of each cantilever was calibrated five times on glass in air with the thermal noise
method implemented in the JPK control software. The averaged spring constants
were used for the experiments (1.35-1.89 N/m). The sensitivities of the cantilevers
were measured on glass in water directly prior to an experiment. Single beads were
attached to the cantilevers with two component glue (UHU Plus Schnellfest or End-
fest, UHU GmbH & Co. KG). Beads with diameters of 6.47 nm (glass, microparticles
GmbH), 15.0 pm (polystyrene, Merck Millipore) or 21.82 pm (glass, microparticles
GmbH) were used (diameters given by the manufacturers). A homemade cantilever
holder was used to check the successful attachment of the bead from the side (see
Figure 2.1 b)). For further details see [134].

2.2.2 Sample Preparation

Pretreatment of Glass Slides

A stable fixation of the materials used is necessary to realize reliable indentations.
Glass substrate holders were used for indentations of PAM, because a fixation di-
rectly in a petri dish was not possible. Glass slides (20 - 20 mm?) were cleaned
three times with ethanol and bidest. water, followed by an incubation in sodium
hydroxide (NaOH, 2.5 M, Sigma-Aldrich) for 10 min. The glass slides were cleaned
in bidest. water in an ultrasonic bath for 10 min and then rinsed with ethanol.
Afterwards, the glass slides were incubated in a mixture of 97 % ethanol, 2 % 3-
(Trimethoxysilyl)propyl methacrylate (Sigma-Aldrich) and 1 % acetic acid (Sigma-
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Aldrich) for 15 min. In the end, the glass slides were twice shaken in ethanol for
5 min at 80 rpm and baked at 120°C for 1 h.

Production of Polyacrylamide

PAM samples were produced from a mixture of 1500 pl acrylamide (40 %, Bio-Rad
Laboratories, Inc.), 900 nul bis-acrylamide (2 %, Bio-Rad Laboratories, Inc.), 25 pl
APS (10 wt% in aqueous solution, Bio-Rad Laboratories, Inc.) and 2575 pl bidest.
water. After degassing for 10-20 min in a desiccator, 7.5 uyl TEMED (Sigma-Aldrich)
was added to start the polymerization. Thin samples were produced by sandwiching
10 pl PAM solution between a 20 - 60 mm? coverslip and a pretreated glass slide.
For the production of bulk samples, the PAM solution was added to custom-made
Teflon™ molds with depths of 1 mm or 2 mm and were covered with pretreated glass
slides. The polymerization time was 40 min. Before use, the samples were swollen
in bidest. water for at least four days.

2.2.3 Indentation Experiments

Each sample was fixed to a petri dish (TPP® Techno Plastic Products AG) with
biocompatible two component glue (Reprorubber®) and the sensitivity of the can-
tilever used was measured in bidest. water on a hard reference material prior to each
measurement. 10 force-distance curves with up to 25 positions each were recorded in
bidest. water with setpoint forces of 300-400 nN, indentation speeds of 0.1-100 pm/s,
sample rates of 2050 Hz and pulling lengths of 10-50 pm.

2.2.4 Data Processing

The approach curves of the force-distance curves recorded were used to calculate the
Young’s moduli of the materials used. At first, the baseline and the tilt of the curves
were corrected and the tip-sample separation was calculated with the JPK data pro-
cessing software (version 6.1.104, JPK Instruments). A self-made MATLAB (version
R2015a, The MathWorks®, Inc.) algorithm was used for an automatic calculation
of the Young’s modulus in a region where the Young’s modulus was independent of
the indentation depth. For this purpose, a least squares fitting function was used
to fit the Hertz model to the force data. The Young’s modulus and the contact
point were the fitting parameters. The fitting process repeated with increasing fit
range in each cycle. This way, the Young’s modulus was calculated for multiple
indentation depths (presented in so-called E-d curves, i.e., Young’s modulus as a
function of indentation depth). A standard deviation filter was applied to the E-d
curves to check for groups of data points (5 consecutive data points) with similar
Young’s moduli. Variances below 5 % of the maximum standard deviation were
accepted as constant Young’s moduli (i.e., plateau region). E-d curves with higher
variances were discarded for further analysis. In the plateau region, the Young’s
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modulus with the least y squared (squared sum of residuals) was considered as the
representative value. The force-distance and E-d curves were controlled manually
if large variations or striking values of Young’s moduli were observed and, if nec-
essary, discarded. However, a sufficient number of remaining Young’s moduli was
monitored. For further details and the developed algorithm see [134].

MATLAB (version R2015a, The MathWorks®, Inc.) or Origin 9.1.0 (OriginLab
Corporation) was used to create the graphs presented. All boxplots follow the
convention described in Appendix B.2.

2.3 Investigation of Automatic Data Processing
Software

The comparability of AFM-based microindentation is mainly impaired due to omit-
ted experimental details in scientific publications and the use of fitting models
with necessary assumptions that are not completely met by the materials inves-
tigated [120]. The development of new fitting models mainly concentrates on the
consideration of physical phenomena such as thin film effects. Additionally, the im-
pact of indentation force, and with this indentation depth, on the Young’s modulus
calculated is often not reported or ignored.

In the framework of my dissertation, my colleague Steven Huth and I have com-
pletely revised the self-made algorithm that I developed during my master thesis
and we extended it by an automatic detection system so that finally a reliable al-
gorithm could be implemented that is now capable of extracting Young’s moduli
from indentation data with high precision and reproducibility. For this purpose, we
developed a MATLAB algorithm that iteratively fits a single force-distance curve
with increasing fit ranges. For each fit range (i.e., iterative step), a single value
for the Young’s modulus was calculated. This permits the display of the Young’s
moduli as a function of indentation depth, which we call an F-d curve.

2.3.1 Application of a Fitting Model

The application of a mathematical fitting model is necessary to extract Young’s
moduli from indentation data. Plastic deformations may alter the elastic response
of a material during force loading [135]. Hence, the retract curve of force-distance
curves are usually used to determine the Young’s modulus. However, an AFM
cantilever often sticks to soft materials during retraction. This can alter the retract
curve of a force-distance curve and hinders the precise determination of the contact
point, which in turn is highly relevant to determine the indentation depth from
the force-distance data recorded (see Equation (1.2)) [136]. To verify the usage of
the extend curve, we excluded plastic deformation during the indentations. For
this purpose, 100 indentation curves were recorded at one position of a thin PAM
sample with a setpoint force of 300 nN. Figure 2.2 a) shows the negligible variation
of Young’s moduli calculated at one position. Additionally, Figure 2.2 b) presents
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a representative force-distance curve, where the extend and retract curve do not
differ in regions that are relevant for the fitting process. Ultimately, this justifies
our technically easier approach to utilize the extend curves.
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Figure 2.2: Indentations of a thin PAM sample with 300 nN at a single position
elucidate the use of extend curves. a) There is no significant change of Young's moduli
calculated for 100 indentations at one position of a thin PAM sample (300 nN, 1 pm/s,
21.82 pm bead). b) In regions relevant to the fitting process, the high similarity of extend and
retract curve justifies the usage of the extend curve for the calculation of Young's moduli. The
force-distance curve shown at 1 pm/s is representative for all indentation speeds investigated.
We published this graph in Huth et al. [134].

2.3.2 Introduction of So-called E-d Curves

Since an underlying substrate can have negative effects and may manipulate the
results [72], we integrated the impact of the indentation depth on the Young’s mod-
ulus calculated. For this purpose, our algorithm iteratively fits a force-distance curve
with increasing fit ranges in each iteration step and calculates a Young’s modulus
for each corresponding indentation depth. A larger fit range corresponds to a larger
indentation force. Consequently, the iterative steps simulate multiple indentations
of a material with different high indentation forces. Hence, the algorithm virtually
calculates the corresponding Young’s moduli for different indentation forces. We
call the resulting curve an E-d curve (see Figure 2.3 a)).

In principle, the Young’s modulus has a zero or low value for small indentation
depths but increases to a plateau region with stable Young’s moduli above a cer-
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Figure 2.3: Example E-d and force-distance curve from the indentation of a thin
PAM sample. a) Young's moduli as a function of indentation depth. A sufficiently high
indentation force is necessary to reach a plateau region of Young's moduli calculated (i.e.,
independence of Young's modulus on indentation depth), which is highly relevant for the
reliability and comparability of elasticity measurements. We designed our algorithm in a way
that it automatically detects a plateau region of an E-d curve. Hence, the reliable analysis
of huge amounts of data (e.g., various measurements at different positions) is guaranteed.
Orange dots show the plateau region determined, whereas the green cross indicates the Young's
modulus with minimized fitting error (see Section 2.3.3). b) Force-indentation depth curve
with contact point marked with a black circle and fit range for the Young's modulus determined
with minimized fitting error. We published this graph in Huth et al. [134].

tain indentation depth. It can be assumed that a value from this plateau region
describes the elastic behavior of a material the best. Consequently, an indentation
with a sufficient force to reach a sufficiently high indentation depth is crucial for the
determination of Young’s moduli regardless of the indentation depth.

However, several parameters might affect the indentation depth necessary to reach a
plateau region. These may include material roughness, indenter roughness or mate-
rial elasticity. Further research is necessary to investigate such dependencies but the
examination of E-d curves reduces the risk of incorrect calculations of Young’s mod-
uli drastically. Indentation depths above 10 % of sample thickness are commonly
considered to induce artifacts due to substrate compression or thin film effects [114],
[120], [137]. E-d curves can easily be used to verify if indentation depths employed
violate this threshold. A control of force-distance curves is not sufficient as they do
not contain the necessary information about the stability of Young’s moduli calcu-
lated (see Figure 2.3 b)). Furthermore, the use of enough indentation force cannot
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be verified from force-distance curves. However, this is highly important to guaran-
tee repeatable and comparable results of the Young’s modulus. Hence, we propose
always including the calculation of E-d curves. This is applicable also for other
indentation techniques, such as nanoindentation.

2.3.3 Automatic Detection of Young’s Moduli

To determine the Young’s modulus with high precision and to reduce effects due
to sample inhomogeneity, it is crucial to record a lot of indentation data. Our
strategy was to include the impact of the indentation depth on Young’s moduli
measured but to automate the whole analysis of indentation data to allow a more
comprehensive investigation of the elastic properties of soft biomaterials. For this
purpose, a local standard deviation filter was used in our algorithm that checks
for groups of consecutive data points with variances below a predefined threshold.
The user can choose the threshold for the variance and the number of consecutive
data points freely. We decided on a threshold of 5 % of the maximum standard
deviation for each curve and a group of five data points in each FE-d curve. If
these requirements are not fulfilled, this force-distance curve is discarded. Although
our algorithm calculates Young’s moduli automatically, the computation time is of
economic interest. To take this into account, the data between the contact point and
the maximum indentation depth was divided into 30 equally large fit ranges. This
has two main advantages: First, the computation time decreases drastically, and
second, a group of five consecutive data points in the E-d curve represents many
more data points in the corresponding force-distance curve. In addition, a color
coding was introduced to the graphs to visualize the different analyzing steps. A
detected plateau region is marked in orange in all E-d curves (see Figure 2.3 a)).
Additionally, our algorithm defines a “best value” for the Young’s modulus where the
fitting error is minimized (indicated by the green cross in Figure 2.3 a)). The value
of the fitting error is quantified by the squared sum of the fitting residuals (so-called
X). In each corresponding force-distance curve, the fit range used is marked with a
dashed line and the contact point is indicated by a black circle. The Hertzian line is
shown in orange overlaying the blue crosses of indentation data (see Figure 2.3 b)).

In the end, the algorithm saves text files that contain all relevant information in-
cluding the thresholds and parameters applied, such as indenter radius and Poisson’s
ratio, to increase the transparency and reproducibility. In addition, all force-distance
and F-d curves are saved. This gives the user the chance to check the curves manu-
ally if unusual values of Young’s moduli are observed. However, the yield of usable
Young’s moduli (i.e., number of successfully analyzed curves) needs to be high in
order to reliably display the elasticity of a material. Further information about the
exact procedure of the algorithm is described in Section 2.2.4 or [134].

2.3.4 Verification of our Newly Developed Algorithm

There are many fitting models, but the Hertz model is still the most commonly used
and easiest fitting model [84], [117]. The presentation of indentation data (force over
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indentation depth) in a double logarithmic plot is an easy approach to extract the
Young’s modulus from indentation data. Applying the logarithm to the equation of
the Hertz model (Equation (1.1)) it follows:

4 E 4 E

log(F) = log(\g}_% mdS/Z) =3/2-log(d) + log(\gﬁ m) (2.1)
Where F' is the indentation force, R is the radius of the indenter, ' the Young’s
modulus, v the Poisson’s ratio and d is the indentation depth. This means that the
Hertz model becomes a straight line with a slope of 1.5 in a double logarithmic plot
of force versus indentation depth. Hence, the extraction of the Young’s modulus
would result from a simple linear fit. However, this approach is not applicable for
elastic models that contain sums instead of power laws. An equation like 10g(d3/ 24
f(d)), where f is some function that depends on the indentation depth d, cannot be
simplified. Both modern [98], [138] and classical [118], [139] theories often consist
of sums. As we wanted to create an algorithm that is easily accessible by many
researches, we decided to use a fitting approach that is certainly computationally
more intensive but is compatible with other elastic theories.

We verified that our approach produces the same results as the accepted approach of
fitting the range of force-distance curves that show a slope of 1.5 in a double logarith-
mic coordinate system. For this purpose, the indentation data of a thin PAM sample
was plotted in a double logarithmic plot where the indentation depth was calculated
by subtraction of the contact point from the indentation data. The contact point
was determined from a Hertzian fit of the entire force-distance curve. An example
force-indentation depth curve is shown in Figure 2.4 a). To determine the region
where the Hertz model is applicable (i.e., the slope of the indentation data is 1.5), the
slope of the force-indentation depth curve (Alog(force)/Alog(indentation depth))
was plotted versus the indentation depth (see Figure 2.4 b)). As PAM is not per-
fectly elastic, slopes between 1.25 and 1.75 (indicated by the dashed orange lines)
were accepted and the respective region was also marked in orange in Figure 2.4 a).
Then, the distributions of Young’s moduli calculated with the double logarithmic
approach and our newly developed algorithm were compared. The result is pre-
sented in Figure 2.5. A student’s t-test was applied to prove that our approach has
no significant difference (n.s.) to a method of standard scientific practice.
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Figure 2.4: Determination of the fit range for a double-logarithmic fitting approach
of the Hertz model. a) Example force-indentation depth curve shown in a double logarithmic
plot. The contact point was determined from a complete fit of the force-distance curve and
was subtracted from the distance values to calculate the indentation depth. A Hertz fit is
only allowed in the orange region of the force-indentation depth curve. b) Plot of slope
Alog(force)/Alog(indentation depth) versus indentation depth (data from a)). Perfectly
elastic materials would show a slope of 1.5 (perfect fit of Hertz model). As PAM is not
perfectly elastic, slopes between 1.25 and 1.75 (indicated by the dashed orange lines) were
allowed for the calculation of Young's moduli (orange region in a)). We published this graph
in Huth et al. [134].
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Figure 2.5: Distributions of Young’s moduli calculated with our new approach and
calculated by the standard double-logarithmic approach show no significant difference.
A student’s t-test confirms no significant (n.s.) difference between both approaches. Hence,
our approach provides the same Young's moduli as a method of standard scientific practice.
We published this graph in Huth et al. [134].
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2.4 Systematic Measurement of the Elasticity of
Polyacrylamide

To prove the applicability of our new algorithm, a systematic measurement of PAM
samples at many different positions with a variation of measurement parameters
such as indenter radius and indentation speed was conducted. We chose the simple
Hertz model for data evaluation as proof of principle. However, our algorithm can
easily be adapted to other, more sophisticated elastic models.

2.4.1 The Role of the Indenter Size

From the example F-d curve in Figure 2.3, it is clear that a minimum indentation
depth is necessary to measure a stable Young’s modulus. At the same time, the Hertz
model limits the use of spherical indenters to small indentation depths [119]. A larger
indenter size results in a larger possible indentation depth. This means that the
indentation depth necessary serves as minimum applicable indenter radius to fulfill
the requirements of the Hertz model. However, the indentation with an indenter
induces a defined strain in the material. Simplified, the smaller the indenter size, the
larger the strain induced, which can result in a material stiffening (increased Young’s
modulus) [140]. The Hertz model is only valid for small strains, which makes the
verification of the effects of variable strains on the measurement of elastic properties
necessary. For this purpose, a thin PAM sample was measured at 3 different sample
positions (10 indentation curves each) with beads of different sizes at an indentation
speed of 20 nm/s. Beads with diameters of 6.47 pm, 15.0 pm or 21.82 pm glued to
AFM cantilevers were used (sizes given by the manufacturers). The setpoint force
necessary to reach plateau regions in the resulting E-d curves was 300 nN, except
for the 15 nm bead where it was 400 nN.

The resulting distributions of Young’s moduli are presented in Figure 2.6 and show a
clear decrease of the Young’s modulus measured with increasing indenter diameter.
This clearly shows that the indenter size is a crucial factor for indentation exper-
iments and that a minimum applicable indenter size exists. It is best to calculate
possible strains before indentation experiments. The strain € is defined as

e=a/R (2.2)

where a is the radius of the contact area between the surface and an indenter with

radius R [141], [142]. For the Hertz model, the contact area is defined as v Rd with
d as indentation depth [139]. With this definition, the strain for the Hertz model
can be calculated with

e = \/d/R. (2.3)

Thus, the largest bead investigated probably yields the most reliable results, as it
induces the smallest strains. Smaller indenter sizes exceed the strain limit. This is
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Figure 2.6: Variation of Young’s moduli measured due to indentation with varying
indenter sizes. A thin PAM sample was indented with beads of 6.47 pm, 15.0 pm or 21.82 pym
diameter (sizes given by the manufacturers) with an indentation speed of 20 pm/s. The
setpoint force was 300 nN or 400 nN. Each box shows the distribution of Young's moduli
measured at 3 different sample positions (10 indentations per position). The Young's moduli
measured clearly decrease for the largest indenter diameter of 21.82 pm in comparison to the
smaller indenter diameters. Since smaller indenters induce larger strains in the material, this
decrease most probably results from the strain induced. Additionally, the Hertz model is no
longer applicable at high strains. We published this graph in Huth et al. [134].

supported by the fact that the distribution of Young’s moduli for the largest indenter
size is the smallest. As a consequence, we employed all further experiments with a
21.82 pm bead (size given by the manufacturer).

2.4.2 The Influence of the Sample Thickness

It is well known that the measurement of elastic properties of a soft material can be
affected by a stiff underlying substrate if the soft layer is too thin or the indentation
depth is too high [72], [98], [120]. Generally, the indentation depth should be limited
to 10 % of the sample thickness [120], [137]. A key advantage of our E-d curves
is that altered Young’s moduli due to underlying substrates can be easily detected,
for instance, if Young’s moduli increase as a function of indentation depth or if a
second plateau region in the E-d curves is visible. The latter may indicate impacts
from the underlying substrate, whereas a missing detection of a plateau region in
the F-d curve indicates insufficient high setpoint forces.

We investigated how the thickness of a sample affects the measurement of Young’s
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moduli independently from the underlying substrate. For this purpose, a thin, a
1 mm and a 2 mm PAM sample were indented with indentation depths much smaller
than 10 % of their thickness (setpoint forces: 300 nN to 400 nN, indentation speeds:
1 num/s or 20 pm/s). Representative E-d curves of these measurements are shown

in Figure 2.7.
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Figure 2.7: Impact of PAM thickness on the Young’s moduli measured. a) A thin, b)
a 1l mm and c) a 2 mm thick PAM sample were indented with a bead of 21.82 pm diameter
(setpoint forces: 300 nN to 400 nN, indentation speeds: 1 pm/s or 20 pm/s). a) The
representative E-d curve shows the expected progress with a plateau region above ca. 0.4 ym.
b) and c) The representative E-d curves show increasing, however, low Young's moduli up
to indentation depths of ca. 10 pm without detection of a plateau region. Such indentation
depths clearly exceed the strain limitation of the Hertz model and suggest the existence of a
maximum sample thickness for AFM-based indentations. We published this graph in Huth et
al. [134].

A clear difference of the progress for the sample types is visible. The Young’s moduli
at very low indentation depths are almost zero and show an increase with increasing
indentation depth. For the thin sample (Figure 2.7 a)), the typical plateau region
is reached at ca. 0.4 pm. However for the thicker samples (Figure 2.7 b) and ¢)), it
was not possible for our algorithm to detect a saturation of Young’s moduli, even at
indentation depths larger than 10 pm. Also, the values of Young’s moduli are in a
much lower range. Indentation depths above several pm exceed the strain limit of the
Hertz model even for the largest indenter size used in this study and consequently
prohibit a reliable determination of Young’s moduli, even if our algorithm would
have been able to extract a plateau region.
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AFM cantilevers are usually installed in the system at a 10° angle, which can lead
to a tangential force added to the perpendicular movement. This can result in a
sliding of the cantilever over the surface or the cantilever can shear the sample if
the friction between the surface and the cantilever is high enough [143], [144]. For
thick samples, this effect might be enhanced due to the production in Teflon™ molds
that can alter the surface structure compared to the thin sample. Consequently, our
hypothesis is that the absence of the plateau region stems from a combination of
sample thickness and inclination angle of the AFM cantilever. This is supported
by indentation measurements of thick samples with a home-built indenting device
where a horizontal indenter movement was restricted (previously described in [94]).
Figure 2.8 shows an example graph of an indentation of a thick sample with the
home-built indenting device where our algorithm indeed determined a plateau region
in the E-d curve. Similar to the AFM indentation data, a zero value exists for
very low indentation depths followed by an increase with increasing indentation
depth up to a region of indentation depths where the Young’s moduli are stable and
a plateau region was determined with our algorithm. The necessary indentation
depth is a little higher than for the thin sample measured with the AFM but the
Young’s moduli determined are in the same range. Consequently, an AFM-intrinsic
limitation for the sample thickness seems to exist that could be solved with the use
of tilt-corrected cantilevers. However, the abovementioned observations emphasize
once more the relevance of E-d curves to check for Young’s moduli independently
of the indentation depth.

2.4.3 The Role of the Indentation Speed

Biomaterials may not always be entirely elastic but can exhibit viscoelastic proper-
ties. Hence, the timescale of characterization techniques can have an impact on the
Young’s moduli determined. To investigate the role of the indentation speed, thin
PAM was indented with diverse indentation speeds at 25 different positions with
an setpoint force of 300 nN. The results determined by our algorithm are shown
in Figure 2.9. The Young’s moduli measured increase with increasing indentation
speeds, except for measurements recorded with 100 pm/s, which show Young’s mod-
uli similar to those at 20 pm/s.

As PAM is not entirely elastic but exhibits viscoelastic behavior [145], the depen-
dence of Young’s moduli on indentation speed was expected. A quasi-static situation
(i.e., very slow indentations like 0.1 pm/s) allows the measurement of Young’s mod-
uli independent of viscoelastic behavior. Yet, the distributions of Young’s moduli
for indentation speeds of 0.1 ym/s and 1 pm/s are the largest of all indentation
speeds. In addition to reducing viscoelastic effects through quasi-static situations,
the number of force-distance curves that can be analyzed with our algorithm (i.e.,
the yield of usable curves) is of importance. If the number of correctly analyzed
force-distance curves is too small, the indentation data is not well described by the
model used and cannot accurately represent the characteristics of a sample. The
yield of usable curves is 100 % for all indentation speeds, except for 0.1 pm/s and
1 um/s, where the yield is 28.67 % and 87.20 %, respectively. This agrees with the
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Figure 2.8: Macroscopic indentation of a thick PAM sample reveals a plateau region
in the E-d curve. A home-built indenter setup (previously described in [94]) was used for the
indentation of a 3 mm thick PAM sample (1 mm indentation depth, 0.5 mm/s indentation
speed, spherical indenter with 6 mm diameter). Although the indentation depth of 1 mm
exceeds the Hertz model limitations, the representative E-d curve shows a trend similar to E-d
curves for thin samples (qualitative interpretation). Consequently, the prevention of interfering
artifacts due to sample shearing could be realized by tilt-corrected AFM cantilevers. We
published this graph in Huth et al. [134].

broad distribution of Young’s moduli, too. A yield of less than 30 % is definitely
not sufficient to guarantee reliable determinations of Young’s moduli.

Another relevant aspect to consider is the time consumption for indentation ex-
periments. Although the measurements can run mostly alone, measurements with
0.1 pm/s take more than several hours. For instance, recording 150 force-distance
curves takes more than 8 h if the distance to the surface is only 10 pm, which
is often not possible. Measurements of 250 force-distance curves would take more
than 13 h, which makes it inefficient. Increasing the indentation speed to 1 pm/s
decreases the measurement time to a tenth. The drastically increased yield of usable
force-distance curves and the large reduction in measurement time makes 1 pm/s
the preferred indentation speed for our PAM samples.
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Figure 2.9: Variation of Young’s moduli as a function of indentation speed for a thin
PAM sample. Using 300 nN, 150 or 250 force-distance curves (10 curves at each of 15 or 25
positions) were recorded with 0.1 pm/s or 1 pm/s to 100 pm/s, respectively, on a thin PAM
sample and Young's moduli were determined with our algorithm. Increasing indentation speeds
result in increasing Young's moduli, except for 100 pm/s. Since PAM is not perfectly elastic,
a dependence of Young's modulus on indentation speed is most likely due to the viscoelastic
properties of PAM [145]. However, at longer timescales such as a quasi-static situation of
0.1 pm/s, viscoelastic properties are negligible [117]. We published this graph in Huth et
al. [134].

2.4.4 The Impact of the Sample Positions and Repetitive
Measurements at the Same Position

Knowledge about the influence of sample positions on elastic properties is of great
importance, especially for scientific research where variations of Young’s moduli can
affect the outcome of experiments. For example, cells can adapt their behavior to
local differences in elastic properties [11], [75] or the displacement of fluorescent
beads used to measure traction forces might be affected by local inhomogeneities
of Young’s moduli [146]. The distributions of Young’s moduli measured at 15 dif-
ferent positions on a PAM sample were compared with the results from multiple
indentations at single positions to investigate the role of sample positions. The re-
sults are displayed in Figure 2.10. The distributions of the different positions are
partially very small (e.g., position 4) but also have a variability (e.g., position 11
or position 14). Additionally, the distributions overlap or are entirely different be-
tween positions (e.g., positions 9 and 10). This shows that the variation due to
positional differences and the variation on the same position are of high importance
and that both factors need to be included in a reliable determination of Young’s
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moduli. A possible explanation for variations between different positions is related
to the porous structure of PAM. The pores of PAM are in the pm regime [147],
[148]. Hence, variations can result from indentations on pores and/or the PAM
matrix itself. A clear consequence is the necessity to evaluate a large number of
force-distance curves measured at various positions on the sample (i.e., generation
of so-called elasticity maps). This ensures reliable average values of Young’s mod-
uli. However, sophisticated automatic algorithms to evaluate the data are highly
relevant to make this possible. The algorithm presented demonstrates a systematic
analysis that includes the relevance of indentation depth on Young’s moduli and an
automatic minimization of the fitting error.
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Figure 2.10: Variation of Young’s moduli measured on different positions of a thin
PAM sample. 15 different positions of a thin PAM sample were indented (300 nN, 1 pm/s,
21.82 pm bead diameter). The variations of Young's moduli measured at single positions and
between different positions are both required to describe the elastic properties of a material
reliably. We published this graph in Huth et al. [134].

2.5 Conclusion

Many cells sense and respond to the properties of their environment, which initi-
ated many different research questions and required materials with varying material
properties. In order to quantify the material stiffness, a reproducible, reliable and
quantitative yet easily adaptable and feasible technique is required. Various tech-
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niques have been employed to characterize elastic properties of materials. AFM-
based microindentation is one of the most-used techniques but lacks consistency, for
example due to omitted experimental details [87]. In addition, the dependence of
Young’s moduli on indentation depth is mainly ignored and/or not reported [87],
[133] and reliable automatic analysis is missing.

In this chapter, I presented a new and versatile strategy for the reliable determina-
tion of Young’s moduli. For this purpose, my colleague Steven Huth and I developed
a MATLAB algorithm that iteratively fits the Hertz model to recorded indentation
data to calculate a Young’s modulus for each fit range (i.e., virtually for each in-
dentation force). The display of an E-d curve shows the dependence of Young'’s
moduli on indentation depth. This allows the detection of a value for the Young’s
modulus in a region where it is independent of the indentation depth. A reliable and
fast analysis of huge data sets is guaranteed through a systematic and automatic
detection of the plateau region and the extraction of the Young’s modulus with the
minimized fitting error.

I demonstrated a systematic analysis of how various experimental parameters (e.g.,
indenter size, indentation speed) affect the outcome of Young’s moduli measure-
ments to prove the applicability and necessity of our algorithm developed. I made
clear that the specification and discussion of such values in scientific publications
is essential to ensure the reproducibility and comparability of AFM-based microin-
dentation experiments. Our proposed strategy to respect and reduce possible error
sources consists of the following steps: Initially, it is required to check the com-
puted E-d curves for a successful detection of a plateau region (i.e., sufficiently high
setpoint forces). Especially the free choice of cantilever spring constants enables
measurements of a large range of Young’s moduli (hundreds of Pa up to low GPa
regime). Limited by the setpoint force used and the desired spatial resolution, the
largest indenter size possible should be used to minimize strains induced. As shown
for PAM, the indentation speed can have a great impact on the Young’s moduli mea-
sured. Hence, we propose employing a quasi-static indentation speed (e.g., 0.1 pm/s
to 1 nm/s or the lowest possible), chosen so as to give a sufficient high yield of an-
alyzable curves. Further considerations necessary are related to the storage and/or
swelling time before the measurement. Studies show that the Young’s modulus of
a material can change over time [87]. Hence, it is essential to measure materials
under stable conditions, either always after the same amount of time or after they
have reached a stable state. As the experimental temperature may also have an
impact on the Young’s modulus calculated, Denisin et al. proposed to measure at
the working temperature of the material to ensure the most reliable results [87]. T
showed that our algorithm can be used to record elasticity maps and permits the de-
termination of Young’s moduli on a spatial scale similar to cell interactions. This is
especially important if the materials investigated show inhomogeneity at the nano-
and/or microscale. The analysis of elastic properties at many different positions of
a material allows the application of statistical methods to overcome variations due
to inhomogeneity.

Since our proposed method is independent of the elastic theory applied and indent-
ing device, it has broad applicability and enables a more comprehensive study of
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elastic properties of soft biomaterials. Our method may even be an important step
towards high throughput measurements of hydrogels [149]. The relevance of our
investigations to different application fields is confirmed through recent scientific
publications that take up our work. Liamas et al., for example, investigated the
effect of Young’s moduli on frictional properties of protein-coated soft substrates,
which is of medical relevance due to their role in causing pain in arthritis or xeros-
tomia [150]. Although their work employed the JKR model, it emphasizes the use
of E-d curves to extract stable Young’s moduli [150]. Marin-Tapia et al. support
the relevance of published experimental parameters of AFM-based microindenta-
tions during their work on corneal scaffold materials, such as collagen fibrils [151].
Finally, Zaman et al. used our method to measure Young’s moduli of individual ep-
ithelial cells of a monolayer for the investigation of their apical morphology related
to the formation of microvilli [152].

The abovementioned scientific publications underline once more the essential role
of our method and its broad applicability. Additionally, I conducted several AFM-
based microindentation experiments on mouse brain slices on a microscale for the
improvement of glioblastoma treatment (collaboration with the Research Training
Group GRK2154 “Materials for Brain”, results not shown). My colleague Steven
Huth and coworkers, on the other hand, developed a novel technique to measure trac-
tion forces simultaneously to microneedle experiments. They employed our method
to accurately determine the necessary elastic properties [153]. Ultimately, my col-
laboration partner Joel Christian published a new strategy for the micropatterning
of soft hydrogels to conduct TFM experiments on defined arrays and a so-called lo-
cal UV illumination traction force microscopy (LUVI-TFM) to release cell tractions
at specific regions without enzymatic treatment. I contributed to his work with the
determination of the elastic properties of the substrates used [154].
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Chapter 3

Manipulation Systems for Cell Manipulation and
Stimulation

3.1 Introduction

Elastic properties are an important factor to investigate and manipulate cell behav-
ior. For instance, programmed cell death (apoptosis) of fibroblast cells is favored
on soft substrates [155] or a process called durotaxis allows cells, such as muscle
cells and neurons, to adapt their migration according to substrate stiffness [11],
[74], [75], [156]. Recently, it was proven that even cancer cells can show durotactic

behavior [157].

In the first section of this chapter, I explain the role of layer thickness as an indirect
factor of stiffness on fibroblast cell morphology (see Section 3.2). Previous research
showed that cells can sense an underlying stiff material up to several pm, which is
larger than what cells can deform in general [75], [158], [159]. However, elasticity
alone is not responsible for the alteration of cell behavior. Other material properties
(e.g., specific microstructures) or external factors (e.g., shear) can influence cells
(e.g., cell migration or alignment) [14], [25], [156].

Deeper understanding of factors that influence cells is of medical relevance and can
considerably promote prevention of, early diagnosis of and/or treatments for disease.
In addition, strategies for a targeted manipulation of cells and their behavior is
essential. For instance, the controlled differentiation of stem cells towards specific
lineages or tissues is desirable for tissue engineering applications [84]-[86], [88], [117],
or the control of cell migration towards specific regions can be utilized for pathogenic
cell capture (e.g., Acanthamoeba castellanii) [94].

In addition to stiffness variation, there are multiple ways to manipulate cells pas-
sively. For instance, cell adhesion is strongly correlated to ligand density or spacing
gradients of ligands [14], [160] but also shape and geometry of the environment (so-
called curvotaxis) are relevant for cells as they affect cell spreading [161], [162]. Ac-
tive manipulation of cells, on the other hand, actively applies an external stimulus to
a single cell or multiple cells and a wide range of methods have been developed [156].
For instance, light-triggered activation of molecules or electrochemical stimulation
can be utilized to enable a switching of ligand molecules [34], [163], [164]. Substrate
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stretching devices allow cell stretching through stretching of the cell substrate at dif-
ferent strains and frequencies [165]-[168], which has also been combined with studies
on microstructured substrates [25]. Recently, surface acoustic wave (SAW) sensors
showed potential as cell manipulation technique [169], [170], whereas microfluidic
devices have been employed to apply shear similar to the in vivo situation [171].

I focus in my thesis on external manipulation techniques to shear single cells or
to apply oscillatory forces to single cells in combination with the investigation of
initial adhesion via AFM single cell force spectroscopy. In Section 3.3, I explain
the development of a new method to apply shear forces on single cells that allows
the measurement of cell detachment directly after a shear process. In Section 3.4,
I describe an unprecedented way of in situ cell manipulation that offers an almost
unlimited range of stimulation parameters for investigating the role of oscillation
frequency and amplitude on cell detachment.

3.2 Perceived Substrate Stiffness to Manipulate
Cell Morphology

3.2.1 Introduction

In animals, the range of stiffness values covers multiple orders of magnitude (hun-
dreds of Pascal for brain tissue up to the GPa regime for bone tissue) [32], [133]
and the stiffness of the cell environment proved to play a crucial role in mechano-
transduction pathways, which offers various ways to manipulate cell behavior [11],
[84]—[86], [117], [156].

The impact of substrate stiffness on cells can be utilized for tissue engineering (i.e.,
design and production of artificial organs) [172] and/or disease diagnostics [10],
[37], [173]. For instance, atherosclerosis can increase arterial stiffness limiting blood
pressure-induced expansion and contraction of an artery [37]. Singh et al. analyzed
numerous studies and showed that the degree of liver stiffness is linked to several dis-
eases (e.g., cirrhosis, hepatocellular carcinoma) and death of patients with chronic
liver diseases [173]. Moreover, Harkness et al. showed that joint stiffness varies
during the day affecting the disease activity in rheumatoid arthritis [174]. Hosseini
and coworkers showed that cancer cells can adapt their stiffness according to their
cell cycle [175]. During mitosis, the cells showed increased stiffness compared to
the interphase [175]. Furthermore, the stiffness is highly relevant for the design of
implant materials. For applications in bone tissue, for example, very stiff materials
up to the GPa regime may be required to provide sufficient support (e.g., hip re-
placement) [176], [177]. However, high stiffness can also produce a large mismatch
of elastic properties between implant material and tissue that can affect the implant
acceptance [178], [179]. For instance, deep brain stimulation devices implanted in
the brain for treatment of Parkinson’s disease are usually made of electrodes in the
GPa regime, whereas brain tissue is in a low kPa regime [180]. Hence, scar forma-
tions due to the large stiffness mismatch can impair brain stimulation and/or signal
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transduction of healthy brain cells [89], [179]-[181]. Also, cartilage wear and bone
fracture can result from a stiffness mismatch of cartilage and stiff implant materials
after joint replacements of hip or knee [178].

Hence, the development of implant materials towards implant designs and/or mate-
rials that mimic the surrounding tissue are necessary [180]. Since new designs and
developments take time and are expensive, another approach that allows the use of
established materials is the coating of a stiff implant material with a soft layer [178],
[180], [182]. Thus, the material appears softer if the layer thickness is sufficiently
large. Elastic measurements of thin films reveal that underlying stiff substrates can
have an influencing factor [98], [120]. It is reasonable that cells with the ability to
respond to stiffness variations can sense stiff underlying materials up to a certain
layer thickness (so-called thickness sensing threshold) [133]. Hence, to establish soft
coatings for stiff implant materials, it is essential to investigate the role of layer
thickness for cell behavior.

The general concept of research projects that explore thickness sensing thresholds
involves the seeding of cells on a soft material (often PAM [21], [133] or collagen [75],
[93]) fixed to a stiff underlying substrate (usually glass) and to investigate the cell
behavior by means of different cell parameters (mostly cell spreading area) [75],
[93], [133]. The stiffness of the materials used is generally in the lower kPa range
(1-35 kPa) [75], [93], [133].

Previous research has shown the existence of thickness sensing thresholds for various
cell types. For instance, Buxboim et al. suggested a thickness sensing threshold of
ca. 3.4 pm for mesenchymal stem cells on 1 kPa PAM [133]. The works of Engler and
coworkers show no significant difference between smooth muscle cells on a 5 pm and
a 70 pm thick layer [75], [88] and concluded that smooth muscle cells cannot sense
deeper than 5 um [75]. Maloney et al., on the other hand, determined a much larger
thickness sensing threshold of ca. 60 pm for NIH-3T3 fibroblast cells on 5.6 kPa
PAM [21]. In addition, Shing et al. propose a relevance of the substrate material for
the value of the thickness sensing threshold determined [93]. In contrast to Buxboim
et al., Shing et al. suggest a thickness sensing threshold for mesenchymal stem cells
above 130 nm on a 2 kPa stiff collagen substrate and justified these findings with
strain stiffening effects of collagen [93].

Knowledge about thickness sensing thresholds will allow the reduction of implant
coatings to a minimum thickness necessary for prohibiting negative impacts of stiff
materials. Hence, the volume of required material decreases, which is of economical
interest (e.g., reduced costs for material and production time) and is desirable to
reduce the risk of side effects and/or complications, such as inflammations.

Here, I present an experimental setup to investigate the influence of layer thickness
on cell morphology. For this purpose, fibroblast cells were seeded on functionalized
PAM with different thicknesses fixed to glass. After one day, the cell morphology
was investigated with phase contrast microscopy. The output of this project resulted
from the collaboration with Galen Ream, a student who worked under my supervi-
sion and guidance. I show that the cell spreading area and the cell circularity (cell
shape parameter) are strongly correlated to the layer thickness of PAM. Further-
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more, I suggest that the thickness sensing threshold determined is independent of
the layer stiffness. Initial experiments with fibrosarcoma cells (a malignant tumor of
the connective tissue) show no clear correlation between cell parameters and layer
thickness. This indicates that specific cell types may not have a defined thickness
sensing threshold.

3.2.2 Experimental Design

The experimental design to investigate the impact of layer thickness on cell behavior
is shown in Figure 3.1. Varying volumes of PAM solution were polymerized on glass
to realize hydrogel layers of different thicknesses on a stiff underlying substrate. A
biofunctionalization was used to promote cell adhesion. Cells were seeded on the
samples and investigated with phase contrast microscopy to characterize their cell
spreading area and cell circularity.

Fibroblast cells

A - Functionalization

A Polyacrylamide layer
| Glass ‘

Figure 3.1: Experimental design to investigate the impact of layer thickness. Variable
amounts of PAM solution were polymerized on glass to produce layers of variable thicknesses.
Cells were seeded on the functionalized PAM and observed with phase contrast microscopy.

Production of Polyacrylamide

The production of PAM samples is similar to the procedure described in Sec-
tion 2.2.2. Different bis-acrylamide concentrations were used to vary the mechanical
properties of the samples. At first, the constituents shown in Table 3.1 were mixed
and degassed. Then, 0.75 nl TEMED (Sigma-Aldrich) and 2.50 ul APS (Bio-Rad
Laboratories, Inc.) were added directly before deposition. Samples with 5 % bis-
acrylamide are referred to as “soft” (ca. 23 kPa), whereas 18 % bis-acrylamide
samples are called “stiff” (ca. 175 kPa). The mechanical characterization was con-
ducted with a home-built indenter system (see Appendix C).

Thickness variation was realized with custom-made Teflon™ molds (heights of 100 jum,
400 pm and 4 mm, diameter of 10 mm) or deposition between two glass slides. A
pretreatment of the glass slides with methacrylate was necessary to achieve tight
bonding between the PAM and the glass. The treatment was the same as described
in Section 2.2.2.

To produce thin samples, 5.00 pl of PAM solution were deposited on a pretreated
glass slide and covered with an untreated, round glass slide (diameter of 12 pm).
For thicker samples, 80 % of the total volume of a Teflon™ mold were filled with
the PAM solution and covered with a pretreated glass slide. After 60 min of poly-
merization, the samples were sterilized 15 min in 70 % ethanol. Then, they were
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Table 3.1: Constituents used

Chemicals Crosslinker concentration 5 vol% 18 vol%
a-NHS! (0.01 mg/qul, Sigma-Aldrich) 300.00  255.00
Acrylamide (40 %, Bio-Rad Laboratories, Inc.) 150.00  150.00
Bis-acrylamide (2 %, Bio-Rad Laboratories, Inc.) 25.00  90.00
HEPES? (100 mM, pH 5.5, Sigma-Aldrich) 5.00 10.00
NaOH? (2.5 M, Sigma-Aldrich) 5.00 3.00
Bidest. water 11.75 -

! Acrylic acid N-hydroxysuccimide ester
2 2-[4-(2-Hydroxyethyl)piperazin-1-yl]ethane-1-sulfonic acid
3 Sodium hydroxide

washed three times with phosphate buffer saline (PBS) and swollen in bidest. water
for 2 days. All samples were produced in triplicates (i.e., three samples for each
volume used).

Biofunctionalization of Polyacrylamide

For experiments with fibroblast cells, the samples were incubated overnight in 100 pl
fibronectin (10 pg/ml in 1x PBS, Advanced BioMatrix, Inc.). Prior to cell seeding,
each sample was rinsed with PBS.

For experiments with fibrosarcoma cells, the samples were incubated in 70 % ethanol
for 15 min and then rinsed with sterile HEPES (Sigma-Aldrich). Then, the samples
were incubated overnight in 400 nl of sterile collagen solution (0.5 mg/ml in 0.02 M
acetic acid, Sigma-Aldrich). Prior to cell seeding, each sample was rinsed with PBS.

Cell Culture

Rat embryonic fibroblast (REF 52-wt) and fibrosarcoma (HT1080) cells were cul-
tured following the standard procedure described in Appendix B.3. The medium
used for fibroblast cells was Dulbecco’s Modified Eagle’s Medium (DMEM, Bio-
chrom) supplemented with 10 % fetal bovine serum (FBS, Biochrom), 1 % peni-
cillin streptomycin (Pen/Strep, Biochrom) and 1 % GlutaMAX-I (Biochrom). The
medium used for fibrosarcoma cells was DMEM supplemented with 10 % FBS and
1 % Pen/Strep. 0.05 % Trypsin/0.02 % EDTA solution (Sigma-Aldrich) was used for
cell detachment. 30,000 cells were seeded on each sample and incubated overnight

at 37°C and 5 % COs,.

Imaging with Phase Contrast Microscopy

The next day, the samples were imaged with phase contrast microscopy (IX81, Olym-
pus, software: cellSens Dimension, version 1.12) with 4x and 10x objectives. 10-15
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randomly distributed images were recorded for each magnification. Afterwards, the
samples were washed with PBS and the imaging process was repeated.

Determination of Sample Thickness

The thickness of each sample was determined from the z-levels recorded at the focus
plane of the top glass surface or the PAM surface. For this purpose, the imaging
process was started at the interface of the PAM border and the glass surface, where
the glass surface was kept as base level. Then, the z-level was recorded throughout
the imaging process. The thickness was calculated from the difference between glass
z-level and PAM z-level.

“Thin” samples refer to samples with a thickness below 70 pm, “intermediate thick”
samples cover a thickness range between 70-200 pm and “thick” samples are thicker
than 200 pm.

Determination of Cell Parameters

A semi-automatic analysis of each image was conducted with ImageJ (version 152a).
For this purpose, contaminants and severe clustering were manually excluded from
the analysis. Then, the background noise was reduced and the image was converted
to a 8-bit greyscale. Manual thresholding was used to produce a binary image,
where high intensities were converted to black and low intensities to white pixels.
Afterwards, the program automatically determined the number of pixels for each
particle cluster above a pixel width of 80 pixels or 120 pixels for images recorded
with 4x magnification or 10x magnification, respectively. Each image analyzed was
compared to its original to guarantee accurate cell representation. At last, the cell
spreading area A was calculated from the number of pixels and the cell circularity C'
from Equation (3.1).

C = 41 A/p? (3.1)

with p as the perimeter of the cell [97]. A cell circularity of 1 defines a perfectly
round cell, whereas a value of C = 0 represents an elongated cell.

The graphs presented were created with Origin 9.1G (OriginLab Corporation) and
show the mean values of cell spreading areas or cell circularities with standard
deviations as error bars.

3.2.3 Assessment of the Experimental Design

In mechanotransduction studies, PAM fixed to glass is a standard system [21]. Since
the production from a precursor solution permits the adaptation of the volume used
to generate variable thickness, PAM is the perfect candidate for investigating thick-
ness effects. In addition, the use of different ratios of the crosslinker bis-acrylamide
allows easy production of variable elasticities without alterations of the chemical
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properties [43], [83], [96]. PAM can be sterilized with ethanol and swells in water
or physiological relevant media [95]. As cell attachment to bare PAM is limited, a
defined cell attachment is realized through a biofunctionalization with fibronectin.
To avoid any impacts due to ligand density fluctuations, a constant concentration of
adhesion ligands (here: fibronectin at 10 pg/ml in 1x PBS) was realized throughout
the experiments.

A secure fixation of the material used (here: PAM) to the underlying stiff sub-
strate is crucial to ensure that effects related to cellular traction forces (e.g., applied
mechanical stresses) are limited to the cell-material interface [133]. Otherwise, a
deformation or rupture at the material-substrate interface could occur due to cellu-
lar traction forces [21], [75]. Furthermore, external loads in cell culture (e.g., media
exchanges) or fluid shear stresses in vivo can partly detach a material from the stiff
underlying substrate [133]. Thin samples are more prone to such influences than
thick samples [133]. If a glass slide is treated with a mixture of methacrylate, ethanol
and acetic acid (so-called silanization), PAM can easily be attached to the treated
glass with high stability.

To make thin samples, the PAM solution was deposited on a silanized glass slide
and covered with an untreated glass slide. The respective thickness of the samples
was defined by the volume used. However, the sizes of available pipettes limit
the possible minimum volume to around 1 pl. Additionally, it was not possible
to produce smooth and intact PAM with very small volumes of PAM solutions.
The samples were partially ruptured (see Figure 3.2) or the glass slide was not
completely covered with solution. In many cases, both types of faulty production
occurred together. The minimum successful layer thickness was ca. 20 pm.

Figure 3.2: Phase contrast microscopy image of thin, partially ruptured PAM. The
minimum successful layer thickness was ca. 20 pm since the production of smooth and intact
PAM with small volumes of PAM solution was not possible. The sandwiching method produced
partial ruptures of the PAM (see white arrow). Scale bar 50 pm.

Another chance to produce very thin PAM samples is the use of small beads within
the PAM solution that serve as spacers between both glass slides [75], [133]. How-
ever, such beads are usually made out of glass and remain in the samples throughout
the experiments. Cells are able to deform substrates up to 0.5 pm in the axial di-
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rection [159] and around 2 pm in the lateral direction [75], [158]. Hence, a stiff bead
within the material can certainly influence the experiment. For samples with lateral
sizes of centimeters, it may be possible to arrange the glass beads only at the edges.

Parameters that describe cell-material interactions include cytoskeleton organiza-
tion, cell morphology, adhesion forces or cell migration [4], [60], [133], [183]. The
labelling of cytoskeletal filaments such as actin may require advanced microscopy
techniques, often transfection or fixated, dead cells and a quantification of obser-
vations may be difficult. The characterization of cell adhesion forces, on the other
hand, is usually limited to short time adhesion [109]. Cell morphology, such as cell
spreading area, can easily be determined from microscopy images, however, it must
be ensured that loose cell-material attachments are excluded.

3.2.4 Cells Sense a Stiff Underlying Substrate

Fibroblast cells were seeded on differently thick PAM samples that were tightly
bound to glass. A sufficient fibronectin functionalization was used to guarantee a
high density of adhesion sites on the surface. The cells were observed with phase
contrast microscopy after one day of incubation in culture medium. The convention
for the different sample types is as follows: Samples produced from a solution with
5 % bis-acrylamide are named “soft”, whereas samples with 18 % bis-acrylamide are
named “stiff”. “Thin” samples have a thickness below 70 pm, “intermediate thick”
samples cover a thickness range of 70-200 pm and “thick” samples are thicker than
200 pm.

Figure 3.3 shows representative phase contrast images of fibroblast cells on thin
(top row) and thick (bottom row) PAM for 5 % bis-acrylamide (soft, left column)
and 18 % bis-acrylamide (stiff, right column). A clear difference of cell shapes is
visible between thin and thick PAM. While cells on thin PAM occupied larger sample
areas and were more elongated, cells on thick PAM were mainly round and some
clustered together. To ensure that round cells were indeed adherent to the PAM,
a washing procedure similar to a wash assay was conducted [8]. A comparison
between both bis-acrylamide concentrations showed no clear difference in cell shape
in the microscopy images. A home-built indenting device (previously described
in [94]) was used to measure the elastic properties of bulk PAM samples and our
MATLAB algorithm developed (see Chapter 2, [134]) was used to determine the
Young’s moduli. The results are shown in Appendix C. Soft samples had a Young’s
modulus of ca. 23 kPa and stiff samples of ca. 176 kPa. These values cover a
reasonable range of different tissues such as spleen, thyroid, muscle, skin, bladder,
cornea [32], [184].

To quantitatively explain differences between the various thicknesses and the two
bis-acrylamide concentrations, the cell spreading area and the cell circularity (see
Equation (3.1)) were determined. For this purpose, a semi-automatic image analysis
was used with ImageJ (see further details in Section 3.2.2). A mean value of all
cells for each image analyzed was extracted. The results are shown in Figure 3.4,
where each symbol represents the mean value of at least five microscopy images and
the error bars show the standard deviations. Black squares show results from soft
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Figure 3.3: Representative phase contrast images of fibroblast cells on thin (top) and
thick (bottom) hydrogels for both stiffness values. Cells on thin PAM spread more and
were more elongated than cells on thick PAM. An increased thickness resulted in round cells
with more clustering. No clear difference is visible between fibroblast cells on soft (left) and
stiff (right column) PAM. Scale bar 50 pm.

samples and orange diamonds refer to results from stiff samples.

Figure 3.4 a) shows the cell spreading area as a function of the layer thickness
for both stiffness values. For low thickness values, mean cell spreading areas are
between ca. 650-1100 pm?. However, at ca. 70 pm layer thickness, mean cell
spreading areas drop to values around 400 pm? for larger thickness values. This
shows that the fibroblast cells change their spreading area according to the layer
thickness. As fibroblast cells show increased spreading on stiffer substrates, this
suggests that they sense and respond to the stiff underlying glass. The progress of
the cell circularity is shown in Figure 3.4 b). For easier comprehension, the y-axis
(i.e., values for cell circularity) is inverted. For thin samples, the value is in a low
regime (0.2 to 0.4), whereas thicker samples resulted in mean cell circularity values
above 0.5. The transition point is at ca. 70 pm as well. The cell circularity reflects
the shape of a cell (see Equation (3.1)), where small values refer to elongated cells
and a value of 1 defines a perfectly round cell. Hence, cells seeded on thin PAM
samples show an elongated cell shape as shown in Figure 3.3 that represents a good
attachment to the substrate. On thicker samples, on the other hand, the cells show
only a small, round shape, which is associated with a weak cell-PAM connection.
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Figure 3.4: Cell parameters of fibroblast cells determined as a function of layer thick-
ness for soft and stiff PAM. a) Fibroblast cells have larger cell spreading areas on thinner
PAM samples. Larger layer thicknesses led to decreased cell spreading areas. The transition
point is at a layer thickness of ca. 70 pm, where the cell spreading area saturates at around
400 pm?2. b) Fibroblast cells on thin PAM show cell circularity values between 0.2-04. With
increasing layer thickness, the cell circularity increases to a plateau region of around 0.6 above
a layer thickness of ca. 70 pm. The dependence of cell parameters on layer thickness suggests
a so-called thickness sensing threshold of ca. 70 pm. Fibroblast cells sense the stiff underlying
glass up to this thickness threshold and adapt their cell spreading behavior accordingly.

These observations agree well with the work of Maloney et al.. They observed that
NIH-3T3 fibroblast cells show changed behavior at a thickness above 60 pm on ma-
terials with 5.6 kPa [21]. Combining their work and the results shown here, a large
stiffness range (5.6 kPa up to 176 kPa) is covered that all show similar results. This
suggests that fibroblast cells show a so-called thickness sensing threshold indepen-
dent of the stiffness of the material, although previous works showed that fibroblast
cells are able to detect and respond to material stiffness [7], [156]. For instance,
NIH-3T3 fibroblast cells migrate towards stiffer regions of a material or change their
migration direction when approaching softer regions [38], [156]. Additionally, it was
observed that some cells exert larger traction forces and increase their cell spreading
area on stiffer materials [156].

The tight fixation of PAM to the stiff glass limits the material deformation through
traction forces and reduces the flexibility of the material. Hence, the material ap-
pears stiffer and cells adapt their behavior as if the material were stiffer (e.g., in-
creased spreading) [21], [75]. Furthermore, the degree of material flexibility affects
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adhesion structures and it was shown that cells show reduced spreading on more
flexible substrates [43]. In addition, an underlying stiff substrate can lead to an
increase of the effective stiffness of the material [21], [185], which supports the idea
that the material appears stiffer for the cells. This suggests that some cells actively
adapt and regulate their contractility according to environmental conditions [156].
For instance, cells can deform substrates up to a low micrometer range [75], [158],
[159]. However, the previously reported behavior and the thickness sensing thresh-
olds of fibroblast cells observed here exceed several micrometer. Hence, it can be
assumed that cells detect, amplify and convert such input signals into intracellular
responses [27], [156].

3.2.5 Sensing Threshold is Linked to Cell Type

Research shows that the thickness sensing threshold depends on the cell type. So far,
it is unknown if it is to some extent related to the degree of mechanosensitivity of
cells or to their respective environment (e.g., cell or tissue stiffness, structure). For
instance, fibroblast cells show a high degree of mechanosensitivity and high affinity
to stiff environments (e.g., migration to stiffer regions) [38], [156]. This could explain
their large thickness sensing threshold.

A remaining question is how cells of softer tissues react to the experimental design
presented. For instance, cell morphology of microglia and astrocytes can correlate
with substrate stiffness [89] and a foreign body response in brain tissue can im-
pair implant functionality [181]. Hence, the expected response to layers of varying
thickness on a stiff underlying substrate would be a reduction in spreading on thin
layers and increasing spreading with increasing layer thickness. To investigate if this
expectation is correct, fibrosarcoma cells were used in the same experimental design
and their reactions to different layer thicknesses were tested as a proof of principle.
Fibrosarcoma cells are highly motile cancer cells of the connective tissue [92]. Fi-
brosarcoma cells are formed from mesenchymal fibroblast cells, which make them a
perfect candidate for comparison.

The fibrosarcoma cells (HT1080, Lammerding Lab, Cornell University, USA, [186])
were seeded on collagen coated PAM layers of variable thickness fixed to glass. After
one day of incubation, the samples were washed and observed with phase contrast
microscopy. Figure 3.5 shows mean values and standard deviations of a) the cell
spreading area and b) the cell circularity as a function of layer thickness for soft
(black squares) and stiff (orange diamonds) PAM samples. The cell parameters
investigated (i.e., cell spreading area and cell circularity) show no clear dependence
on the layer thickness. A comparison with the results from my studies on fibroblast
cells shows that the cell spreading area of the fibrosarcoma cells is in a similar range
as cell spreading areas of fibroblast cells on thin PAM samples, whereas the cell
circularity is rather in the range of cell circularities of fibroblast cells determined
on thick PAM samples. It was shown that invasive cancer cells can penetrate into
soft materials, such as PAM [187]. In addition, cancer cells can adapt to their
environment [17], [36], [175], [188]. Here, this could explain their limited preference
for specific thickness values.
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Figure 3.5: Cell parameters of fibrosarcoma cells determined as a function of layer
thickness for soft and stiff PAM. a) Cell spreading areas of fibrosarcoma cells are in a
similar range as cell spreading areas of fibroblast cells on thin PAM samples. b) Values for cell
circularity of fibrosarcoma cells are rather similar to cell circularities of fibroblast cells on thicker
PAM samples. However, no clear correlation between cell spreading area or cell circularity and
layer thickness is visible.

3.2.6 Conclusion

The ability of cells to sense and respond to substrate stiffness proved to be an im-
portant factor in mechanotransduction studies and for the development of material
designs for medical applications [11], [84]-[86], [117], [156]. The existence of a so-
called thickness sensing threshold (i.e., depth of cell sensing) emphasizes the need
for a comprehensive study of cell behavior.

Here, I presented a system to measure the impact of layer thickness on cell morphol-
ogy and showed that the layer thickness has a significant influence on fibroblast cells.
Until now, most researchers focused on the spreading area as representative cell pa-
rameter [75], [93], [133] but I showed that the cell circularity is equally relevant. I
supported the findings of Maloney et al. that fibroblast cells might have the largest
thickness sensing threshold of all cells investigated so far [21]. In addition, I showed
that the thickness sensing threshold of fibroblast cells is not affected by the stiffness
of the layer material used (PAM with stiffness range of ca. 5.6-176 kPa). Previous
works usually published the results of only one stiffness [75], [133]. Hence, I can only
speculate if a stiffness independent thickness sensing threshold exists for other cell
types as well. Further research should focus on correlating actin fibers and/or trac-
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tion forces to the thickness sensing threshold to improve the overall understanding
of mechanotransduction.

Initial investigations of fibrosarcoma cells (a malignant cell line derived from mes-
enchymal fibroblast cells) showed no clear correlation between cell spreading and
layer thickness. Although the number of samples measured was limited, these find-
ings suggest either that their thickness sensing threshold is larger than the thick-
nesses investigated (above 600 pm) or, which is more likely, that these cells have no
clear preference for a certain layer thickness, thus indirectly the substrate stiffness.
Further research on materials without pores (e.g., PDMS) may show if fibrosarcoma
cells indeed have a thickness sensing threshold.

3.3 AFM-based Shear System for Single Cell Ma-
nipulation

3.3.1 Introduction

Several factors, such as material stiffness or topographic properties, can influence
cell behavior [9], [11], [32]. For instance, some cells align with substrate structures,
such as channels, in a process called contact guidance [9] or endothelial cells adapt
to the curvature of vessel walls [189]. Furthermore, cells are subjected to a vari-
ety of active external forces (e.g., pushing, pulling). Since blood and endothelial
cells are constantly exposed to shear in blood vessels [167], [190], it is of medical
interest to maintain normal shear conditions [190], [191] and/or to understand pos-
sible alterations of shear conditions. For instance, vascular functionality depends
on normal shear flows, where reduced shear flow can impair vascular wall functions
(e.g., vasodilatation, endothelial cell repair), which can in turn increase the risk
for atherosclerosis (formation of plaques that constrict the vessel) [37], [190], [192],
[193]. A blood vessel may dilate as a result of atherosclerosis and an aneurysm
that increases blood disturbances or may rupture can form if the dilatation is too
large [194]. Especially near vessel junctions, impaired shear flow can promote block-
age of the vessel (so-called thrombosis) [191], [193]. Also, disturbed shear flow can
affect vascular inflammation through altered gene expression of endothelial cells
towards proinflammatory genes [190], [191].

To prevent, medicate and cure such diseases, it is essential to understand the role of
shear on cells and their adhesion. Although integrins, protein-tyrosine kinases and
the structural integrity of actin are believed to have essential roles in shear-induced
cell reactions [20], [190], it is still unclear how exactly cells sense shear and what
signaling pathways or genes are involved [191], [195]. Yet, vascular smooth muscle
cells regulate their proliferation and migration to shear conditions and orient per-
pendicular to the shear direction [191], whereas endothelial cells align with shear
directions [191], [192], [195]. Also, leukocytes, such as macrophages or dendritic
cells, align with the shear direction [196]. Noria et al. showed a shear-induced dis-
assembly and subsequent reassembly of adherens junctions with remodeled F-actin
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distribution [24]. For instance, actin reorganization was observed for endothelial
cells [192] and amoeba Dictyostelium discoideum [36]. Hence, external shear can
initiate a dynamic redistribution of forces and successive cell-cell or cell-substrate
ruptures [153] and/or affect immediate gene expression [190]. Some cancer cells
(e.g., epithelial bladder type) seem to increase their spreading area under shear con-
ditions [36]. A dependence of critical shear stress on cell confinement was shown by
Couzon et al., where increased confinement lowered the shear stress necessary for
cell detachment [36]. This dependence vanished above a certain channel height (i.e.,
disappearing role of confinement) [36].

Riveline et al. proposed that integrins as part of focal complexes can act as individual
mechanosensors [29] and might be responsible for the translation of shear conditions
into biochemical signals [190]. Furthermore, the initiation of cell adhesion can be
controlled through shear flow since it mediates the activation of S-integrin [8]. Also,
shear can increase the size of focal adhesions [29], [36], [197] and induce a directional
elongation of them similar to the structure of focal adhesions during cell spreading
or locomotion. The recruitment of adhesion proteins such as vinculin or paxillin
enables a downstream signaling pathway [29].

Different strategies exist to investigate the impact of shear [190]. For instance, flow
chambers or microfluidic devices allow the simulation of shear conditions similar
to shear conditions experienced in blood vessels [8]. For this purpose, adherent or
floating cells are usually subjected to variable fluid flow conditions within chan-
nels of defined geometry [190], but various researchers enhanced basic microfluidic
devices [23], [198], [199]. For instance, Rupprecht et al. developed a microfluidic
device to investigate detachment kinetics with real-time videomicroscopy [198]. A
microneedle assay as described by Riveline et al. utilizes a thin needle that is
brought in contact with a cell and moved along its surface applying shear to the
cell [29]. Majedi and coworkers applied oscillatory forces using a shaker device [200],
whereas Kouzbari et al. developed a custom-built cone and plate device applying
both physiologic, steady shear and pathologic, oscillatory shear (abrupt change of
rotation direction) [201]. Onaizah et al. followed a different approach by beam
oscillation in close proximity to adherent cells, measuring the intracellular calcium
response to investigate the propagation of calcium signalling [202]. In addition, Hagi-
wara and coworkers used beam oscillation to induce a defined streamline within the
medium [203].

Although the abovementioned examples show the universal role of shear conditions
and the diversity of methods for applying shear, the impact of shear on single bond
strength has not yet been investigated, to my knowledge. Furthermore, sparsely
understanding exists on how cancer cells are affected by shear. Shear forces may
have a significant impact on cancer cells, especially during metastasis through the
blood flow. Only recently, Huth et al. developed a technique to apply shear forces
with a microneedle while measuring the distribution of traction forces [153]. Hence,
new and more advanced techniques will allow a comprehensive study of cell behavior
affected by shear conditions.

Here, I present an experimental setup to investigate the impact of various shear
distances on cell detachment. For this purpose, a single fibroblast cell was attached
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to a functionalized AFM cantilever and brought into contact with a substrate. Dur-
ing cell-substrate contact, the cell was sheared for a defined distance at a constant
speed. Then, the cantilever was retracted to measure cell detachment. The outcome
of this project resulted from the cooperative work with Yannic Hallier, a student
who worked under my supervision and guidance. I show that the cell detachment is
affected by the shear process and propose that certain shear distances improve cell
detachment, whereas larger shear distances are harmful to cells. In addition, I show
that shear decreases single bond strengths. To account for increased contact areas
during the shear process, I developed a bidirectional shear process.

3.3.2 Experimental Design

The general concept to apply shear via AFM was a targeted and controlled move-
ment of the stage during direct cell-substrate contact (see Figure 3.6). For this
purpose, the stage was moved with constant speed in the x-direction for a defined
distance (so-called shear distance). Afterwards, the cantilever was retracted with a
predefined speed in the z-direction to detach the cell from the substrate.

a) Approach Unidirectional Retract b) Bidirectional
shearing shearing

,,C%l % %T %

Figure 3.6: Visualization of the experimental design for AFM-based shear. a) A single
cell was attached to an AFM cantilever. Then, the cantilever approached the substrate with
a defined speed until a predefined setpoint force was reached. During cell-substrate contact,
a unidirectional shear process was realized through a defined movement of the motorized
stage beneath the substrate. It was essential that a consistent cell-substrate contact exists.
Afterwards, the cantilever was retracted to completely detach the cell from the substrate. b) A
bidirectional shear process was realized with a defined back and forth movement of the stage
at a defined frequency for a certain duration instead of unidirectional shear.

Cantilever Calibration

The experiments were conducted on the CellHesion® 200 setup (see further details
in Appendix B.1). Tipless MLCT-010 cantilevers (type A, Bruker Corporation) were
calibrated at five positions on glass. For this purpose, the sensitivity was determined
in the linear regime of the approach curve of a force-distance curve (setpoint force:
2V, speed: 15 pm/s) and the spring constant was measured with the thermal noise
method (correction factor of 0.871). The mean value of the spring constant was used
for the experiments, whereas the sensitivity had to be measured for each experiment.
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Cantilever Functionalization

Calibrated cantilevers were washed 5 min in acetone before irradiation with UV light
for 15 min. Then, the cantilevers were incubated in 50 pl of biotin-BSA (0.5 mg/ml
in 0.1 M NaOHCO,, pH 8.6, Sigma-Aldrich) overnight at 37°C. The next day, the
cantilevers were washed 5 min in PBS and incubated in 50 pl streptavidin (0.5 mg/ml
in 1x PBS, Sigma-Aldrich) for 10 min. They were washed 5 min in PBS again and
incubated in 50 pl biotin-conA (0.2 mg/ml in 1x PBS, Sigma-Aldrich) for at least
20 min. Prior to use, the cantilevers were washed with PBS.

Biofunctionalization of Substrates

FluoroDish (World Precision Instruments, WPI) petri dishes with glass bottoms
were used for all cell experiments. The glass bottom was functionalized with poly-
D-lysine (PDL) by WPI. 500 pl glutaraldehyde (10 ul/ml in bidest. water) were
added for 30 min. Then, the dish was washed extensively three times with water
or PBS and incubated with 500 pl fibronectin (10 pg/ml in 1x PBS, Advanced
BioMatrix, Inc.) overnight at 4°C. Prior to use, the dish was washed with PBS and
filled with 3 ml CO, independent medium (Gibco).

Cell Culture

Rat embryonic fibroblast cells (REF 52-wt) were cultured according to Appendix B.3
in DMEM (Biochrom) with 10 % FBS (Biochrom) and 1 % Pen/Strep (Biochrom).
A solution of 0.05 % Trypsin and 0.02 % EDTA (Sigma-Aldrich) was used for cell
detachment. Cells were seeded in 6-well plates for the experiments and resuspended
in CO; independent medium (Gibco) directly before use.

AFM-based Shear Experiments

A petri dish heater (JPK Instruments) was used to keep the temperature constant
at 25°C. After the sensitivity of the cantilever was determined, 100 pl cell suspension
were added to the petri dish. The cantilever was placed directly above a suitable
cell and approached manually with 5 pm steps until contact with the cell. Then,
the cantilever was retracted several pm to guarantee that the cell was successfully
attached to the cantilever. 5-10 min incubation time ensured proper spreading on
the cantilever.

For all experiments, a setpoint force of 0.5 nN and a cantilever speed of 10 pm/s in
z- and x-directions with shear distances between ca. 1-9 pm were used. The contact
times varied due to different shear distances (see Table 3.2).

Each cell was measured through two cycles with one cycle consisting of 20 force-
distance curves without shear (referred to as “normal”) and 20 force-distance curves
with shear (so-called “shear”; i.e., detachment measurement after shearing the cell).
This resulted in 80 force-distance curves maximum for each cell. The force-distance
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curves were recorded alternately between two positions on the substrate. A specific
script for the experimental planner of the JPK control software was necessary to
conduct the shear experiments.

Table 3.2: Shear distances and contact times used

1 1

Shear distance [pm]' Contact time [s]

1 3.5
3 4.5
3 )
7 9.5
9 6

! Approximate values

Data Processing

Retract curves of the force-distance curves recorded were analyzed with the JPK
SPM data processing software (version spm-6.0.63, JPK Instruments). At first, the
curves were smoothed and the baseline was corrected for tilt and offset. Then,
the tip-sample separation and the contact point were calculated. Afterwards, the
curve minimum (i.e., detachment force) and the area under the retract curve (i.e.,
detachment energy) were measured. Additionally, the last rupture event (i.e., final
step of the retract curve) was analyzed for its height.

Origin 9.1G (OriginLab Corporation) was used to create all graphs presented. The
graphs show either mean values of a certain cell parameter (e.g., detachment force)
calculated from up to 20 force-distance curves with standard deviations as error bars
or boxplots that follow the convention described in Appendix B.2.

3.3.3 Establishment of AFM-based Shear System

The aim of this project was to investigate the impact of shear on cell detachment.
Usually a fine needle is placed close to an adhering cell and moved along it to
shear the cell up to several micrometers [29]. However, this makes the parallel
measurement of cell detachment impossible. AFM single cell force spectroscopy is
a perfect tool to characterize cell detachment and in principle the AFM cantilever
can be used to shear a cell similar to the abovementioned method. To realize the
combination of shear and cell detachment measurements, it is necessary that the
cell is attached to the cantilever. Then, this arrangement permits two ways to apply
shear: movement of the cantilever along the x- or y-direction or movement of the
substrate underneath the cantilever. In both scenarios, the consistent interaction
of the cantilever (or more precisely, the cell) with the substrate is necessary to
guarantee a reliable shear situation. Especially the cantilever height (i.e., force
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applied) is required to be constant throughout the experiment and the shear distance
applied needs to be precise.

Most AFMs that can move the cantilever in the x- or y-direction are used for imag-
ing purposes, thus usually having a short z-range (i.e., available distance for can-
tilever approach and retract; e.g., 15 pm at the NanoWizard® 3). However, a much
larger z-range is usually necessary to detach a whole cell from a substrate. The
CellHesion® 200 (JPK Instruments) was specifically developed for cell experiments
and has a z-range of 100 pm but a movement in x- or y-direction is not possible.
To circumvent this drawback, a motorized stage was used in combination with the
CellHesion® 200 allowing a controlled movement of the substrate. Since a move-
ment of the stage during cantilever-substrate contact can cause perturbations, it is
usually prohibited by the software. The implementation of such a stage movement
was realized in cooperation with Dr. Thomas Henze from JPK Instruments. For
this purpose, JPK Instruments released a specific software version for our setup and
we developed a Python script to regulate the shear process. For the conduct of a
shear experiment, it is necessary to load the Python script into the software. Start-
ing the script results in the following steps: cantilever approach up to predefined
setpoint force, small break before cantilever movement along predefined direction
(here: x-direction) for a specific length (i.e., shear distance) followed by immediate
cantilever retract to completely detach the cell from the substrate.

The motorized stage used was developed to measure at single positions with mi-
crometer precision but not for movement along a certain direction. Preliminary
experiments showed that the predefined shear distance entered into the Python
script deviated from the actual shear distance applied (i.e., movement along the
substrate). To guarantee reliable shear distances, the relation between predefined
shear distances (i.e., shear distance entered into the Python script) and actual shear
distances applied was measured. For this purpose, a range of 1-19 pm shear dis-
tances was applied and each corresponding real shear distance was measured from
microscopy images. The results are presented in Figure 3.7, where each square shows
the mean value of 5 measurements with the standard deviation as error bars.

The relation between predefined shear distance and actual shear distance applied is
almost linear. The values used for the shear experiments conducted are shown in
Table 3.3. The contact times previously shown in Table 3.2 are included for greater
clarity.

The aim of this study was to investigate the impact of shear on cell detachment. To
allow a direct comparison of shear situations (so-called “shear” mode) to standard,
no shear situations (so-called “normal” mode), single cells were measured through
two cycles, where one cycle was defined as a subsequent measurement of normal and
shear modes. To verify successful cell-cantilever attachment, the first cycle started
with normal detachment measurements as previously described as single cell force
spectroscopy in Section 1.3.2. In short, a defined cell-substrate contact was produced
through repetitive cantilever movement in the z-direction (approach and retract).
Then, during the shear mode, the abovementioned Python script was applied to
shear the cell for a predefined shear distance. To identify the persistence of shear
(i.e., lasting impact on the cell), the described order was repeated in a second cycle.
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Figure 3.7: Relation between predefined shear distances and actual shear distance
applied. Values for the shear distance between 1-19 pm were entered in the Python script as
predefined shear distance. The actual shear distance applied was measured from microscopy
images and shows an almost linear relation to the predefined shear distances.

Table 3.3: Overview of predefined and actual shear distances applied and resulting contact
times

Predefined Applied Resulting
shear distance [pm] shear distance [pm]' contact time [s]!
2 1 3.5
7 3 4.5
13 5 5.0
16 7 5.5
18 9 6.0

! Approximate values

All measurement parameters (e.g., setpoint force, speed, shear distance, contact
time) were kept constant throughout the measurement of a single cell to avoid side
effects from experimental parameters. From experience, it was clear that cells only
survive a limited number of force-distance curves, yet a sufficient number of curves
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is necessary to reflect cell detachment reliably. Hence, 20 force-distance curves were
recorded for each mode. This gave a total of 80 force-distance curves for each
completely measured cell.

3.3.4 Fibroblast Cells Are Affected by AFM-based Shear

A single fibroblast cell was attached to a functionalized cantilever. After an initial
incubation time, a first cycle of normal detachment (no shear) and shear measure-
ments was conducted. At first, 20 force-distance curves were recorded without shear
with a setpoint force of 0.5 nN and 10 pm/s approach and retract speed. Then,
20 force-distance curves were recorded with shear. For this purpose, the cantilever
was approached to the substrate with 10 pm/s up to 0.5 nN setpoint force, then
the stage moved along a predefined direction for a defined distance to shear the
attached cell (shear distances between ca. 1-9 pm) and in the end, the cantilever
was retracted with 10 pm/s. After finishing this first cycle, the whole process was
repeated to record a second cycle. All recorded force-distance curves were analyzed
for the detachment force, detachment energy and the height of the last rupture event
(so-called last rupture force).

Figure 3.8 shows the retract curves of representative force-distance curves for a nor-
mal cell detachment (black squares) and cell detachments after shear with shear
distances of 1 pm (orange diamonds), 3 pm (blue upward-pointing triangles) and
9 pm (magenta downward-pointing triangles). The normal measurement showed
the expected progress, whereas small and medium shear distances resulted in larger
detachment forces (i.e., minimum of retract curve) and detachment energies (i.e.,
area under the curve). The additional progress of the curves (e.g., number of rup-
ture events) was similar to normal curves. However, large shear distances showed a
significant reduction of the detachment force, and detachment energy as well as a
limited number of rupture events was visible. Hence, small and medium shear dis-
tances reinforced cell detachment, whereas larger shear distances resulted in reduced
cell detachment compared to normal detachment measurements.
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Figure 3.8: Representative retract curves show a positive impact of smaller shear
distances. The retract curves of measurements with shear distances of 1 pm (orange dia-
monds) and 3 pm (blue upward-pointing triangles) showed increased curve minima (i.e., larger
detachment forces) and areas under the curve (i.e., larger detachment energies) compared to
retract curves of normal measurements (black squares). Larger shear distances (here: 9 pm,
magenta downward-pointing triangles) resulted in reduced detachment forces, energies and a
limited number of rupture events. Hence, small and medium shear distances reinforced cell de-
tachment, whereas larger shear distances resulted in impaired cell detachment (e.g., decreased
curve minimum, reduction of rupture events) compared to normal detachment measurements.
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Figure 3.9: Variations of last rupture forces for measurements with variable shear
distances as a function of a “normal” and a “shear” mode. Comparison of distributions
of the last rupture forces measured for shear distances of a) 1 pm, b) 3 pm and ¢) 7 pm.
The graphs for the remaining shear distances are shown in Appendix D. All last rupture forces
decreased for the shear mode (significance level of * p < 0.05), except for 3 pm shear applied,
where no significant (n.s.) difference was measured. Such decreases are likely associated with
weakening of single bond strength.

Figure 3.9 shows the distribution of the last rupture forces for “normal” and “shear”
modes measured with shear distances of a) 1 pm, b) 3 pm and ¢) 7 pm, respectively.
The boxplot and significance levels follow the convention described in Appendix B.2.
The graph for 1 pm is representative for a shear distance of 5 pym and the graph for
7 pm shows similar results to shear distances of 9 pm (see Appendix D).

For measurements with shear distances of 1 pm, 5 pm, 7 pm and 9 pm, the last
rupture forces decreased significantly compared to the normal measurement. For a
shear process of 3 nm, no significant (n.s.) difference was observed. A decrease in
last rupture force indicates a weakening of the single bond strength. Since a slip
bond has a smaller lifetime and withstands lower rupture forces, shear might induce
a mechanism that can unhook a catch bond forming a slip bond [204].

Figure 3.10 shows the mean detachment forces (left column) and energies (right
column) for shear modes measured with shear distances of 1 pm, 3 pym and 7 pm
each for four cells. For simplicity, cell numbers are renamed to cell 1-4. Each
symbol represents the mean value of up to 20 force-distance curves analyzed and the
error bars denote the standard deviations. The different modes (“normal”, “shear”)
are displayed on the x-axis. The graphs measured with 3 pm are representative
for measurements with a shear distance of 5 nm, whereas the graphs for a shear
distance of 7 pm show similar results to measurements with shear distances of 9 pm
(see Appendix D).
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Figure 3.10: Mean detachment forces and energies for variable shear distances as a
function of “normal” and “shear” modes. The left column shows the mean values of
detachment forces measured with shear distances of a) 1 ym, ¢) 3 pm and e) 7 pm. The
right column (b), d), f)) shows the mean values of detachment energies measured with the
same shear distances. The error bars denote the standard deviations and the graphs for the
remaining shear distances are shown in Appendix D. For simplicity, cell numbers are renamed
to cell 1-4. For shear distances of 1-5 pm, increased detachment forces and energies were
determined compared to results of the normal measurements, whereas shear distances of 7-
9 pum reduced the detachment forces and energies. No memory effect (i.e., altered detachment
forces or energies) was visible for the second normal measurements but the second shear
process showed similar results to the first shear process. Since the detachment forces for 1 pm
increase even further during the second shear mode, an overall reinforced cell detachment can
be concluded for a shear distance of 1 pm. Shear distances larger than 7 pm, on the other hand,
seemed to be harmful to the cells since a decrease of both detachment forces and energies was
determined (e.g., partial ruptures during shear process).
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At first, 20 force-distance curves were recorded without shear (so-called “normal”) to
test the cell-cantilever attachment and to serve as a basis for the shear modes. Then,
20 force-distance curves were recorded with a certain shear distance (e.g., 1 pm,
see Figure 3.10 a)). For shear distances of 1-5 pum, larger detachment forces were
determined compared to the results of the normal measurements. However, shear
distances of 7-9 pm reduced the detachment forces determined. Then, a second cycle
of first 20 normal, followed by 20 shear measurements was conducted. During the
second normal measurement, the detachment forces determined returned to the level
of the first normal measurement and then again showed increased detachment forces
for shear distances up to 5 pm during the second shear mode or reduced detachment
forces for shear distances above 7 pm. Since the detachment forces during the second
shear mode for 1 pm increase even further than during the first shear mode, an overall
reinforced cell detachment can be concluded for a shear distance of 1 pm. An almost
overall constant progress was detected for shear distances of 3-5 pm, where cell 1
for 3 pm and cell 3 for 5 pm show exceptions from this observation. Additionally,
I suggest that shear distances larger than 7 pm resulted in partial ruptures during
the shear process, which might be harmful to the cells. In general, the progress of
the detachment energy is similar to the progress of the detachment force, yet less
pronounced. Exceptions are, for example, cell 4 measured with a shear distance of
1 pm and cell 1 measured with a shear distance of 7 pm.

Since the last rupture force for a “shear” situation decreased (except for 3 pm
shear distance), the increased detachment forces for shear distances up to 5 pm
may result from an increased number of bonds, a higher rate of rebinding during
the retract phase or a change of the tethers prior to a bond rupture. Furthermore,
it may be possible that certain shear distances induce a conformational change or
deformation mechanism of binding proteins that initiates internal signaling [20],
[192]. For instance, talin unfolding is known to allow the binding of additional
adhesion proteins, such as vinculin, which can lead to a growth of focal adhesions [47]
but also fibronectin can provide additional binding sites upon stretching [29]. Hence,
cell detachment is impeded. Since larger shear distances have an adverse effect on
cell detachment, I propose that a possible conformational change cannot compensate
the cell damage due to large shear. Besides integrins, there are mechanosensitive ion
channels that can open upon external forces [60], [65], [66]. For instance, Piezol is
known to open due to membrane stretch, indentation and/or deflection of underlying
pillars [51]. Since a shear process could induce similar forces to the membrane of a
cell as a deflection assay, the opening of ion channels may be triggered to adapt cell
detachment.

Pressing a cell onto a substrate with a defined setpoint force leads to a specific
contact area between cell and substrate. The size of the contact area can be related
to the level of adhesion [109] and, in general, larger setpoint forces result in larger
contact areas, which means that more integrins can bind to the substrate [14], [160].
This ultimately makes it more difficult to detach a cell from a substrate [205].
A similar effect might have occurred in these experiments since the contact area
most likely increases during the shear process. However, it is reasonable that only
certain shear distances have an impact. Insufficient shear distances may have no

60



Chapter 3 Manipulation Systems for Cell Manipulation and Stimulation

or hidden effects, whereas large shear distances can have an adverse impact on
the cell-substrate interaction. This is justified by the assumption that large shear
distances partially rupture the cell already during the shear process in addition to
the subsequent retract phase. The observation of decreasing detachment forces and
energies for the second “normal” measurement suggests that larger shear distances
were harmful to the cells. As seen in Table 3.2, the shear distances used lead to
various contact times between 3.5-6 s. A longer contact time gives a cell more time
to attach to a substrate. This will usually result in larger detachment forces [109].
Since larger shear distances (i.e., larger contact times) favored cell detachment, it is
probable that a combination of the abovementioned explanations emerged.

3.3.5 Development of AFM-based Bidirectional Shear

In the previous section, I explained the relevance of contact area and contact time
for the impact of the shear process on cell detachment. The contact time is always
directly linked to the shear distance and can only be influenced through variation of
shear speeds, which will most likely affect the outcome as well. However, there are
different ways to manipulate the contact area. Here, I discuss three possible ways to
take the impact of the contact area into account: correlation of contact area and cell
detachment, specific pattern of ECM proteins and bidirectional shear to maintain a
constant contact area.

The first solution would be the continuous observation of the contact area during the
experiment and the resultant correlation of cell detachment measured and contact
area. Advanced microscopy techniques such as total internal reflection fluorescence
microscopy (TTRFM) are required to achieve high resolution of the exact cell contact
area. In addition to the high complexity of data interpretation and the high costs
involved, cell variability would make the correlation very complex. Hence, I focused
on more promising alternatives.

The production of substrates functionalized with ECM proteins of a defined mi-
cropattern could be another solution. Since integrin-ECM binding is necessary for
the formation of focal contacts due to external forces [29], a treatment of the ar-
cas between the micropatterned areas (e.g., PLL-PEG coating [196]) is required
to prohibit cell attachment other than the desired areas. Preliminary experiments
showed that the implementation of micropatterned substrates into the shear sys-
tem presented is difficult. Since a defined cell-micropattern interaction is required
to determine the resulting contact area, it is necessary that the ECM proteins are
visible. For this purpose, ECM proteins with fluorescent labels can be used. My col-
laboration partner Joel Christian (Department of Cellular Biophysics, Max Planck
Institute for Medical Research, Heidelberg) produced glass substrates with fluores-
cently labeled fibronectin at a PRIMO system (Alvéole) and I tested these samples
in our system. However, it was not possible to conduct all experimental steps re-
quired (successful cell attachment, cantilever positioning) prior to the measurements
without losing the fluorescence of the fibronectin (bleaching effect).

The third solution was the application of back and forth shear for a defined shear
distance with a defined frequency for a defined time (i.e., number of periods). I
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call this “bidirectional shear” as the cell is sheared back and forth at the same
position (see Figure 3.6 b)). This guarantees a consistent contact area throughout
the experiment. Since the frequency of a stimulation can influence cell behavior as
well, a great benefit of bidirectional shear is the chance to investigate the impact of
varying frequencies on cell detachment.

Bidirectional shear was not possible with the motorized stage previously used be-
cause the precision was not large enough and a precise change of direction was not
possible on a short time scale. Fortunately, I was able to install a motorized stage
with nanometer precision (so-called TAO module, JPK Instruments) on our AFM
setup. I developed another Python script together with Dr. Thomas Henze (JPK
Instruments) that allows precise application of bidirectional shear. The user can
freely choose the shear distance (theoretically up to limit of the stage of 100 pum),
the shear frequency and the number of periods. Furthermore, it is possible to decide
for a sinusoidal or triangular signal for the shear process.

3.3.6 Conclusion

Shear proved to be essential for cells and their behavior. For instance, the size
and orientation of focal adhesions can be altered by shear [29]. In addition, it was
shown that shear processes can have a permanent impact on actin reorganization,
whereas migration rates recover [192]. The role of shear flow disturbances for vascu-
lar functionality and/or blood clot formation bolsters the medical interest in studies
of different shear conditions. However, detailed knowledge about the role of single
bond strengths has been missing until now. Although fibroblast cells are not con-
stantly under the influence of shear, they are exceptional mechanosensors and may
give important evidence as to how different shear conditions can be utilized.

Here, I presented a system to shear a single cell with AFM that allows the parallel
measurement, of cell detachment. For this purpose, a single cell was attached to
an AFM cantilever and sheared for a defined distance during cell-substrate contact
with the help of a motorized stage. To my knowledge, such a shear system is
unique and, in principle, it can be used for different cell types, notwithstanding
possible necessary adaptation of the experimental parameters (e.g., setpoint force,
contact times) [4]. To prove the applicability of the system presented, fibroblast cells
were used as proof of principle. I showed that last rupture forces (i.e., single bond
strengths) were affected by the shear process and led to a significant decrease for all
shear distances applied, except for 3 pm. Furthermore, I showed that shear distances
up to 5 pm reinforced detachment forces and energies compared to cell detachment
measurements without shear. However, larger shear distances investigated seem to
harm the cell as decreased detachment forces and energies were determined. It is
reasonable that these shear distances rupture some parts of the cell already during
the shear process (i.e., before the actual retract phase). Since the last rupture forces
decreased for all but measurements with shear distances of 3 pm, I suggest that
the enhancement of cell detachment observed was related to a higher number of
bonds, increased rebinding events during the retract and/or influenced tethers prior
to a rupture event. In addition, the shear process as described here increases the
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cell-substrate contact area. Hence, more integrin binding occurs, which impedes cell
detachment (i.e., increase of detachment force and energy). However, a combination
of the abovementioned observations is likely.

Riveline et al. reported that shear-induced growth of focal complexes started 1 min
after starting to shear a cell [29], whereas actin remodeling required ca. 5 min [192].
Since the recording of a single force-distance curve took ca. 20 s, both focal com-
plex growth and actin remodeling were likely initiated during the shear process
presented. I recommend using staining techniques to visualize adhesion proteins
or actin transfection as previously reported by Oakes and coworkers for future ex-
periments [183], [206]. Cell detachment investigated by flow showed that not only
the arrangement of adhesion bonds related to number, distribution and strength
impacts cell detachment but cell spreading area and the surface topography of cells
are crucial as well [207]. Hence, the visualization of the cell contact area via total
internal reflection fluorescence microscopy, for example, would be beneficial for a
more comprehensive study of the impact of shear.

To account for an increased contact area, I developed bidirectional shear with AFM
that permits a back and forth movement of the stage to apply shear distances with
a defined frequency. Further research will be necessary to identify the role of bidi-
rectional shear for cell detachment.

In addition to the visualization of the cell contact area, the combination with TFM
similar to the work by Huth et al. will allow a profound study of the force trans-
mission of cells [153]. Ultimately, the findings about the impacts of shear conditions
will help treatment of diseases, such as atherosclerosis, and the development of new
implant materials (e.g., invention of biomaterials that promote cell adhesion upon
mechanical stimulation).

3.4 AFM-based Modulation System for Single Cell
Manipulation

3.4.1 Introduction

In the body, blood pressure stretches blood vessel walls [12], body movements com-
press bone tissue [7], [202], blood flow shears blood cells and endothelial cells of
the blood vessel [167], [190], [208], heart muscle contraction and expansion changes
constantly [209] or smooth muscle cells permanently experience dynamic mechan-
ical loading due to breathing [210], to name some examples of external cues. The
mechanical loads experienced in bone tissue can regulate the bone growth and/or
fracture repair [202], [211]. For instance, mechanosensitive osteocytes (part of the
bone matrix) regulate the bone structure according to the mechanical load experi-
enced [202], [211], [212] and the functionality of bone tissue depends on mechanical
stimuli for activating signalling pathways that remodel bone [211], [212]. In addi-
tion, both exhausting exercise and inactivity can affect bone mass or can lead to
joint dysfunction [51], [213].

63



3.4 AFM-based Modulation System for Single Cell Manipulation

The research field of mechanotransduction tries to utilize the ability of cells to sense
and respond to external cues for medical purposes. For instance, targeted stem
cell differentiation allows advanced strategies for tissue engineering purposes, or
pathogenic cell capture, as proposed by Gutekunst et al., offers new possibilities for
disease prevention [94]. But also the detection of cell stiffness variations as result
of tumor formation is essential for disease diagnostics [175]. In addition, oscillatory
stimuli are essential for artificial pacemakers that guarantee the functionality of the
heart muscle through electrical impulses [214].

The investigation of systems aiming to dynamically control cell adhesion through
oscillatory stimulation will be beneficial for tissue engineering applications and/or
the development of new strategies for implants [163]. Substrate stretching systems,
such as reported by various research groups, allow simultaneous investigation of
mechanical stimulation on multiple cells or cell collectives [165]-[168], [215]. These
studies showed that many cells (e.g., fibroblast cells, arterial smooth muscle cells,
adipose derived stem cells) respond to substrate stretching [165], [168], [215]. Under
static strain, cell orientation is often parallel to the stretch direction, whereas cyclic
stretching results in perpendicular cell alignment [168], [215]. Three main factors
have been proposed to affect cell orientation under cyclic stretching: duration, am-
plitude and frequency [167]. Dartsch et al. showed that stretch amplitude and time
required for cell orientation correlate [165]. Cell orientation occurred faster and with
higher degrees under larger stretch amplitudes [165]. Jungbauer et al. supported
these findings and showed that the time required for cell orientation relates also
to stretch frequencies having faster orientation at higher frequencies [168]. More-
over, a cell-dependent frequency threshold exists that induces cell orientation [168].
In addition, Rabbani et al. showed that cyclic stretching at 1 Hz leads to cell
stiffening of adipose derived stem cells and differentiation towards smooth muscle
cells [215]. Hatami et al. combined substrate stretching with micropipette aspira-
tion to characterize mechanical properties of cells and showed that larger stretch
amplitudes and longer duration lead to lower deformation and a stiffening of the en-
dothelial cells investigated [216]. Since thermoresponsive materials, such as poly(N-
isopropylacrylamide), often used to switch between adhesion promoting and imped-
ing situations prevent local and fast stimulations [163], Kadem et al. established a
light-triggered switching of biofunctionalized azobenzenes fixed to a substrate that
allows mechanical stimulation of integrin receptors on a millisecond time scale [217].
The experiments showed increased cell detachment upon oscillation of the azoben-
zenes and Kadem et al. concluded a transmission of the mechanical stimulus from
azobenzenes to integrins that triggers a mechanotransduction pathway to reinforce
cell detachment [217]. Hippler et al. developed a 3D microenvironment, in which
cells adhere to four platforms that stretch the cells upon expansion of the underlying
substrate [218]. Within the first 30 min of cell stretching, cells reach a new equilib-
rium with doubled traction forces and a remodeled actin cytoskeleton at stretches
up to 25 %. Hippler et al. proposed the necessity of actomyosin contractility for
mechanical homeostasis (natural equilibrium state). Surface acoustic wave (SAW)
sensors have been adapted for usage in biological applications [169], [170], [219].
For instance, Sivanantha et al. utilized a SAW system for selective removal of cell
populations and showed that malaria-infected red blood cells could be easier re-
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moved from a substrate than healthy red blood cells suggesting the use of the SAW
system in rapid diagnostics [219]. Guo et al. developed a cell manipulation sys-
tem with SAWs that allows the manipulation of intercellular distances, the shape
of cell aggregates in suspension and a subsequent transformation to the adherent
state [170]. Due to the high degree of control over cell arrangement, the cell-cell
and/or cell-substrate communication can be investigated [170]. In addition, quartz
crystal microbalances are a special type of SAW that can be utilized for monitoring
cell spreading [121]. Its resonance oscillation is very sensitive to material adsorption
on the quartz surface. Hence, cell adhesion based on ligand-receptor interactions
can be detected with high precision, whereas loose attachment due to unspecific
binding is not detected [169]. Heitmann et al. exploit the previous findings to in-
vestigate how lateral oscillation amplitudes affect adhesion kinetics and showed the
existence of a critical oscillation amplitude that prevents cell adhesion to the quartz
surface [169]. Adhesion of all cell lines investigated was impossible at an amplitude
of 35 nm but was not sufficient to disrupt stable cell-substrate interactions once
formed [169]. Since extracellular domains of integrins extend around 20 nm out of
the membrane, Heitmann et al. concluded that integrin binding is not possible at
larger oscillations [169]. The works of both Weafer et al. and Irons et al. developed
AFM-based techniques to dynamically compress adhering cells with a bead attached
to an AFM cantilever [210], [213]. Irons et al. applied amplitudes of 400-2000 nm
with a fibronectin-coated bead to smooth muscle cells and showed that large ampli-
tudes lead to bond ruptures during the oscillation [210]. Weafer et al. used a 150 pm
bead inducing strains of 0-25 % or 10-35 % to osteoblast cells at 1 Hz and showed
that osteoblast cells are resistant to dynamic compression and stretching as long as
a contractile actin cytoskeleton exists, whereas cells with chemically disrupted actin
cytoskeleton showed less or no resistance [213], [220].

Although these examples show a variety of stimulation schemes, there is no technique
employing an in situ manipulation of single cells that is capable of correlating stimu-
lation frequencies and amplitudes to initial cell adhesion and single bond strengths,
to my knowledge. I aim to fill this gap with an experimental setup that allows
the application of oscillatory forces to single cells and the subsequent correlation of
stimulation parameters (frequency and amplitude) to initial cell adhesion. For this
purpose, a single cell was attached to an AFM cantilever that was modulated with
a defined frequency and amplitude during cell-substrate contact. After the contact
phase, the cantilever was retracted and cell detachment was measured.

In a first phase, I investigated the role of modulation settings on fibroblast cells and
showed that large amplitudes increase cell detachment, whereas very small ampli-
tudes seem to be harmful to cells. In addition, the step positions determined followed
the same trend as detachment forces and energies. Since reference measurements
applying larger setpoint forces showed increased cell detachment as well, I suggest a
combined effect of modulation and additional force due to the modulation applied.
In a second phase, the student Johanna Buck worked under my supervision and
guidance to investigate the role of the mechanosensitive ion channel Piezol. For
this purpose, oscillatory forces were applied to human embryonic kidney cells with
or without Piezol. Since stronger cell detachment was detected, the contact time
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was reduced and a 3 s modulation at 2 Hz was successfully established. Initial results
indicate a slight impact of Piezol modulation on initial cell adhesion.

3.4.2 Experimental Design

The general concept to apply oscillatory forces via AFM was a precise repetitive
movement of the cantilever in the z-direction while the cell was in contact with
the substrate (see Figure 3.11). For this purpose, the cantilever movement was
modulated with a predefined frequency and amplitude to induce a defined oscillation
of the cantilever. This kind of cantilever movement is similar to oscillations made
while imaging a sample’s topography.

Approach Modulation Retract

C%l % %T

Figure 3.11: Visualization of the concept to apply oscillatory forces with AFM. A
single cell is attached to a cantilever and approached to the substrate. A modulation segment
replaces the contact phase, where the cantilever is modulated with a defined frequency to
induce an oscillation. After a defined number of periods, the cantilever is retracted to detach
the cell from the substrate.

Cantilever Preparation

The experiments were conducted on the CellHesion® 200 or the NanoWizard® 3
setup (see further details in Appendix B.1). Tipless MLCT-010 cantilevers (type A,
Bruker Corporation) were calibrated on glass in air. For this purpose, 5 force-
distance curves were recorded at 9 different positions with a setpoint force of 3-4 V
and a speed of 10 pm/s. The baseline was corrected for tilt and offset and the
slope of the linear region of the approach curve was calculated with the JPK data
processing software (version 6.1.172, JPK Instruments). Then, the sensitivity was
calculated from the inverse mean of the slopes and the spring constant was calibrated
once by applying the thermal noise method. The spring constant determined was
used for all experiments. The cantilevers were functionalized with conA as described
in Section 3.3.2. Prior to cell attachment, the sensitivity was determined with one
force-distance curve and the abovementioned settings.

Biofunctionalization of Substrates

The functionalization of substrates was conducted similar to Section 3.3.2. However,
a fibronectin concentration of 20 pg/ml in bidest. water with an overnight incubation
at room temperature was used. To improve the cell attachment process, only 100 ul
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fibronectin solution was used to partially cover the petri dish (marked on the bottom
of the petri dish).

Cell Culture

Rat embryonic fibroblast cells (REF 52-wt) were cultured as described in Ap-
pendix B.3 in DMEM with 10 % FBS. Accutase™ (Sigma-Aldrich) was used for
cell detachment. Cells were seeded in 6-well plates for the experiments and resus-
pended in CO, independent medium (Gibco) directly before use.

Human embryonic kidney cells (HEK293T, courtesy of Dr. Kate Poole, University
of New South Wales, Sydney, Australia) were cultured at 37°C with 5 % carbon
dioxide content and passaged at 80-95 % confluency. For this purpose, the cells
were washed with PBS and incubated with Accutase™ (Sigma-Aldrich) for 1-2 min at
37°C. Then, the cell suspension was centrifuged at 200 g for 4 min. The supernatant
was removed and the cell pellet was resuspended with fresh medium. The medium
of the control cells (Piezol knock-out) was DMEM (Gibco) with 10 % FBS (Sigma-
Aldrich, F9423), 1 % Pen/Strep (Gibco) and 4 pg/ml blasticidin (10 mg/ml stock
solution, Sigma-Aldrich). The medium for the Piezol cells contained additional
100 pg/ml hygromycin (50 mg/ml stock solution, Carl Roth). The seeding densities
varied between 1:4 and 1:20 for culturing. The maximum passage was 15. For
experiments, 40,000-100,000 cells were seeded in 6-well plates and harvested with
600 pl EDTA (0.02 % in PBS, Sigma-Aldrich). The other steps remained the same
but the supernatant was resuspended with CO; independent medium (Gibco). The
Piezol cells required an induction with tetracycline (1.0 pg/ml in bidest. water,
Carl Roth) 4 h prior to cell harvest, which was conducted not later than 5 min after
the induction time ended.

AFM-based Modulation Experiments

A petri dish heater (JPK Instruments) was used to keep the temperature constantly
at 36°C. After the sensitivity of the cantilever was determined, 100 nl cell suspension
were added to the petri dish. The cantilever was placed directly above a suitable
cell and approached manually with 1 pm steps until contact with the cell. Then,
the cantilever was retracted several nm to guarantee that the cell was successfully
attached to the cantilever. 15 min incubation time ensured proper spreading on
the cantilever. For all experiments, a setpoint force of 0.5 nN, a cantilever ap-
proach and retract speed of 5 pm/s and a contact time of 5 s (REF 52-wt) or 3 s
(HEK293T) were used. Each cell was measured through three cycles, where one
cycle consisted of 20 force-distance curves without modulation (so-called “normal”)
and 20 force-distance curves with modulation (so-called “modulation”; i.e., detach-
ment measurement after modulation of the cell) or with additional force applied
(so-called “reference”). The modulation was controlled with a modulation segment
of the force ramp designer implemented in the AFM control software and oscilla-
tion frequencies of 1-10 Hz and amplitudes of 10 nm or 1000 nm were applied. A
maximum of 120 force-distance curves were recorded for each cell.
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Data Processing

Retract curves of the recorded force-distance curves were analyzed with the JPK
SPM data processing software (version 6.1.65, JPK Instruments). At first, the
baseline was corrected for tilt and offset. Then, the tip-sample separation and the
contact point were calculated. Afterwards, the curve minimum (i.e., detachment
force) and the area under the retract curve (i.e., detachment energy) were measured.
Additionally, the last rupture event (i.e., final step of the retract curve) was analyzed
for its step height (so-called last rupture force), step position as well as slope and
length of the plateau region prior to the rupture.

Origin 9.1G (OriginLab Corporation) or Python was used to create all graphs pre-
sented. The boxplots follow the convention described in Appendix B.2.

3.4.3 Establishment of AFM-based Oscillatory Manipula-
tions

The general idea of the project was the application of oscillatory pushing and pulling
on single cells to investigate the impact of different oscillation frequencies and ampli-
tudes on cell detachment. The AFM is an excellent tool to measure cell detachment
and navigation of cantilever movements via piezomotors permits a precise stimu-
lation. The force ramp designer implemented in the JPK control software allows
a free configuration of each individual experimental step (so-called segment). The
simplest set for normal cell detachment measurements would contain three segments:
approach, contact and retract.

I used the force ramp designer to implement a so-called modulation segment instead
of the contact segment. It is a preinstalled segment at the NanoWizard® 3 that
induces a cantilever oscillation at a defined frequency and amplitude for a defined
number of periods, which defines the duration of the oscillation (e.g., 5 periods at
1 Hz results in a 5 s oscillation during cell-substrate contact). However, a can-
tilever oscillation at a large z-range was not intended by JPK Instruments as it
may induce perturbations. Hence, the activation of the modulation segment at the
CellHesion® 200 was required to allow cantilever oscillation at large z-ranges (i.c.,
ca. 100 pm), which are necessary to measure whole cell detachments.

After the successful activation, I modulated single fibroblast cells with different
modulation frequencies and amplitudes (see Figure 3 in Appendix E). Since cell
detachment measured with AFM single cell force spectroscopy correlates with the
setpoint forces applied and the cantilever oscillation applies additional forces to
the cell, T checked force-time curves for the degree of additional forces during the
modulation segment. Figure 3.12 shows force-time curves for a) a pilot modulation
(10 nm, 1 Hz, 5 periods) and b) a normal measurement (0.5 nN, 5 s contact time).

After the setpoint force of 0.5 nN was reached (dashed line), the force applied
increased by a multiple of the setpoint force throughout the modulation segment
(see Figure 3.12 a)), which was not indented. To prove that the increased force was
specifically related to the modulation segment, Figure 3.12 b) shows an example
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Figure 3.12: Visualization of representative force-time curves. a) The representative
force-time curve for a pilot modulation with a 10 nm amplitude and 1 Hz frequency shows
that the force applied increased by a multiple of the setpoint force throughout the modulation
segment. This produced an unpredictable artifact of additional force applied resulting in a
larger contact area that was not intended and would have been difficult to interpret due to its
arbitrariness. b) The representative force-time curve of a normal measurement shows that the
force applied was steady at the setpoint force after an initial small increase.

force-time curve of a normal mode. Initially, the force exceeded the setpoint force
although it relaxed to the setpoint force after the first second of the contact phase.
Hence, the modulation segment presented induced an unpredictable artifact that
applied additional force to the cell resulting in a larger contact area. Contact area
and cell detachment correlate but this artifact produced rather arbitrary impacts
on the cell, which was not desired and would have been difficult to interpret. For
instance, the artifact was even more pronounced at modulation measurements with
1000 nm amplitude, where forces of more than 40 nN were reached during the
modulation (see Figure 4 in Appendix E).

Ultimately, I detected that the discontinuous movement of the cantilever during the
modulation segment was related to the z-closed loop. The z-closed loop corrects
for nonlinearity and hysteresis of the piezo that controls the cantilever movement.
The enabled z-closed loop led to complications during the establishment of AFM-
based shear, and to keep all AFM experiments consistent, I initially decided for
a disabled z-closed loop for all further experiments. However, I discovered that a
disabled z-closed loop hinders a reliable modulation segment, whereas the activation
of the z-closed loop made predictable modulations possible. Figure 3.13 a) shows a
representative force-time curve of a modulation with 1000 nm amplitude at 1 Hz.
The maximum force applied was constant at ca. 2 nN. Additionally, Figure 3.13 b)
shows that the desired amplitude of 1000 nm was applied steadily.

Since larger setpoint forces can have an impact on cell detachment (e.g., detachment
forces and energies) [205], a reference measurement that accounts for the additional
force applied during the modulation was necessary. For this purpose, I implemented
another approach segment in the force ramp designer that moved the cantilever the
same distance towards the substrate as the value of modulation amplitude. I decided
to keep the cantilever speed for the second approach at 5 pm/s. Hence, a holding
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Figure 3.13: Activation of the z-closed loop enables a predictable modulation. a)
The representative force-time curve shows a consistent force during the modulation segment
(1000 nm amplitude, 1 Hz frequency, 5 periods). b) The illustration of the amplitude applied

as a function of time shows a reliable application of the desired amplitude of 1000 nm. This
verifies a reliable and predictable modulation if the z-closed loop was enabled.

segment was required to keep the cell-substrate contact constant at 5 s in total.
For instance, reference measurements for a 1000 nm amplitude modulation applied
an additional 1000 nm distance to the cell during the contact phase, followed by a
4.8 s holding segment to keep the overall contact time consistent with the modula-
tion measurements. The examination of force-time curves revealed an initial force
increase during the second approach (see Figure 6 in Appendix F). Since additional
distance increases the force applied, this was partially expected. However, that the
force maximum applied was larger than the forces applied during modulations was
unexpected. Nevertheless, I decided for the exact additional distance and the con-
stant cantilever speed to keep these experimental parameters consistent throughout
the experiments.

3.4.4 Oscillatory Forces Affect the Initial Cell Adhesion of
Fibroblast Cells

After the successful implementation of predictable modulation segments, a single
fibroblast cell was attached to a functionalized cantilever and incubated for 15 min.
Then, a first cycle of normal detachment (no modulation) and modulation mea-
surements was conducted. At first, 20 force-distance curves were recorded without
modulation with a setpoint force of 0.5 nN and 5 nm/s for the speed of the cantilever
movement. Then, 20 force-distance curves were recorded with a modulation segment
with amplitudes of 10-1000 nm and modulation frequencies of 1-10 Hz. After fin-
ishing this first cycle, the whole process was repeated for two further cycles. The
cell-substrate contact time was kept at 5 s for all measurements. All force-distance
curves recorded were analyzed for the detachment force, energy and the last rupture
event including its force and position as well as length and slope of the plateau prior
to the last rupture event.
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The detachment energy (i.e., area under the retract curve of a force-distance curve)
represents the energy that is necessary to completely detach a cell from the substrate,
whereas the cell detachment force describes the force that is necessary to completely
detach the cell from the substrate. Figure 3.14 shows the mean detachment forces
for different modulation settings as a function of the modes (normal, modulation).
Each symbol represents the mean value of up to 20 force-distance curves analyzed
and the error bars indicate the standard deviations. Since the results of detachment
energies show a trend similar to the detachment forces shown below, the results are
shown in Figure 7 in Appendix F.
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Figure 3.14: Mean detachment forces as a function of the modes applied. Each symbol
shows the mean detachment force of up to 20 force-distance curves and the error bars denote
the standard deviations. Modulations with an amplitude of 1000 nm and frequencies of a)
1 Hz and b) 3 Hz show increased detachment forces for the modulation mode compared to
the normal mode. An overall positive impact of the modulation with 1000 nm was indicated
through the increased detachment forces after the third cycle compared to the values from
the first normal mode. c) Modulations with 10 nm amplitude may have a negative impact
on detachment forces since the mean detachment forces for the modulation modes were lower
than mean detachment forces determined from normal modes. However, it should be noted
that the number of cells successfully measured was limited to three cells in total. d) Since a
modulation with a certain amplitude applies additional force to the attached cell, which can
affect the detachment forces determined, a reference measurement was necessary to verify the
described observations. For this purpose, the modulation segment was exchanged with a second
approach segment. Here, a reference measurement with 1000 nm additional distance shows
distinctive increases in detachment forces for the reference modes in comparison to results of
the corresponding normal measurements. The impact of the reference measurements was more
pronounced than the impacts of 1000 nm modulations.
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Modulations with an amplitude of 1000 nm and frequencies of 1 Hz (see Fig-
ure 3.14 a)) or 3 Hz (b)) resulted in increased detachment forces compared to normal
measurements. Since an overall shift (i.e., comparison first normal to third mod-
ulation mode) towards larger detachment forces was visible for both modulation
frequencies, enhanced cell detachment can be suggested. The results from mod-
ulations with a 10 nm amplitude, on the other hand, show that such modulations
decrease the detachment forces (see Figure 3.14 ¢)). I assume that small modulation
amplitudes had an adverse impact on cell detachment. It should be noted that only
one cell was measured at 1 Hz and two cells at 10 Hz. However, all three cells show
a similar trend for the mean detachment forces.

Since the force applied affects the detachment forces determined [205], a reference
measurement was necessary to verify the observations. For this purpose, the modu-
lation segment was exchanged with a segment to approach with a predefined distance
(so-called reference mode, see further details in Section 3.4.3). Figure 3.14 d) shows
the mean detachment forces for a reference measurement with 1000 nm additional
distance. A prominent increase in detachment forces was detected for the reference
mode in comparison to results of the normal measurements. The larger forces ap-
plied during reference measurements compared to modulation measurements may
explain the larger increase in detachment forces. This is supported by the results
of cell 3 of the reference measurement, where the forces applied were in a similar
range during the reference measurement than forces applied during modulation mea-
surements (1000 nm, 1 Hz) and the detachment forces determined showed similar
increases as observed for modulation measurements.

The analysis of the last rupture event can provide insight into the characteristics of
single bonds. This permits the correlation of changed detachment forces to single
bond specifics. For this purpose, the last rupture event was analyzed for its step
height (i.e., the force necessary to rupture the bond), its step position (i.e., the
distance at which the bond ruptures) and the length and slope of the plateau region
prior to the last rupture event. The results of last rupture force (Figure 8 a)-d)) and
the plateau length (Figure 8 e)-h)) are shown in Appendix F. I suggest no distinctive
difference between normal and modulation measurements as well as between different
modulation settings.

Figure 3.15 shows the absolute frequency of step positions determined for 1000 nm
modulation amplitudes at a) 1 Hz and b) 3 Hz as well as for ¢) 10 nm modulation
amplitudes at 10 Hz and d) 1000 nm reference measurements. The step positions
determined for normal (black) and modulation (turquoise) or reference (orange)
measurements were combined for all cycles. The insets show the distributions of the
step positions for normal (black) and modulation (turquoise) or reference (orange)
measurements. The boxplots and significance levels follow the convention described
in Appendix B.2.

Modulations with an amplitude of 1000 nm show a significant shift towards larger
step positions for both modulation frequencies. Modulations with 10 nm and 10 Hz,
on the other hand, show a shift towards lower step positions at a significance level of
0.05. Since the step position is a measure for the bond lifetime, larger values reflect
an increased duration until full cell detachment. The observations about shifted
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Figure 3.15: Probability distributions of the step positions. Each graph shows the fre-
quency of all step positions determined for normal (black) and modulation (blue) or reference
(orange) measurements. The insets show the distributions of step positions with significance
levels of * p < 0.05 and ***p < 0.001 or no significant difference (n.s.) at p < 0.05. Modula-
tions with an amplitude of 1000 nm and frequencies of a) 1 Hz and b) 3 Hz show a significant
shift towards larger step positions. c¢) Modulations with 10 nm at 10 Hz (measurement of
two cells) show a shift towards lower step positions (significance level of 0.05). d) Reference
measurements with 1000 nm additional distance show no significant (n.s.) difference between
normal and reference measurements. Hence, the modulation with 1000 nm amplitude has
an impact on step position that was not observed for the reference measurements although
a prominent increase of detachment forces was detected for both 1000 nm modulation and
reference measurements. Additionally, the results of modulation measurements with 10 nm
suggest an adverse impact on cell detachment.

step positions support the previous conclusions that modulations with 1000 nm
amplitudes enhanced cell detachment, whereas modulations with small amplitudes
impaired cell detachment. Additionally, reference measurements with 1000 nm ad-
ditional distance show no significant (n.s.) difference between normal and reference
measurements. Hence, the modulation with 1000 nm amplitude has an impact
on step position that was not observed for the reference measurements although
a prominent increase of detachment forces was detected for both 1000 nm modu-
lation and reference measurements. It is conceivable that modulations with large
amplitudes result in a modulation-dependent activation of the cell membrane and I
conclude that increased cell detachment was related to a combination of additional
force applied and a modulation with a defined frequency.

In addition to the last rupture characteristics, I analyzed the plateau region prior to
the last rupture event (see Figure 8 e)-h)) in Appendix F). The slope of the plateau
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region can provide insights into the receptor-cytoskeleton connection. A negative
slope indicates a tight connection to the actin cytoskeleton, whereas a horizontal
plateau (slope close to zero) indicates the extraction of membrane tethers, which
impedes bond rupture. Figure 3.16 shows the probability densities of slopes of the
plateau region determined as a function of step positions measured. Each symbol
shows the plateau slope determined prior to a last rupture event correlated to its
step position for normal (black squares), modulation (turquoise diamonds or light
turquoise stars) and reference (orange upward-pointing triangles) measurements.
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Figure 3.16: Probability density of slopes of the plateau region determined prior to
the last rupture event as a function of step positions measured. Each symbol shows the
plateau slope determined prior to a last rupture event correlated to its step position for normal
(black squares), modulation (turquoise diamonds or light turquoise stars) and reference (or-
ange upward-pointing triangles) measurements. a) Modulations with 1000 nm at 1 Hz showed
a similar probability density compared to normal measurements but a shift towards larger step
positions. Most plateau slopes were around zero, which indicates tether formation. Negative
slopes were detected at lower positions for both normal and modulation measurements. b)
Modulations with 1000 nm at 3 Hz reduced the occurrence of positive and negative slopes,
which suggests increased tether formation. c¢) Modulations with 10 nm showed no distinctive
difference to normal measurements for both frequencies. d) Reference measurements showed a
slight reduction of negative slopes, which indicates reduced connection to the actin cytoskele-

ton.

Modulations with 1000 nm at 1 Hz showed a similar probability density compared to
normal measurements but a shift towards larger step positions (see Figure 3.16 a)).
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Most plateau slopes were around zero, which indicates tether formation. Nega-
tive slopes were detected at lower step positions for both normal and modulation
measurements. Figure 3.16 b) shows the results of modulations with 1000 nm at
3 Hz. A modulation reduced the number of negative slopes, which suggests a higher
rate of tether formation. For modulations with 10 nm, no distinctive difference to
normal measurements was detected for both frequencies (see Figure 3.16 c)). Refer-
ence measurements seem to slightly reduce the connection to the actin cytoskeleton
indicated by a reduction of negative slopes (see Figure 3.16 d)).

Since the reference measurements showed a similar or larger impact on detachment
forces and energies than the modulation measurements, I propose a strong effect
of the additional force applied to a cell. However, no significant impact of the ref-
erence measurement on step positions was detected, which indicates an underlying
mechanism that relies on the modulation amplitude and frequency. A frequency of
1 Hz is a physiological relevant stimulus [220] and it seems that a slightly larger
frequency up to 3 Hz still has a positive impact on cell detachment. However, I
suggest a slight decrease of connection to actin indicated by a reduction of negative
plateau slopes for 3 Hz modulations compared to 1 Hz modulations. The combi-
nation of a small modulation amplitude and a large modulation frequency, on the
other hand, damaged the cells measured and prevented a recovery during normal
measurements. This agrees well with the work of Heitmann et al. which shows that
certain amplitudes of a surface limit cell adhesion [169].

The underlying mechanism that induces increased cell detachment upon modulation
might include integrins that act as catch bonds or other proteins integrated in the
adhesion cluster (e.g., talin or vinculin) [217]. Talin unfolding is known to open up
additional binding sites that can stabilize cell adhesion and can favor a growth of
focal adhesions [12], [47], [50]. Also, modulation of a cell may start an internal cell
reaction to start allosteric regulations [46] or the cell membrane might be activated
through the modulation that may lead to integrin recruitment [20]. In addition,
mechanosensitive ion channels could play a significant role in explaining the obser-
vations. For instance, Piezol opens upon cell indentation [51]. I propose that the
modulation presented here can trigger the opening of ion channels to adapt cell
detachment. Still, a combination of the abovementioned explanations is plausible.

3.4.5 Adjustment of the Manipulation System Presented to
Investigate Mechanosensitive Ion Channels

Since mechanosensitive ion channels, such as Piezol, are a relevant candidate to
explain the impact of modulation measurements on cell detachment, the next step
towards a comprehensive study of modulation measurements, was the investigation
of the aforementioned ion channel. Piezol plays an essential role in cancer formation
and metastatic behavior [65] and is important in inflammatory processes of the im-
mune system [66]. Modified human embryonic kidney cells (HEK293T, provided by
my collaboration partner Dr. Kate Poole) were used in the described experimental
setup. To interpret results with regard to Piezol, two cell types were measured:
one with Piezol to investigate the role of the ion channel (so-called “Piezol”) and
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one without Piezol (so-called “control”) as a base level for the modulation measure-
ments.

The established system to measure and modulate fibroblast cells employed a contact
time of 5 s. The same contact time resulted in successful measurements of the
control line. However, initial measurements of Piezol cells revealed incomplete cell
detachment within the available 100 pm range of the AFM setup. Since the available
time during cell-substrate contact (i.e., contact time) has an impact on the cell
detachment [8], [109], a reduction of the contact time was necessary to achieve
full cell detachment. The maximum meaningful modulation frequency was 2 Hz as
higher frequencies may prevent a relaxation of the Piezol channel (reaction time of
Piezol is on a millisecond timescale [61]).

Modulations with 10 nm amplitudes affected the detachment of fibroblast cells little
and/or adversely. Initial measurements of HEK293T cells supported these findings.

Hence, modulation amplitudes of 1000 nm were chosen for further measurements of
HEK293T cells.

3.4.6 Preliminary Manipulation Measurements Indicate the
Importance of Piezol

After the successful adjustment of the experimental setup, single HEK293T cells
were measured through three cycles of normal and modulation or reference modes.
The procedure was the same as previously described (see Section 3.4.4). Briefly, one
cycle consisted of 20 normal force-distance curves and 20 manipulated (either mod-
ulation or reference) force-distance curves. The experimental details were 0.5 nN
setpoint force, 5 pm/s as cantilever speed, 3 s contact time and modulation set-
tings of 1000 nm at 2 Hz. The force-distance curves recorded were analyzed for
the detachment force, detachment energy, last rupture force and step position as
well as length and slope of the plateau region prior to the last rupture event. Fig-
ure 3.17 shows the distributions of detachment forces for single cell measurements
with the convention described in Appendix B.2. Normal measurements are labeled
with black, modulation measurements are labeled in blue colors (light blue: Control
cell, dark blue: Piezol cell) and reference measurements are labeled in orange colors
(light orange: Control cell, orange: Piezol cell).

The distributions and mean values of the detachment force showed no distinctive dif-
ferences or any trend throughout the cycles for the control cell (see Figure 3.17 a)).
Modulations of the Piezol cell resulted in a slight increase of mean detachment
forces compared to detachment forces of normal measurements and a slight overall
increase of detachment forces can be speculated (see Figure 3.17 b)). Reference
measurements for both the control and Piezol cell showed pronounced increases of
mean values and distributions of detachment forces. However, the reference measure-
ments showed a reversible effect on the detachment forces determined (i.e., values
for normal measurements stayed on the same base level). Additionally, the refer-
ence measurement of the Piezol cell indicated an overall positive impact on the
cell detachment. Still, it is important to note that these graphs show only results
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from measurements of single cells and cell variability exists that may affect the out-
come and observations of the measurements. The results of detachment energies fit

well with the abovementioned observations of detachment forces (see Figure 9 in
Appendix G).
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Figure 3.17: Distributions of detachment forces as a function of the modes applied.
Each graph shows the results of a single cell measurement. Normal measurements are labeled
with black, modulation measurements are labeled in blue colors (light blue: Control cell, dark
blue: Piezol cell) and reference measurements are labeled in orange colors (light orange: Con-
trol cell, orange: Piezol cell). a) Modulations of a control cell showed no distinctive difference
or trend throughout the cycles. b) Modulations of a Piezol cell showed a slight increase of
mean values of detachment forces compared to detachment forces of normal measurements.
Additionally, a slight overall increase of detachment forces during modulations was visible.
c) Reference measurements of a control cell showed a reversible prominent increase of mean
detachment forces. A clear difference between the distributions of normal and reference mea-
surements was visible. d) Reference measurements of a Piezol cell showed a striking increase
of mean detachment forces compared to detachment forces of normal measurements. In ad-
dition, an overall increase of the distributions during reference modes was detected. These
observations suggest a slight impact of modulations on Piezol cells and a distinctive impact of
additional distance (i.e., force) on control and Piezol cells. Additionally, reference measure-
ments may affect Piezol cells persistently. It is important to note that further measurements
are required to verify these observations.

Figure 3.18 shows the plateau slopes determined as a function of step positions
combined for all cycles of the single cell measurements. Each symbol shows the
plateau slope determined prior to a last rupture event correlated to its step position.
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Normal measurements are displayed by black squares, modulation measurements are
displayed by light blue (control) or dark blue (Piezol) diamonds, whereas reference
measurements are indicated by light orange (control) or orange (Piezol) upward-
pointing triangles.
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Figure 3.18: Probability density of slopes of the plateau region determined prior to
the last rupture event as a function of step positions measured. Each symbol shows the
plateau slope determined prior to a last rupture event correlated to its step position for normal
(black squares), modulation (light blue diamonds for the control cell or dark blue diamonds
for the Piezol cell) and reference (light orange upward-pointing triangles for the control cell or
orange upward-pointing triangles for the Piezol cell) measurements. The majority of plateau
slopes determined was approximately zero, which indicates tether formations. a) Modulations
of a control cell showed a similar probability density compared to normal measurements. Still,
a slight decrease of step positions was determined at a significance of 0.05 (see Figure 10 a)
in Appendix G). b) Modulations of a Piezol cell shifted the probability density towards larger
step positions. c¢) Reference measurements of a control cell shifted the probability density
towards larger step positions similar to modulations of a Piezol cell. Both shifts towards larger
step positions showed a significance level of 0.001 (see Figure 10 b) and c) in Appendix G).
d) Reference measurements of a Piezol cell showed no prominent difference to normal mea-
surements (see Figure 10 d) in Appendix G). These observations suggest that the impact of
the modulation is specific for the Piezol. However, the reference measurement enables the
induction of a similar impact for the control cell.
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Modulations of a control cell showed no distinctive impact on the probability density
compared to normal measurements (see Figure 3.18 a)). However, a slight decrease
of step positions was determined at a significance of 0.05 (see Figure 10 a) in Ap-
pendix G). Modulations of a Piezol cell shifted the probability density towards larger
step positions (see Figure 3.18 b)). Reference measurements of a control cell shifted
the probability density towards larger step positions similar to modulations of a
Piezol cell. Both shifts towards larger step positions showed a significance level of
0.001 (see Figure 10 b) and c¢) in Appendix G). Reference measurements of a Piezol
cell showed no significant difference to normal measurements (see Figure 10 d) in Ap-
pendix G). These observations suggest that the impact of the modulation is specific
for the Piezol. However, the reference measurement showed a similar impact for the
control cell. The last rupture forces showed no clear variations, except for the mod-
ulated Piezol cell (see Figure 11 a)-d) in Appendix G). I propose a slight decrease of
the last rupture forces due to modulations. The plateau lengths determined showed
slight variations between cell type and/or throughout the measurement cycles, but
it was not possible to suggest a clear trend of the parameter (see Figure 11 e)-h) in
Appendix G).

Since these measurements depict single cell measurements, the depth of interpre-
tation is limited by cell variability. Still, the initial results indicate a difference
between the control and the Piezol cell line. It seems that the modulation has no
impact on the control line, whereas increases cell detachment if Piezol is present.
A similar effect can be triggered by applying additional force to a control cell.

3.4.7 Conclusion

In the body, mechanical signals regulate cells and their behavior. For instance, blood
pressure controls blood vessel wall stretching [12], certain blood flow patterns can
promote atherosclerosis and thrombosis [193] or mechanical loads can adjust bone
mass in bone tissue (e.g., bone mass formation upon continuous exercise) [213].
Understanding the diversity of cell responses to external cues is vital for medical
purposes and will be beneficial for medical applications (e.g., tissue engineering,
implant design) [163]. Yet, detailed understanding of the impact of oscillatory forces
on initial cell adhesion of single cells and single bond strengths is lacking.

Here, I presented a system applying oscillatory forces to single cells attached to
an AFM cantilever and a subsequent measurement of cell detachment. For this
purpose, the cantilever was modulated with a defined modulation amplitude and
frequency during cell-substrate contact. At first, I modulated fibroblast cells with
amplitudes of 10 nm or 1000 nm and frequencies of 1-10 Hz. I showed that large
amplitudes increase the cell detachment determined (force and energy) independent
of the frequency applied, whereas modulations with small amplitudes of 10 nm
seemed to be harmful since cell detachment decreased. Reference measurements
that accounted for the additional force applied during the modulation phase also
showed strongly increased cell detachment.

The last rupture event can provide information on single bond dynamics. I pro-
pose no distinctive difference between normal and modulation measurements and
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between different modulation settings for the last rupture force and plateau length,
whereas significant differences were observed for the step position (i.e., position at
which the bond ruptures). Large modulation amplitudes significantly shifted the
step positions determined to larger values, whereas small amplitudes slightly shifted
the step positions towards lower values. This supports the suggestion that small am-
plitudes are harmful and/or exhausting for cells. Although reference measurements
increased cell detachment, the step positions determined showed no significant dif-
ference between normal and reference measurements. This suggests an impact of
the modulation on both whole cell detachment and single bonds, whereas additional
forces applied affect only whole cell detachment. A correlation of step positions
and plateau slopes showed that a 1000 nm amplitude at 3 Hz reduced the number
of negative slopes, which indicates increased tether formation. This was detected
for reference measurements as well but much less pronounced, which indicates a
combined effect of modulation and additional force applied for plateau slopes.

From these results, I propose a strong effect of additional force applied to a cell.
Since no significant impact of the reference measurement on step positions was
detected, I conclude that an underlying mechanism exists that relies on the mod-
ulation amplitude and frequency. Plausible candidates include integrins acting as
catch bonds, other proteins of the adhesion complex like talin or vinculin and/or
mechanosensitive ion channels. In addition, the modulation may activate the cell
membrane leading to integrin recruitment, which can also impede cell detachment.

Since mechanosensitive ion channels, such as Piezol, are highly relevant to ensure
a comprehensive study of the impact of the modulation system presented, the ex-
perimental parameters were modified permitting the investigation of the impact
of modulations on modified human embryonic kidney cells (HEK293T). HEK293T
cells with the mechanosensitive ion channel Piezol and HEK293T without Piezol as
control were modulated with 1000 nm amplitude at 2 Hz. Initial results showed no
impact of the modulation on the control cell but slightly increased cell detachment
for a Piezol cell. However, the reference measurement of a control cell showed a
distinctive impact of additional force on cell detachment, which was also observed
for a Piezol cell. In addition, an overall increase of cell detachment was visible for
the Piezol cell, which was not detected for the control cell. As these were only
single cell measurements and cell variability can have a significant impact, these
observations are stated with caution. Correlations of step positions and plateau
slopes showed a majority of tethers (i.e., zero slopes). Modulations of the Piezol
cell or reference measurements of the control cell shifted the values of step positions
towards larger values compared to normal measurements. This suggests that the
modulation is specific for Piezol cells, while reference measurements (i.e., additional
force applied) may have a similar impact as Piezol modulation measurements, also
for control cells.

For future measurements, I recommend using staining techniques to visualize adhe-
sion proteins or the actin cytoskeleton to investigate their role in the modulation
experiments presented. Alternatively, the use of chemicals that block the actin cy-
toskeleton would be beneficial for a comprehensive study. For instance, the inhibitor
cyto-D can disrupt actin polymerization and can eliminate stress fibers [213]. An-
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other possible chemical is blebbistatin, which affects cell contractility due to inhibi-
tion of non-muscle myosin II [213]. The combination of the AFM-based modulation
system presented with imaging of Ca®" flickers as described by Pathak et al. and/or
Ellefsen et al. could allow a precise correlation of Piezol activity and cell detach-
ment [40], [221]. Also, the investigation of the exact contact area via total internal
reflection fluorescence microscopy would allow a more detailed understanding of
mechanotransduction.

Ultimately, a comprehensive study of the impact of modulations with different am-
plitudes and frequencies will help in treating diseases and developing new implant
materials. A promising strategy would be to waken cancer dormancy and a consec-
utive targeted treatment of cancer cells to improve cancer treatment.
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Chapter 4

Conclusion

In the first part of my thesis, I described how conventional AFM-based microinden-
tation lacks consistency and comparability. However, mechanotransduction studies
depend not only on producing materials with defined material properties but more-
over on reliable and feasible techniques for quantitatively measuring properties of a
given material. I demonstrated a new and versatile strategy towards reliable AFM-
based microindentation measurements of soft materials by developing a MATLAB
algorithm that iteratively fits the Hertz model to indentation data. By this means, a
value for the Young’s modulus with minimized fitting error is automatically detected
in a region where it is independent of the indentation depth. This ensures a quan-
titative and reproducible determination of Young’s moduli, even for huge data sets.
In a second step, I demonstrated the impact of various experimental parameters on
the outcome of AFM-based microindentations. This proved both the necessity and
applicability of our newly developed algorithm. I proposed a detailed strategy for
implementing microindentation measurements of a given material. In addition, I
showed that our algorithm is capable of recording elasticity maps and allows the
determination of Young’s moduli on a spatial scale similar to cell interactions. This
will permit a more comprehensive study of elastic properties of soft biomaterials
that also includes material inhomogeneity at the nano- and/or microscale.

In the second part of my thesis, I followed three approaches to affect cells and
their behavior: To begin with, I investigated the impact of layer thickness on cell
morphology. In a second approach, I adapted our existing AFM towards a unique
AFM-based shear system and finally, I established an AFM-based modulation sys-
tem for applying oscillatory forces to single cells.

Based on previous research, I designed an experimental setup to investigate the im-
pact of layer thickness on cell morphology. I showed that cell circularity in addition
to the cell spreading area usually used is a crucial cell parameter to describe alter-
ations of cell behavior. I propose that a layer thickness sensing threshold of fibroblast
cells exists independent of the substrate stiffness used, whereas fibrosarcoma cells
showed no clear trend for a thickness sensing threshold. This emphasizes the need
for investigating cell behavior correlated to the in vivo situation and/or possible ap-
plication fields. A further study could focus on investigating the thickness sensing
threshold of healthy brain cells to aid developing implant coatings that match the
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natural elasticity of brain tissue and reduce the risk of implant complications, such
as scar formations that alter signal transduction. The correlation of traction forces
to the thickness sensing threshold will enable a more comprehensive understanding
of mechanotransduction and may pave the way towards novel applications fields
(e.g., smart brain-computer interfaces [222]).

AFM single cell force spectroscopy is a versatile tool for analyzing initial cell ad-
hesion and single bond ruptures under physiological conditions. 1 enabled stage
movement during cell-substrate contact permitting the application of defined shear
to a single cell that is attached to the cantilever. I showed how different shear dis-
tances affected both whole cell detachment and single bond ruptures of fibroblast
cells. To my knowledge, such a shear system is unique and can easily be adjusted
for investigating other cell types. More comprehensive understanding of how shear
impacts cells is of medical interest. For instance, vascular functionality highly de-
pends on normal shear conditions. In addition to a setup applying unidirectional
shear, I installed a high precision stage to establish bidirectional shear measure-
ments. In the future, this setup will allow correlating the influences of varying shear
distances applied at different frequencies on whole cell detachment and single bond
ruptures. Thus, having a broad scope for medical applications, such as treatment of
atherosclerosis and development of new implant materials and/or designs, and/or
for fundamental research building an overarching understanding of mechanotrans-
duction.

In a final step of my thesis, I followed an approach to apply oscillatory pushing
and pulling on the microscale. Such oscillatory mechanical loading is essential in
many parts of our body. For instance, our body adjusts bone mass according to the
level of loading experienced. I developed an AFM-based modulation system that
facilitates cantilever oscillation with controlled amplitudes at defined frequencies
during cell-substrate contact and a subsequent measurement of whole cell detach-
ment. Although, reference measurements that accounted for additional force applied
during the modulation showed similar, positive effects to whole cell detachment, I
revealed that shifts of the positions at which the last rupture event occurs were
solely affected by modulation measurements with large amplitudes. This suggests
an inherent mechanism that rather stems from the oscillatory stimulus than the
pushing forces alone. In addition to integrins, mechanosensitive ion channels, such
as Piezol, are a great candidate to explain this inherent mechanism. Hence, I ad-
justed the experimental setup to apply AFM-based modulations to modified human
embryonic kidney cells with and without Piezol. Preliminary results supported the
idea that Piezol is crucial for the inherent mechanism of detecting the modulation
applied. The modulation system presented offers a great strategy to investigate
mechanotransduction, which will help treating diseases and developing new implant
materials and/or designs that precisely match the in vivo situation.

The studies shown in this thesis can be another step towards new and smart appli-
cation fields. In the future, it might be realistic to ensure cell adhesion on demand
through a smart implant device stimulating cells in specific and controlled situations.
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Appendix

A Abbreviations and Symbols

T I I

dmaz

drupture

E

E-d curve

Sy Y o e

bond

Table 1: Symbols

squared sum of the fitting residuals

strain

Poisson’s ratio

radius of the contact area between a surface and an indenter
cell spreading area

cell circularity

distance value at the contact point
indentation depth

distance value at maximum indentation force
distance value of a bond rupture

Young’s modulus

Young’s modulus as a function of indentation depth
arbitrary function

setpoint force or indentation force

spring constant

perimeter of a cell

loading rate

radius of an indenter

time

bond lifetime

pulling speed
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A Abbreviations and Symbols

AFM
a-NHS
APS

CAM
conA
DNA
DMEM
DMT model
ECM
EDTA
FBS
HEK293
HEK293T
HEPES
HT1080
JKR model
LUVI-TFM
Mod.
NaOHC02
NaOH
NIH-3T3
Norm.

n.s.

PAM

PBS

PDL
PDMS
Pen/Strep
PLL
PLL-PEG
Ref.

REF 52-wt
SAW
SCFS
TAO

TFM
TIRFM
TEMED

Table 2: Abbreviations

atomic force microscope or atomic force microscopy
acrylic acid N-hydroxysuccimide ester
ammonium persulfate

cell adhesion molecule

concanavalin A

deoxyribonucleic acid

Dulbecco’s Modified Eagle’s Medium
Derjaguin-Muller-Toropov model

extracellular matrix

ethylenediaminetetraacetic acid

fetal bovine serum

human embryonic kidney cells

modified human embryonic kidney cells
2-[4-(2-Hydroxyethyl)piperazin-1-yl]ethane-1-sulfonic acid
fibrosarcoma cells

Johnson-Kendall-Roberts model

local UV illumination traction force microscopy
modulation mode/measurement

sodium bicarbonate

sodium hydroxide

fibroblast cell line

normal mode/measurement

not significant or no significance
polyacrylamide

phosphate buffer saline

poly-D-lysine

polydimethylsiloxane

penicillin streptomycin

poly-L-lysine

poly-L-lysine-poly(ethylene glycol)

reference mode/measurement

rat embryonic fibroblast cells wild type

surface acoustic wave

single cell force spectroscopy

tip assisted optics module

traction force microscope or traction force microscopy
total internal reflection fluorescence microscopy
N, N, N', N'-tetramethylethylenediamine
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B Materials and Methods

B Materials and Methods

B.1 AFM Setups
B.1.1 CellHesion® 200 setup (CH200)

The CellHesion® 200 setup was mounted on an IX73 inverted microscope (Olympus
Deutschland GmbH) equipped with a Progress MF cool camera (Jenoptik) and a
motorized precision stage (JPK Instruments) with a travel range of 20 - 20 mm?.
The system was controlled with the JPK control software (latest version 6.1.72, JPK
Instruments).

B.1.2 NanoWizard® 3 setup

The NanoWizard® 3 setup was mounted on an IX71 inverted microscope (Olympus
Deutschland GmbH) equipped with a Progress MF cool camera (Jenoptik) and
either a manual stage (JPK Instruments) or a tip assisted optics module (TAO, JPK
Instruments) with a travel range of 100 - 100 ym? range with nanometer precision.
The system was controlled with the JPK control software (latest version 4.3.5, JPK
Instruments).

B.2 Convention of boxplots and significance levels

The convention of all boxplots presented is as follows: A box shows 25-75 % of
a value determined, the square shows the mean value, the horizontal line gives the
median, the crosses present the minimum and maximum of the distribution, whereas
the whiskers represent outliers.

The convention of the significance levels determined with a student’s t-test is as
follows: * p < 0.05, *** p < 0.001 or not significant (n.s.) at p < 0.05.

B.3 Cell Culture of REF 52-wt and HT1080

Rat embryonic fibroblast (REF 52-wt) or fibrosarcoma (HT'1080) cells were cultured
at 37°C with 5 % carbon dioxide content and passaged at 70-90 % confluency. For
this purpose, the cells were washed with phosphate buffered saline (PBS, 1 %) and
incubated either with a 0.05 % Trypsin/0.02 % EDTA solution (Sigma-Aldrich)
or Accutase™ (Sigma-Aldrich) for 5 min at 37°C. Then, the cell suspension was
centrifuged at 800 g for 4 min. The supernatant was removed and the cell pellet was
resuspended with fresh medium. The seeding densities varied between 1:2 and 1:40
for culturing or 5,000-30,000 cells per well for experiments. More details are shown
in the corresponding sections.
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C Determination of Young’s Moduli of Bulk Polyacrylamide

C Determination of Young’s Moduli of Bulk Poly-
acrylamide

Bulk PAM samples produced in 4 mm Teflon™ molds were indented with a home-
built indenter system previously reported in [94] after 48 h swelling in bidest. water.
10 indentation curves were recorded at 3 sample positions. The indenter radius
was 3 mm, the speed was 0.5 mm/s and the indentation depth was 1 mm. The
indentation curves were analyzed with our newly developed MATLAB algorithm.
Figure 1 shows the distribution of Young’s moduli determined, where each box
represents 25-75 % of Young’s moduli, the square shows mean Young’s moduli, the
horizontal line gives the median, the crosses present the smallest and highest Young’s
modulus, respectively, whereas the whiskers represent outliers. A bis-acrylamide
concentration of 5 % refers to “soft”, whereas 18 % displays “stiff” samples.

225-
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Figure 1: Distribution of Young’s moduli measured with a home-built indenter system.
Our newly developed MATLAB algorithm was used to analyze the indentation data. “Soft”
samples have a mean Young's modulus of ca. 23 kPa, whereas “stiff’ samples have a mean
Young's modulus of ca. 175 kPa. This covers a reasonable range of tissue stiffnesses.
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D Supporting Information for AFM-based Shear Measurements of Single
Fibroblast Cells

D Supporting Information for AFM-based Shear
Measurements of Single Fibroblast Cells
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Figure 2: Supporting/Additional data from AFM-based shear with shear distances of
5 pm (left column) and 9 pm (right column). The determined last rupture forces decreased
significantly for shear distances of a) 5 pm and b) 9 pm compared to last rupture forces of
normal measurements (significance levels of * p < 0.05 or *** p < 0.001). c) Shear distances
of 5 ym mostly increased the detachment forces compared to detachment forces for normal
measurements, whereas shear distances of d) 9 pm resulted in decreased detachment forces.
In addition, an overall negative, harmful impact of large shear distances can be suggested. The
results of the detachment energies for shear distances of €) 5 pm and f) 9 ym followed the
same trends of the detachment forces.
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E Supporting Information for Pilot Oscillatory Manipulations

E Supporting Information for Pilot Oscillatory
Manipulations

Figure 3 shows results of pilot oscillatory experiments with a 10 nm amplitude at a)
1 Hz and b) 10 Hz. Each box represents 25-75 % of detachment forces determined
from up to 20 force-distance curves, the square shows mean detachment forces,
the horizontal line gives the median, the crosses present the smallest and highest
detachment force, respectively, whereas the whiskers represent outliers. At first,
20 force-distance curves were measured without modulation (i.e., normal detachment
measurement, labeled in black) followed by the measurement of 20 force-distance
curves with modulation (labeled in light turquoise). After this first cycle, two further
measurement cycles with the same experimental setup were conducted.

a) 1 Hz b) 10 Hz
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Figure 3: Distributions of detachment forces for two modulation frequencies as a
function of normal and modulation modes. Comparison of distributions of detachment
forces measured for modulations with 10 nm amplitudes at frequencies of a) 1 Hz and b)
10 Hz. The pilot tests of modulation show a huge increase of detachment forces for modulation
modes, which is more pronounced at 1 Hz. Since the detachment forces determined slightly
decreased for normal modes after the first cycle, it is likely that the modulation was exhausting
for the cells.

For both modulation frequencies, the detachment forces show a noticeable shift
towards larger values as response to a modulation. This is less pronounced for 10 Hz.
However, the detachment forces for normal modes slightly decrease after the first
cycle, which indicates that the modulation is exhausting for the cells. Checking the
progress of force-time curve during the modulation revealed a drastic, unpredictable
artifact of the modulation segment that was even more pronounced for a modulation
amplitude of 1000 nm, where forces above 40 nN were observed (see Figure 4). Since
the setpoint force applied to a cell correlates with detachment forces determined,
it is reasonable that the observed increased detachment forces were related to the
huge increase of force rather than a successful cell modulation.

Thus, I developed an alternative method for applying oscillatory pushing and pulling.
Since I used the force ramp designer to implement consecutively down and up move-
ments of the cantilever in z-direction, I called this method a “z-stimulation”. A
sketch of the consecutive down and up movements during cell-substrate contact is
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E Supporting Information for Pilot Oscillatory Manipulations
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Figure 4: Force-time curve of a pilot modulation showed an unpredictable increase
of applied force during the modulation segment. A pilot modulation with a modulation
amplitude of 1000 nm at 1 Hz resulted in forces additionally applied above 40 nN.

visualized in Figure 5 a). However, the maximum number of segments was 40 lim-
iting the number of possible periods, distances and speeds for the down and up
movement and a reduction of the contact time to 1 s was necessary. In addition, it
was rather a gradual down and up movement of the cantilever than an oscillation
of the cantilever, which was originally planned. I conducted example measurements
with distances of 10-1000 nm with speeds of 0.4-5 pm/s and 2.5-20 repetitions. The
results are shown in Figure 5, where b) shows the detachment forces determined from
three cells measured with 10 nm distance, 0.4 pm/s and 20 repetitions, whereas c)
shows single cell measurements of distances between 100-1000 nm. Since most of
the mean detachment forces determined decrease during a stimulation, I conclude
that z-stimulation experiments had no or an adverse impact on cell detachment.
Hence, at first glance, the z-stimulation method seems to be an alternative to un-
predictable modulation measurements, however, I do not recommend to follow this
approach further.
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F Supporting Information for Pilot Oscillatory Manipulations

a) Down and up movements during cell-substrate contact
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Figure 5: Preliminary results of z-stimulation experiments. a) The cantilever was con-
secutively moved down and up during cell-substrate contact. b) Mean detachment forces
determined during preliminary z-stimulation measurements with 10 nm, 0.4 pym/s, 20 repeti-
tions show no or adverse effects of the stimulation (except cell 3 during the last cycle). c)
Mean detachment forces determined during single cell measurements with distances of 100-
1000 nm, 4-5 pm/s speeds and up to 20 repetitions show that the z-stimulation seems to be
rather harmful to the cells.
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F Supporting Information for Manipulations of Fibroblast Cells with Oscillatory
Forces

F Supporting Information for Manipulations of
Fibroblast Cells with Oscillatory Forces
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Figure 6: Force-time curve of a reference measurement for modulations with 1000 nm
amplitudes. After the initial approach to 0.5 nN, a second approach accounted for the
1000 nm additional distance during modulation measurements. This resulted in a pronounced
force increase, which was partially expected. However, that the maximum applied force was
larger than the applied forces during modulations was unexpected.
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F Supporting Information for Manipulations of Fibroblast Cells with Oscillatory
Forces

a) 4, 1000 nm @ 1 Hz b) ., 1000 nm @ 3 Hz
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Figure 7: Mean detachment energies as a function of the applied modes. Each symbol
shows the mean detachment energy of up to 20 force-distance curves and the error bars denote
the standard deviations. The results of detachment energies showed a similar trend than the
detachment forces presented in Section 3.4.4. Modulations with an amplitude of 1000 nm and
frequencies of a) 1 Hz and b) 3 Hz mostly increased detachment energies for a modulation
compared to the normal mode. An overall positive impact of the modulation with 1000 nm
was indicated through the increased detachment energies after the third cycle compared to the
values from the first normal mode. c) Modulations with 10 nm amplitude showed decreased
detachment energies compared to detachment energies of normal modes. This indicates a
negative impact. d) Reference measurements resulted in pronounced increases of detachment
energies compared to detachment energies of normal measurements.
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Figure 8: Mean last rupture forces (a)-d)) and mean plateau lengths (e)-h)) as a
function of the modes applied. Each symbol shows the mean value of up to 20 force-
distance curves and the error bars denote the standard deviations. The values of both the
last rupture forces and the plateau lengths showed no distinctive differences and/or trends
throughout the cycles of all modulation types and the reference measurement. This suggests
that the last rupture force and plateau length are independent of the investigated modulation
settings and additionally applied forces.
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Figure 9: Distributions of detachment energies as a function of the applied modes.
Each graph shows the results of a single cell measurement. Normal measurements are labeled
with black, modulation measurements are labeled in blue colors (light blue: Control cell, dark
blue: Piezol cell) and reference measurements are labeled in orange (light orange: Control
cell, orange: Piezol cell). The results of detachment energies fit well with the observations
of detachment forces presented in Section 3.4.6. a) Modulations of a control cell showed
no distinctive difference or trend throughout the cycles. b) Modulations of a Piezol cell
showed an increase of mean values of detachment energies compared to detachment energies
of normal measurements for the second and third cycle. Additionally, a slight overall increase
of detachment energy during modulations can be suggested. c) Reference measurements
of a control cell showed a reversible prominent increase of mean detachment energies. d)
Reference measurements of a Piezol cell showed an increase of mean detachment energies
compared to detachment energies of normal measurements. In addition, an overall increase of
the distributions during references was detected.
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Figure 10: Distributions of step positions for the different cell types. Each box combines
all step positions of the corresponding mode determined (e.g., for all normal measurements).
The significance level determined with a student’s t-test is * p < 0.05, *** p < 0.001 or not
significant (n.s.) at p < 0.05. a) A modulation of the control cell resulted in a slight decrease
of the step position. b) A modulation of the Piezol cell showed a significant increase of the
step position. c) A similar significant increase of the determined step positions was observed
for a reference measurement of a control cell. d) A reference measurement of a Piezol cell
showed no significant impact on the step position.
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Figure 11: Distribution of last rupture forces (a)-d)) and plateau lengths (e)-h)) as a
function of the modes applied. The last rupture forces showed no clear variations, except
for the modulated Piezol cell. | suggest a slight decrease of the last rupture forces due to
modulations. The mean plateau lengths showed slight variations between cell type and/or

throughout the measurement cycles but it was not possible to suggest a clear trend of the
parameter.
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