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Abstract

The forces biological cells apply to their environment are recognised to be critical during
processes like migration, division, wound healing, and stem cell differentiation. Methods to
measure these forces have been extremely valuable in contributing to our understanding of
cell-substrate and cell-cell interactions. However, existing force sensing techniques struggle
to measure forces cells apply perpendicular to the plane of their substrate although these
out-of-plane forces have been demonstrated to be important in many processes. In addition,
most currently used force sensing techniques require fluorescence imaging which can lead to
photo-toxic effects if high frame rates are required. Finally, many methods require detaching
of cells after the measurement which prevents measuring the same cells repeatedly or using
immunostaining, which is an important tool for linking biomechanical and biochemical

observations.

In this thesis, we introduce a novel high-throughput and low-light-intensity force sensing
technique which is inherently well suited to measure vertical forces. Elastic-Resonator-
Interference-Stress-Microscopy (ERISM) measures the spatially resolved reflectance of an
elastic micro-cavity. With fully automated hyperspectral imaging and data analysis sup-
ported by transfer-matrix modelling, this allows tracking of nanometre thickness changes
across a large area of the cavity. By combining Atomic-Force-Microscopy with a Finite-
Element-Method, we extract basic material properties of the micro-cavities to calculate

stress and force.

Using the example of different neural cells, we provide experimental evidence that ERISM
measurements can be performed over hours at high frame rates or repeatedly over weeks

for the same sample to investigate a variety of cellular processes like cell spreading, growth



iv

cone migration, and stem cell differentiation. We perform immunostaining for cell specific
markers on ERISM micro-cavities as detaching of the cells is not required. Furthermore, we
find that the high throughput of ERISM allows us to find significant differences between

wild-type and knock-out cell populations for a gene associated with dyslexia.
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Chapter 1

Introduction

It has been known to humans for over two thousand years that looking through a spherically
shaped transparent object like water in a bowl, ice or crystal can visually magnify an object
on the other side. However, only with the invention of the first compound light-microscope
around sixteen-hundred, we could see for the first time that living beings are build of smaller
units we call cells. The possibility to actually see cells, observe how they multiply and migrate,
opened a whole new field - cell biology. With the advancement of lens shaping and optimised
combinations of lenses, researchers pushed the optical resolution towards the Abbe Limit
which enables us to distinguish two objects as close as ~200 nm if visible light is used.[1, 2]
Utilizing fluorescent molecules, super-resolution techniques like Stimulated-Emission-
Depletion-Microscopy (STED) and Stochastic-Optical-Reconstruction-Microscopy (STORM)

pushed the optical resolution even beyond the diffraction limit [3-5].

By today, a vast variety of tools is available to researchers to investigate cellular processes
optically, electrically, and chemically in order to advance our understanding of cells and or-
ganisms, the origins of diseases and to ultimately develop new treatments for these diseases.
However, the challenge of filling fundamental gaps in cell biology lies in the complexity of
how molecular processes driven by diffusion and chemical bonds lead to a composition of
living cells and how multiple cells interact to form living organisms. Therefore, gathering
information about the interaction between cells and their environment is crucial. Besides

electrical and chemical stimuli, this also includes mechanical processes.
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For instance, the example of muscle cells shows that cells can actively exert forces, in
this case via contraction. Although the beating of a heart or the use of our arm muscles is a
collective process involving billions of cells, the desired reaction is only possible because of
the contraction of each individual cell. On the other hand, our sense of touch is proof that at
least some cells, if not all, have the capability of probing the stiffness of their mechanical
environment. Similar to the numerous techniques for the optical investigation of cells, a
set of tools to measure displacements, stress, and forces exerted by cells have emerged over
the last two decades[6-8]. Indeed, researchers discovered that cells sense their mechanical
environment leading to alterations in: cell migration pattern, phenotype, gene expression,
growth cone guidance, and stem cell fate [9-18]. Furthermore, the active exertion of forces
is fundamental for: locomotion, immune response, morphogenesis, wound healing, tumour

metastasis, tissue formation, and extra cellular matrix deposition [19-24].

Whilst the current state-of-the-art force sensing techniques have significantly advanced
the field of cell-mechanics, important limitations remain. For example, a major restriction
for traction force microscopy (TFM), the currently most widely used method, is that the
cells need to be removed after a measurement, in order to obtain a reference image in the
relaxed state. Therefore, measuring a same sample of cells over days or weeks is not possible,
a feature required to investigate e.g. stem cell differentiation. Furthermore, TFM is based on
the use of fluorescent markers which requires either the high light-intensities of fluorescent
lamps or lasers, possibly leading to photo-toxic effects restricting frame rate and long-term
applicability of the techniques. In addition, most force sensing techniques are only able to
measure stress in the plane of the substrate, however, it has been shown that cells can apply

similar stresses out-of-plane.

My PhD was part of a group effort to develop a new technique to measure displacements
and stress exerted by biological cells to overcome the above stated limitations of other
force-sensing techniques. We developed Elastic-Resonator-Interference-Stress-Microscopy
(ERISM) with the goal to visualise forces of biological cells live, i.e. as they are exerted on
the substrate, and to investigate processes, like stem cell differentiation, over several weeks.

As an interferometric technique, ERISM is inherently well suited to detect out-of-plane



displacements with nanometre precision corresponding to forces in the piconewton regime.
Similar to conventional light-microscopy ERISM is a wide-field technique which facilitates
the observation of many cells at the same time. Without the need to ever detach the cells
after the measurement, ERISM can be combined with antibody staining on fixed cells e.g. for
proof of stem cell differentiation. ERISM is a cost-efficient and easy to implement technique
which we expect to be adapted by other researchers.

This thesis is structured as follows: After this introduction I will give a short overview
of the biology of cells and the cytoskeleton which is at the heart of cell mechanics. With a
review of existing techniques I will place ERISM in the context of the current state-of-the-art
force measurements and highlight why we think that ERISM can significantly contribute to
the field of cell mechanics. In the third chapter I will explain the concept of ERISM, elaborate
on the computations involved to extract displacements and stress from the raw data and
describe important design parameters. In order to demonstrate the value of ERISM, I will
use its key features to investigate cells from the central nervous system (CNS) which are
potentially challenging to measure due to their weak force generation. I will finish my thesis
with concluding remarks on ERISM with respect to existing techniques and its potential

through further improvements and applications.






Chapter 2

Background

In this chapter we will look at the basic biology of cells. After explaining the main parts of
the cytoskeleton, the mechanisms behind cell adhesion and cell migration will briefly be
introduced. The chapter will close with an overview of nowadays commonly used force
sensing techniques to motivate where ERISM can contribute to the investigation of cell

mechanical problems.

2.1 Basics of Cell Biology and Cell Mechanics

This section is in particular relevant for readers with a background outside biology to estab-
lish a common ground for the scientific vocabulary used in the following chapters. If not
stated otherwise, information is taken from the book "Essential Cell Biology" by Alberts et

al.[2]

2.1.1 Main-Parts of a Cell

The cells found on earth are classified into two groups: Prokaryotes and Eukaryotes. Prokary-
otes are the most abundant form of cells and can be divided into bacteria and archaea. In
contrast to eukaryotes, prokaryotes do not have a nucleus and do not form multicellular

organisms. The group of eukaryotes covers single cell organisms like yeasts and amoebae
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but also multicellular organisms like fungi, plants, and animals. In this work we will focus
only on animal cells.

A schematic of an animal cell can be seen in Fig.2.1a. The whole cell is enclosed by the
plasma membrane. Although one of its functions is to separate and protect the inside of the
cell from the outside, ions and molecules can pass through the membrane via diffusion or
active processes regulated by the cell. The cytoplasm is everything within the cell membrane
except for the nucleus, it is composed mainly of water with salts, vitamins, and proteins
needed for the cellular processes and contains organelles other than the nucleus. The cell
nucleus encloses the DNA (deoxyribonucleic acid) and regulates gene expression. Of major
importance for this work is the cytoskeleton which will be covered in more detail in the next
section.

(@) (b)

Centrosome / Microtubule organising centre (MTOC)

Nucleus

Plasma membrane

Actin fibres

/ Microtubule Intermediate filaments &

Integrins Extra cellular matrix (ECM) @)
e /\

Figure 2.1: (a) Schematic of eukaryotic cell with cytoskeleton. (b)-(e) Mechanism of mes-
enchymal cell migration. (b) Cell forms lamellipodium and filopodia at leading edge and
establishes cell-ECM contacts. (c) Maturation of cell-ECM contacts. (d) Contraction of cell
body towards front via actin-myosin contraction. (e) Detachment of cell-ECM contact at the
end of the cell.

2.1.2 Cytoskeleton

In contrast to the stiff skeleton of animals, the cytoskeleton in cells is a dynamic construct of

proteins, assembling and disassembling to support the functions of the cell. This dynamic
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nature allows a fast response to external and internal stimuli which is vital for the function
and survival of the cell. Structural support when encountering external stress is one of the
main functions of the cytoskeleton. However, it is also crucial for fast directional transport
of organelles and chemicals inside the cell. The cytoskeleton is comprised of three main
components: microtubules, intermediate filaments, and actin filaments. All three are based

on monomers which bind together to more complex polymer structures.[2, 25]

Microtubules are formed by a-tubulin and B-tubulin building strong pillars reaching
from the microtubule organising centre (MTOC) to the edge of the cell. The polarised
polymers allow bidirectional cargo transport inside the cell by molecular motors like dynein
and kinesin. Furthermore, microtubules play a major role during cell division (mitosis) by

forming the mitotic spindle for segregation of the chromosomes.

Actin forms tightly wound helical filaments (F-actin) which are less rigid than micro-
tubules, however, they can bind to crosslinking proteins to form different types of highly
organised, stiff structures (actin meshwork). Actin filaments are build of globular actin
(G-actin). Actin filaments are polarised and polymerisation/depolymerisation occurs at
the plus/minus end. Based on the concentration of G-actin and of other proteins in the
cytoplasm interacting with actin filaments may be completely depolymerised, growing, or
exhibit stable lengths. The continuous polymerisation of actin at the leading edge of the
cell is a key player in forming protrusions to probe the environment and to facilitate cell
movement[26, 27, 25, 28]. Of significance for this works is the interaction of F-actin with
myosin, especially with myosin-II. Muscle contraction of skeletal muscles as well as the
contraction inside cells required for cell migration (see below), and neuronal growth cone

migration strongly rely on the actin-myosin-II interaction[2, 28, 29].

Intermediate filaments are called “intermediate” because their diameter of around 10 nm
is between the diameter of microtubules (25 nm) and actin filaments (7 nm). They are less
stiff than microtubule and actin filaments and are not polarised like the other two polymers,
hence, they are not suitable for transport via molecular motors. Due to their high flexibility
and resistances against tensile forces, intermediate filaments strongly support the integrity

of the whole tissue and the cell itself.
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2.1.3 Cell Adhesion and Migration

Cell adhesion and cell migration are important processes in the developing human body as
well as during its live. The mechanism of forming tight bonds between cells and the ECM or
other cells is vital — simply to hold the organism together. More specifically, cell adhesion
is crucial during tissue formation and cell migration[30, 26]. In addition, cell adhesion
to other cells or the ECM provides one of the pathways for cell migration. The ability to
actively change location allows cells to be produced in one place but to fulfil their function
in another. It allows them to actively track down pathogens, like bacteria, in order destroy
them by phagocytosis. Only the controlled adhesion of specialised cell types enables the

formation of tissue and organs.

There exists a huge variety of proteins involved in establishing cell-cell or cell-ECM
contact. This variety enables the cells to attach selectively, e.g. to specific ECM proteins
which for instance could mediate when a cell does attach or not. Proteins involved in cell-
cell junctions are usually of the family of cadherins and cell-ECM contacts involve often
proteins of the integrin family. For this work we are more interested in the integrins as we
will mainly talk about single cell adhesion and migration. Fundamental for cell adhesion
are focal adhesions (FA), large macromolecular assemblies which bind to the ECM. Besides
anchoring the cell to the ECM, they also serve as signalling interface between the ECM and
the cell. The FA are comprised of integrins which reach through the plasma membrane and
bind to the ECM — which can consist of fibronectins, collagens, laminins — via multiprotein
complexes including talin or vinculin to the actin filaments[26, 31-33]. However, there are
more than 100 different proteins involved in FA formation, indicating a high functional

diversity[34-36].

Cells have developed different ways of migration. Here, we are interested in the pathways
based on the interaction between cells and ECM. This means we exclude for instance
microswimmers like sperm cells. Furthermore, we will focus on the so called mesenchymal
cell migration pattern, based on FA-ECM interaction, found in many adherent cells, e.g.

fibroblasts or mesenchymal cells. Another mode of cell migration is via the formation of
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blebs. Recent publications show that cells can switch between different modes of migration
depending on the environment[37-39].

The current model for a mesenchymal cell migration pattern involves the following steps
(cf. Fig.2.1b-e). If a cell senses external stimuli, like chemical cues or a change in the physical
environment, this can lead to a formation of protrusions like lamellipodia. This is driven
by actin monomers assembling at the leading edge of the cell and polymerising into actin
filaments and networks. The second step involves the formation of a new focal adhesion
to anchor the cell at the front. The whole cell is then pulled forwards by actin myosin
interactions similar to the contraction happening in muscle cells. At the back of the cell
the actin network and the focal adhesion is depolymerised to allow further movement. It is
evident that in the whole process forces are applied to the substrate. Measuring these forces

can therefore contribute to a comprehensive understanding of this process. [40, 41, 26, 42]

2.2 State-of-the-Art Methods to Measure Cellular Forces

An easy-to-realise macroscopic force measurement could be to use a spring with a known
spring constant k and fix it on one side (cf. Fig.2.2a). On the free side the force would
be applied along the axis of the spring, and by measuring the displacement x of the end
of the spring one can calculate the applied force via F = —kx. Many techniques for the
measurement of cellular forces are based on the very same principle: tracking displacements
of a material with known mechanical properties. Following the analogy of a spring, the
Young’s modulus E describes how the strain € that an elastic material experiences is related
to the applied stress o

o(e)=¢€E(e) 2.1)

A material with a Young’s modulus independent of the strain — i.e. a material that does not
become stiffer or softer when deformed — is referred to as a linear elastic material. If in
addition the Young’s modulus is the same along all three axis, then the material is a linear
isotropic elastic material. The term elastic highlights that once the exerted stress is released

from the deformed object it will relax into its initial shape. Linear isotropic elastic materials
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are ideal for the application of force measurements since the material will not change its
properties while it is deformed and force calculations from displacements are much more
straight forward than compared to anisotropic elastic or viscoelastic materials. However,
the ECM (in vivo) is not always necessarily a linear isotropic elastic material, therefore, the
substrates used in force measurements are often a trade-off between being able to perform

accurate force measurements and providing a physiological environment.

In the following sections, the two most commonly used techniques to measure forces
exerted by cells — Traction Force Microscopy (TFM) and using Micro-Pillar-Arrays — are
introduced. Furthermore, for higher spatial and force resolution one can utilise the optical

response induced by the conformational change of molecules under stress.

It should be noted that the three approaches discussed below are tailored to sense
forces actively exerted by cells. However, for a comprehensive understanding of cell me-
chanics, the mechanical properties (e.g. Young’s modulus) of the cells themselves have
to be known as well. Amongst others, techniques designed for this purpose are: Micro-
Pipette-Aspiration[43], Optical-Traps and Optical-Tweezers[44, 45], Magnetic-Twisting-
Cytometry[46], Brillouin Spectroscopy([47], Atomic-Force-Microscopy[48]. Atomic-Force-
Microscopy will be introduced later in Section3.5.1 as a tool to characterise the elastic

micro-cavities used in ERISM measurements.

Figure 2.2: Simplified schematic illustration of a selection of force sensing techniques. (a)
Macroscopic force sensor based on a spring. (b) TFM. (c) Micro-Pillar-Array. (d) Force sensor
based on small molecules with quencher (red rectangle) and fluorophore (green circles)
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2.2.1 Traction-Force-Microscopy (TFM)

Harris et al. already observed in 1980 that thin polydimethylsiloxane (PDMS) layers show
wrinkling patterns whilst under stress exerted by cells[49]. Since wrinkling is a highly non-
linear process the actual stress exerted by the cells was difficult to estimate which raised the
need for a technique which could observe substrate deformation in the linear regime.

TFM has been introduced by Dembo and Wang in 1999 to measure traction forces of
cells based on tracking the displacement of fluorescent beads inside an elastic material[50].
In its simplest form, a TFM experiment would be designed as follows (cf. Fig.2.2b)[51]. First,
fluorescent beads with a diameter of typically 0.04-0.2 um are mixed into a two component
polyacrylamide (PAA) gel or PDMS[52]. The Young’s modulus of the cross-linked gel can
be adjusted in a range of 0.1-1000 kPa by changing the mixing ratio of the two components.
Before seeding the cells a surface coating is applied to allow cell attachment on the PAA.
Then the position of the fluorescent beads is measured with an inverted microscope in
combination with a fluorescence lamp, similar to standard fluorescence imaging of cells. In
order to determine by how much the beads are displaced from the relaxed state, the cells
have to be detached or their ability to exert stress inhibited and the bead positions of the
relaxed state is measured. With a cross-correlation algorithm, the displacements of the
spatially randomly distributed beads can be calculated from these data sets. The stress at
each point of the image is calculated by solving the inverse problem with the displacement
map as input. The last step is one of the big challenges in TFM as this is an ill-posed problem
which requires regularisation of the input data[53-55, 7].

To gain more insight into the force generation of cells, two main points had to be consid-
ered to extend standard TFM. First, with standard TFM only the force component lateral to
the substrate can be measured, therefore, measuring forces in vertical direction requires to
track the bead displacement in all three dimensions. Second, the spatial- and force reso-
lution are linked since more accurate measurements in bead displacement lead to higher
force resolution.

Out-of-plane stresses can be measured by using a confocal microscope to track the bead

positions not only in lateral but also in vertical direction[56]. This approach is sometimes
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referenced in the literature as 2.5D-TFM as the cells are still on a 2D substrate but the stress
is measured in three dimensions[57-60]. In organisms, cells are surrounded in all three
dimensions by other cells or by the ECM and cell experiments in 3D matrices as opposed
to flat substrates have become more and more common due to their higher physiological
relevance[61]. Leagant et al. have shown that bead displacements can be tracked in real 3D
substrates to investigate the stress exerted by cells. Although 3D-TFM would therefore be
for many cell types the method of choice, the experimental and computational challenges
of this technique allowed so far only single cell experiments and the method has not been
adapted by other groups so far[62].

For higher spatial resolution' the bead density has to be increased to achieve a finer
sampling of the deformations. This is achieved by: using smaller beads, increasing the
amount of beads, and using beads with different colours to allow higher bead density whilst
still being able to distinguish two beads which are very close to each other. Use of a confocal
microscope is crucial to determine the bead positions as accurately as possible. Recently,
Colin-York et al. showed that STED and TFM can be combined to improve the spatial- and

stress resolution even further[63].

For standard 2D-TFM with a fluorescence lamp the time resolution is determined by
the exposure time required to measure the bead position. However, when using a confocal
microscope, the time resolution suffers from increasing image size.

With all these different possibilities to improve TFM, researchers investigated a huge
variety of cell mechanical questions. High resolution TFM was used by Plotnikov et al. who
found that force fluctuations within focal adhesions mediate sensing the ECM rigidity and
directs cell migration[64]. Taking the force balance between cells into account and/or using
a finite element method (FEM) approach, it is possible to investigate the forces in connected
cells which is for instance highly relevant to wound healing by epithelial cells[65, 23, 66].
The migration of neuronal growth cones requires high force and temporal resolution and
was investigated by different groups with TFM[16, 67—69]. This will be discussed in more

detail in Chapter 4.4 as it is of particular relevance to this thesis.

'Minimum distance for which two point forces can still be distinguished.
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Even though TFM has been used to investigate many different cell mechanical questions,
its application also revealed the following limitations. 2.5D-TFM showed that even on 2D
substrates vertical stress is exerted by cells. Although, investigating the forces applied normal
to the surface with TFM is thus possible, it comes at the cost of more complex data analysis
and the increased exposure of the cells to light which may lead to photo-toxic effects. In fact,
even with 2D-TFM Polackwich et al. observed neurite retraction induced by light exposure
when fluorescence images were taken every 2s over 30 min[68]. In addition, since TFM
requires taking images without cell traction, this technique is not suitable for observing cells
on the same substrate over several days or weeks as for instance required to investigate the
forces involved in stem cell differentiation. Theoretically it would be possible to take this
zero-force-image before the cells attach on the substrate, however, this would add on more
day to the experiment in which the cells have to be in an incubator on the measurement
setup. Moreover, in experiments it is often required to select cells of interest, for instance,
in one field of view may be too many cells in contact with each other but often single cells
are required for correct force measurements. Hence, in order to observe enough cells which
can be investigated, a large area has to be covered, i.e. many fields-of-view, limiting the
time-resolution of the technique. It should also be noted that only after the data analysis is

completed the researcher will know where and how strong the cells deformed the substrate.

2.2.2 Micro-Pillar-Arrays

Tan et al. introduced another technique to measure lateral cell forces based on tracking
displacements of individual micro-pillars of a micro-pillar-array (cf. Fig.2.2c)[70]. PDMS is
structured such that pillars with a controlled diameter and height serve as a substrate for
cells. The displacement of the top-end of the pillars can either be measured with common
light-microscopy or by tracking fluorescent tags. The displacement is proportional to the
force exerted by the cells. In addition, there is no coupling between the pillars, and the
position of the pillars is — at least roughly — known due to the grid-like structure. Therefore,

forces can be calculated with significantly less computational effort compared to TFM.



14 Background

Du Roure and Saez et al. proved that this technique is suitable for measuring forces
exerted by multicellular assemblies by performing measurements on epithelial cell sheets
[71, 72]. The technique is well suited to investigate cell-cell contacts as the force balance
between the cells can be easily calculated because of the independent bending of the posts.
However, this also implies that cell-cell signalling might be disturbed as forces can not be
transduced through the substrate. Another inherent drawback of this technique is that an
array of micro-pillars is a non-physiological environment especially since surface coatings
will only be present at the micro-pillars’ surfaces. Experiments investigating the influence of
different substrates stiffnesses on cell behaviour may suffer especially from this as for each
substrate stiffness the geometry of the posts would change. Based on the geometry of this
technique, the measurement of forces applied vertical to the substrate plane is not possible.
Finally, monitoring the cell morphology by standard bright-field or phase-contrast imaging

is more difficult as the light path is disturbed by the micro-pillar-array[73, 7].

2.2.3 Single Protein Tension Probes

Whilst the two methods described above are utilising the deformations of a substrate in
order to determine cell traction forces, Grashoff et al. followed a very different approach
to measure the stress, single proteins encounter inside the focal adhesions of living cells
[74]. The authors modified the protein vinculin such that two fluorophores coupled via a
flagelliform linker sequence were inserted into the vinculin protein. Depending on the stress
applied to the protein the distance of the two fluorophores varies and hence, the efficiency
of fluorescent resonance energy transfer (FRET) between these two fluorophores decreases
with increasing stress, i.e. increasing distance of the fluorophores. Using this technique
the authors found that in stable focal adhesions the average tension one protein molecule
encounters is approx. 2.5 pN whereas higher (lower) tension is associated with adhesion
assembly (disassembly).

Instead of using molecular sensors which bind to proteins inside the cell, Berkley et
al. and Wang et al. proposed DNA based molecular sensors which can be applied to a

broad range of surfaces [75, 76]. Here a fluorescent dye and a quencher are linked to a DNA
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sequence. The force required to separate dye and quencher can be tuned by varying the
DNA sequence length.

With a force resolution in the lower piconewton regime these techniques offer the
highest sensitivity amongst the techniques discussed here. The main drawbacks are that
the direction of the forces can not be extracted and that although multiple probes could be
tagged to one adhesion complex, it remains unclear how many non fluorescent proteins

contribute to the total mechanical stress.






Chapter 3

Methods

After we discussed in the previous chapter the need to measure cellular forces but also
identified the limitations of the currently existing techniques, this chapter will introduce in
detail Elastic-Resonator-Interference-Stress-Microscopy (ERISM) as a novel tool to measure
cellular forces. As we can conclude from Chapter 2, it would be beneficial to add the following
features to the capabilities of the currently available group of force-sensing techniques: 1)
Accurately measure forces vertical to the substrate. 2) Decrease photo-toxicity to enable
long-term measurements without risking apoptosis during the measurement. 3) Increase
throughput of cells to improve the statistical significance of the result. 4) Remove the need
for zero-force images to investigate cells over days and to allow antibody staining. 5) Enable

the researcher to see where forces are exerted during the measurement.

In the following sections we will discuss how ERISM works and addresses each of the
points mentioned above. The chapter will start with an overview of the concept of ERISM,
highlighting its strengths compared to other techniques. Then, we will look in detail at each
step involved in measuring the forces which cells exert on a substrate. This includes an
in-depth description of the optical setup and the software we developed to perform the
measurements and calculations, as well as a discussion of the design parameters involved in

each step.
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3.1 How ERISM Works

The general concept of ERISM is summarised in Fig. 3.1. The core of ERISM is an in-house
fabricated elastic optical micro-cavity that consists of two semi-transparent gold mirrors
sandwiching an elastic material (elastomer) in between them (cf. Fig. 3.1 (a) and (b)). The
top mirror can be functionalised with a bio-coating (e.g. fibronectin) before seeding cells

on the micro-cavity.

Our optical setup is based on a commercially available inverted fluorescence microscope
which allows standard phase-contrast and fluorescence imaging. In addition, by illumi-
nating and imaging the micro-cavity with a microscope objective from underneath using
monochromatic light, an interference fringe pattern is formed (cf. Fig.3.1 (c) and (d)). Dark
areas represent positions where a light-wave reflected at the first gold layer and a light-wave
reflected at the second gold layer have a phase shift of 180° with respect to each other. This

destructive interference occurs if the wavelength of the incident light is:

1= 4Ln(1)
2m+1

(3.1

In Eq.3.1 L is the local thickness of the micro-cavity, n(A) is the wavelength dependent
refractive index of the elastic spacing material and m is the order of interference (m =
0,1,...,N). Figure 3.2 shows a schematic visualising the phase difference between a wave
reflected at the bottom mirror and reflected at the top mirror for different L and how this
phase difference is linked to the observation of dark areas (destructive interference) and
bright areas (constructive interference). A perfectly flat micro-cavity (with homogeneous
thickness) will show the same reflectance at every point. However, if a localised vertical
force is applied to the surface of the micro-cavity, the cavity thickness L at this position
and hence the resonance wavelength will change. As the whole field of view is illuminated
at once, any changes in cavity thickness, and thus, any forces cells apply to the surface of
the micro-cavity, across the field of view are directly apparent from the reflectance image

recorded at one wavelength of illumination (cf. Fig3.1d).
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Figure 3.1: Overview of ERISM. The blue and red boxes indicate which processes are done
online at the setup and which steps are done after the measurement. (a) Micro-cavity with
silicone chamber filled with cell medium and cells. (b) Schematic of the layer structure
of the micro-cavity. (c) Optical beam path of the fluorescence microscope with added
monochromatic light source. (d) Representative images acquired for different wavelengths
(top) and corresponding reflectivity for one pixel in the range of 550-750 nm (bottom).
(e) Phase-contrast and fluorescence image. (f) Displacement image calculated from the
acquired experimental data with the software ERISM-Calc that was developed in-house. (g)
Vertical stress exerted by the cells. Calculated with COMSOL from the displacement image.
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L=1/2A L = 3/4A L=A

constructive destructive constructive

Figure 3.2: Schematic visualising how the phase shift between a wave reflected at the
bottom mirror and reflected at the top mirror of a planar micro-cavity depends on the
cavity thickness L according to Eq.3.1. In (a), (b), and (c) the first wave is propagating
upwards, the second wave downwards after being reflected at the bottom mirror, and the
third wave propagating downwards after being reflected at the top mirror. In this schematic
the refractive index of the resonator is equal to the refractive index surrounding the micro-
cavity.
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To accurately determine the local cavity thickness, we record images of the reflectance
(cf. Fig.3.1d) of the cavity over a wavelength range (typically 550-750 nm with 1 nm step
size) that is large enough to capture multiple resonance wavelengths. By recording one
such stack of images, reflectance spectra (cf. Fig. 3.1d bottom, for an example for one pixel)
are acquired for each point within the field of view. The minima in these spectra, which
represent the resonance wavelengths of the micro-cavity, can then be used to calculate the
thickness for every pixel in the image with the program ERISM-Calc which was developed

during the course of this PhD (cf. Section 3.4).

Because of the very planar surfaces of the micro-cavities, we can subtract a background
plane from the map of absolute thickness values to obtain the vertical displacements with
nanometre precision, without the need to ever detach the cells (cf. Fig. 3.1f). This, in combi-
nation with the low-power light source, allows us to investigate cells on the same substrate
over weeks, by either measuring continuously on the ERISM setup, which is equipped with
an on-stage incubator, or by moving the sample between cell culture incubator and ERISM
setup. Moreover, we can fix cells after an ERISM measurement on the micro-cavity to apply
antibody staining (cf. Section 4.3.2), e.g. to check for cell type specific markers or to visualise

focal adhesions.

In many cases, knowing the displacements is already sufficient to determine, e.g. where
the cells apply the strongest forces or if the applied forces differ for different cell populations.
However, with a finite-element-method (FEM) we can calculate the stress exerted by the

cells from the displacement map (cf. Fig. 3.1 (f) and (g) and Section 3.5.3).

The micro-cavity with cells is placed on a motorised stage to allow measurements at
multiple positions on the same substrate. In addition, the whole setup is fully automated and
controlled via the self-written LabVIEW program ERISM-Read. Therefore, we can investigate
multiple cells, at multiple positions and over a long time, which is why ERISM can provide

results with very good statistics.
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3.2 Micro-Cavity Fabrication

In this section I will describe how the micro-cavities which we use as substrates are produced.
The fabrication and the development of the fabrication process has been carried out by
Dr. Nils M. Kronenberg[77] but is provided here to allow the reader to get a comprehensive
picture of ERISM.

The micro-cavity is processed on a 500-600 um thin cleaned glass substrate, sized
24mmx24 mm. Except for the elastomer and the bio-coating, all layers are deposited
via evaporation in vacuum (thermal or electron-beam). First, a 0.5 nm thin chromium layer
is evaporated onto the glass to allow better adhesion for the 10 nm thin gold layer evaporated
in the next step. To prevent wrinkling of the elastomer layer spin-coated later, a 50 nm thin
SiO; layer is evaporated. The two component elastomer is thoroughly mixed in a 1:1 volume
ratio and degassed under vacuum for 1 min. The thickness of the elastomer is controlled by
adjusting the spin-coating speed. Here, the elastomer is spin coated for 1 min at 3000 rpm
which yields an approximately 8 um thick elastomer layer. After the spin-coating, the sample
is heated for one hour at 110 °C to allow cross-linking between the two components. As
before, to avoid wrinkling of the elastomer, the surface energy has to be increased. This
is done by a mild oxygen plasma treatment (power, 15W; duration, 30 s) which results in
another thin SiO» layer on top of the elastomer. As a top mirror, 15 nm of gold are evaporated
on top of the structure. The entire fabrication process is done in a clean-room environment

to avoid contamination with particles.

3.3 Read-Out-System

3.3.1 Optical Setup

A detailed list of the main parts used for the optical setup is listed in the Appendix A.
In addition to the optical implementation of the force sensing technique, cell mechanical
investigations require phase-contrast imaging to track morphological changes and fluores-

cence imaging, e.g. to visualise actin filaments. We therefore chose a commercially available
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inverted fluorescence microscope as the core module for ERISM. The monochromatic light
is created via a halogen lamp coupled to a monochromator (cf. Fig. 3.1c, right). The spectral
width of this light can be controlled by changing the widths of the entrance and exit slits of
the monochromator. We will discuss the influence of the slit width on the ERISM signal in

Section 3.4.5.

The monochromatic light is coupled in epi-illumination configuration via custom-built
Kohler-like illumination optics into the beam path of the microscope to minimise uneven
illumination caused by the lamp filament or dirt on the lenses’. The light is then focussed on
the back-focal-plane of the objective to expose the micro-cavity to collimated light. This is
necessary to achieve a high contrast between constructive and destructive interference. The
light reflected at the sample is collected with the same objective and follows the same beam
path in the microscope as light from standard dia-illumination/phase-contrast illumination.
We replaced the built-in halogen lamp of the microscope (for phase-contrast imaging) with
an LED (cf. Fig.3.1b, top) to allow fast on and off switching. This improves overall time

resolution whilst minimising light exposure to the cells during long-term measurements.

The focal planes of the phase-contrast imaging and the ERISM signal are not identical.
More precisely, the focus for phase-contrast imaging is on top of the micro-cavity where
the cells are, and the focus for the ERISM signal is at the bottom of the micro-cavity where
light reflected at the top- and bottom-mirror interferes. Instead of switching between these
two focal planes by moving the objective, we use two cameras to collect ERISM signal and
dia-illumination signal simultaneously (cf. Fig. 3.1c, bottom left). For this purpose one of the
cameras is mounted on a translation stage to allow adjustment of the focus for the ERISM

signal.

Inside the microscope a beam splitter directs 80% of the light from the sample to a
cooled sCMOS low noise camera and 20% of the light goes to a less sensitive but more
cost-efficient CMOS camera. Both, dia-illumination and ERISM signal are collected by both

cameras, however, they can be separated by switching the dia-illumination on only when a

'Done by Dr. Nils M. Kronenberg.
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phase-contrast image is taken?. Additionally, it is possible to view both signals at the same
time on the two different cameras. This is achieved by using a set of filters to separate the
spectral range for the ERISM signal from the dia-illumination signal.

We use a motorised stage to control the x-y-position of the sample. This is especially
useful for long-term measurements as different positions on the sample can be investigated
repeatedly over time. We can also cover big areas at high magnification and thus avoid
that migrating cells leave the field-of-view. In addition, we attached a motor to the manual
z-position controller to compensate for sample tilt when covering a larger sample area or to
correct z-drift during long-term measurements (see Section 3.3.2). ERISM micro-cavities
with cells can be placed in an on-stage incubator (Okolab) to maintain a physiological
environment for the cells (e.g. 37 °C and 5% CO5). The temperature of the sample is stable
within +0.1 °C as it is controlled via a feedback loop with a reference temperature sensor
inside a water reservoir 2 cm next to the sample.

Fluorescence imaging is done in epi-illumination configuration as well. As of now, we
did not implement a motorised switching mechanism of the filter cubes as required for
long-term measurements including fluorescence imaging. However, this is commercially

available and could be implemented in the future.

3.3.2 "ERISM-Read" - Program to Acquire Spatially Resolved

Reflectance Spectra

An essential part of this PhD was to develop a fully automated way of recording ERISM for
high throughput long-term measurements. This involved design of suitable optical and
mechanical components and implementation of an extensive LabVIEW program (ERISM-
Read, cf. Fig.3.3). In this section, we will first discuss the core features of ERISM-Read which
allow multiple ERISM measurements over time. Then we will discuss the requirement for an
auto-focus system and an x-y-translation stage to allow multipoint measurements over time.

Finally, we will discuss the current temporal resolution of ERISM.

2The monochromatic illumination does not need to be switched off as the LED provides significantly higher
light intensity, outweighing the ERISM signal.
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Core Features

ERISM-Read controls: both cameras, LED (on/off), x-y-stage and z-drive, wavelength of
monochromator. The program is designed such that for the sSCMOS camera parameters
like exposure time, binning, and image size can be controlled and a live view of the ERISM
signal can be seen. At all times, the standard CMOS camera will show a live phase-contrast
image for a selected exposure time. The LED can be switched on and off in the program
and the brightness can be adjusted manually with a controller. The wavelength of the
monochromator can be changed in the program and is also displayed while the program is
changing it during a scan. It is useful to change the wavelength such that at areas without
cells the image is dark. If this is the case, even displacements of a few nanometres can be
seen as brighter spots in the interference image. The stage position can be set by changing
the stage position values in ERISM-Read but can also be manually controlled with a joystick.
The joystick is inactive during a running measurement to avoid any accidental changes of
the sample position.

ERISM-Read can be used for different kinds of measurements. First, one can simply see
the live image of the ERISM signal and the phase-contrast image. This is convenient to get a
first impression about the forces which cells apply to a micro-cavity. This mode is also used
to find the positions on the micro-cavity which shall be investigated.

Second, one can set a wavelength range over which a scan should be done. A scan
over a wavelength range, e.g. 550-750 nm in 1 nm steps, is performed as follows: 1) The
monochromator moves to the first wavelength (550 nm). 2) The sCMOS camera takes an
image at this wavelength. 3) The monochromator moves to the next wavelength (551 nm).
This is repeated until the last wavelength (750 nm) is reached. Then, 4) The LED is switched
on and a phase-contrast image is taken with the CMOS to track cell movement. Note, the
LED is only switched on to take the phase-contrast image but is switched off during a scan.
This is especially important if many successive scans are taken to avoid photo-toxic effects
on the cells. It is possible to automatically save the images of each scan to the hard disk.
One such scan is equivalent to measure the displacement of the current field-of-view for

one time point.
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Figure 3.3: Image of the graphical user interface of ERISM-Read.
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As a third option one can choose to perform a long-term measurement. Wavelength
range, pause time between each measurement, and different stage positions can be chosen.
It is therefore possible to measure for instance at ten different positions every five minutes,
i.e. one complete ERISM measurement will be taken every 5 minutes for each of the ten po-
sitions. If selected, a bright-field image will also be taken after each scan to correlate ERISM
displacements with observed movement of the cells in the bright-field image. Furthermore,
when a long-term measurement is performed, the program collects in a separate folder both
a bright-field image and an image of the cavity reflection at a wavelength in the middle of a
chosen range. This allows to see thickness changes already during the measurement without
any further data analysis.

In addition, ERISM-Read can also be utilised to take only bright-field images at different

positions over a set time period with a given frame rate.

Auto-Focus

Drift in lateral and vertical direction is mainly caused by the slow thermal expansion of the
different components in the microscope. Drift in lateral direction is usually easy to correct
after the measurement by using image stabilising algorithms based on particle tracking.
However, z-drift moves the specimen out of focus which leads to blurry images which are
of little use in the data analysis. To circumvent this problem one can either try to prevent
thermal fluctuations, e.g. by placing the whole setup in a thermally controlled environment,
or one can implement a mechanism to correct for the z-drift. Especially in a lab with many
users, controlling the temperature is difficult due to opening of doors and ventilation and
enclosing the whole setup would restrict accessibility. We therefore implemented into the
ERISM-Read software a standard auto-focus routine based on edge detection to determine if
the sample is in focus in combination with the z-drive to adjust the focus position if needed.

This routine works as follows: The user defines a z-range (e.g. +10 um) and an increment
(e.g. 1 um) by which the z-position will be changed with respect to the current position. The
program will then take a phase-contrast image at each z-position. If the phase-contrast

image is in focus, the edges and the organelles inside the cells should appear dark (cf.
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Fig 3.4a). Therefore, all images are filtered with a Sobel filter®, which basically detects edges.
Regions with high contrast have high values in the filtered images. In the next step, the
standard deviation of the histogram for each filtered image is calculated. The filtered image
with the highest standard deviation correlates with the image which is best focused(cf.
Fig. 3.4c). This is because the histogram will become broader with the increasing number of
bright pixels for images in-focus (cf. Fig. 3.4b). Finally, the program changes the z-position
to the z-value corresponding to the image in focus. The user can chose in ERISM-Read
the time interval of the auto-focus (e.g. every minute or every hour) during the long-term

measurement.
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Figure 3.4: Summary of the auto-focus routine. (a) Phase-contrast images. Upper image in
focus as controlled by auto-focus routine, lower image 10 um closer to the objective out-of-
focus. (b) Images from (a) after filtering with Sobel-Filter. Contrast is enhanced by the same

amount for both images for better visibility. (c) Standard deviation of the histograms for
each filtered image. All scale bars are 50 pm.
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It is noteworthy that cells are not completely flat. Therefore, depending on the depth of
focus of the objective it is not possible to have the whole cell in focus. However, our routine
works particularly well for focussing on to the edges and processes of cells (like growth-
cones of neurons), and this is what is required to correlate stress images with phase-contrast

images.

30ther edge detection filter-kernels give similar results, however, the Sobel filter yields the best contrast
between images in-focus and out-of-focus.
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Multi-Point Analysis

Cell biological experiments often require collecting datasets of multiple cells to obtain
conclusive results supported by statistics. Each cell is different and testing a hypothesis
should be done on cell populations as opposed to single cells. ERISM is especially suitable
to investigate many cells over days or weeks because it is not required to detach the cells. To
exploit the full potential of ERISM we use the x-y-z-position capability of the setup to collect

data at different positions of the sample.

In ERISM-Read the user can first search for the positions where measurements should
be done and add each of these positions to an array. The array is therefore already extremely
useful during the choice of the target cells, as it is straight forward to find the cells of interest
again. The array can be edited by hand to add, correct, and delete positions. During a
long-term measurement the program will move to each position stored in the array to take
a scan. If the auto-focus function is enabled the z-drift will be determined for the first
position and then the z-position will be corrected accordingly for all positions. The array
with the positions can be saved as a text file. If the sample position is marked in the on-stage
incubator, the sample can be removed from the setup and when reinserted later it is possible
to find the positions again. When placed back on the setup, the sample might not be at the
exact same position, however, this can be corrected at one position and the whole array

transformed accordingly.

3.3.3 Temporal-Resolution of ERISM

The temporal resolution of any imaging technique is a crucial part which determines how
well dynamic processes can be investigated. If a cell moves from one position to another
but images are only taken at the start and end, nothing will be known about what happened
during the migration. In the same way, if the substrate is dynamically deformed by cells,
a characterisation of the process dynamics is only possibly if the time increment is small

enough.
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We take images in the range of 550-750 nm with a step size of 1 nm to calculate later
on the thickness at each image pixel. In addition, we take a phase-contrast image after
the 201 images at different wavelengths have been taken. If this is done continuously to
track thickness changes as fast as possible, the sets of images are acquired with a temporal
resolution of (8.0 +£0.5) s. The temporal resolution is limited by the time the monochromator
needs to move to the different wavelengths, by the exposure time set for the cameras, and
by the software itself. To achieve (8.0 + 0.5) s temporal resolution we use an exposure time
of 10 ms for the sCMOS camera and 64 ms for the CMOS camera®*. This means that a total
of 2seconds (201 * 0.01s+0.064s = 2.01s) is spent on taking images. The monochromator
needs 4 seconds to move in one direction from 550-750 nm in 1 nm steps, 1.5 seconds to
come back in one go to 550 nm, and 0.5 seconds are spent in the software, e.g. to allocate
image buffers.

Although 8 seconds is fast enough for many cellular processes, we can decrease this to
2 seconds by using a smaller wavelength range (650-690 nm). As mentioned above, a range
of 201 nm is needed to acquire multiple interference minima to determine the absolute
thickness of the micro-cavity. However, dynamic thickness changes can be followed by
tracking the position of one single minimum, which allows us to decrease the measurement
range. We will discuss this in more detail in Section 3.4.5 when we look at the calculation
of the cavity thickness. For a typical long-term measurement with 2 seconds temporal
resolution, we first take one wavelength scan over 550-750 nm (8 seconds) and the successive
scans are taken with a range of 650-690 nm (2 seconds)”.

Keeping the time required for each wavelength scan shorter than the time over which
significant stress changes occur is also important to avoid measurement artefacts: If during
a scan over the wavelength the thickness of the micro-cavity changes (e.g. due to cell
movement), the recorded reflectivity versus wavelength dataset will be distorted. More
precisely, the micro-cavity thickness at the time when the 550 nm image is taken, and the

thickness at the time when the 750 nm image is taken, are not the same. It would therefore

4How the exposure time influences the measurement quality will be discussed in Section 3.4.5.
5Dr. Nils M. Kronenberg measured the relaxation time of the micro-cavities to be below 0.5 s[77], therefore,
the time resolution of our measurements is not limited by the mechanical response of the micro-cavities.
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not be valid to use this data set to calculate the cavity thickness®. In Section 3.4.5 we will
validate that decreasing the wavelength range indeed improves thickness calculation of fast
moving and indenting objects.

If multiple positions on the sample are investigated, the temporal resolution is reduced
by a factor proportional to the number of positions plus the time the stage needs to travel

between these positions.

STFM in combination with a confocal microscope has a similar problem, because not all bead positions are
measured at the same time.
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3.4 Thickness Calculation ("ERISM-Calc")

In this section we will discuss all steps to calculate the cavity thickness from the spatially
resolved reflectance data. Figure 3.5 visualises the data flow after data acquisition to the
fitted cavity thickness at each position of the image. In the following, we briefly summarise

the involved steps; each part of the schematic is explained in detail in the next sections.

In the beginning of this chapter we explained that the raw data contains dark and bright
fringes, depending on the phase-shift between the light reflected at the top gold mirror
and the bottom gold mirror. The minima in the reflectance spectra, or dark areas in the
images, are at wavelengths for which the phase-shift between these two beams is 180°. To fit
the cavity thickness with the measured reflectance spectra as input, we can compare these

minima positions to theoretical predictions for the interference condition.

If the gold layers provided wavelength independent perfect reflection and no other layers
except the cavity material were present, one could use Eq. 3.1 to calculate the thickness from
the wavelength at which the reflectance spectrum has local minima (cf. Fig.3.1d bottom;
in the following referred to as minima positions). Since in a real device we do not have
perfect mirrors but instead a wavelength dependent non-ideal phase shift upon reflection
and a dispersive medium within the cavity, we use a transfer matrix algorithm to calculate
the expected reflectance spectrum of our micro-cavity structure for different micro-cavity
thicknesses. To reduce computation time, the transfer matrix calculation is performed in
advance for every possible micro-cavity thickness and a database is created which links each
cavity thickness to a set of minima positions (cf. Fig. 3.5 left side). With this database, we can
then fit the cavity thickness by simply comparing the minima positions of the experimental
data to the minima positions in the database. The use of an optimised algorithm is crucial
as — depending on the image size — the thickness for more than one million pixels has to

be fitted for each field of view that is analysed.
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Figure 3.5: Schematic of the algorithm used to fit the cavity thickness for one pixel within the
field of view, i.e. for one reflectance over wavelength dataset. The parameters (wavelength
range, A1; wavelength step size, §A; thickness step size, d, and smoothing window) listed
here are the parameters we use as a standard, but these can be adjusted as needed. The left-
hand side (blue box) illustrates how the database containing sets of resonance wavelength
AS™(d), ASM(d), ..., AS™(d)) is created. The right-hand side (red box) describes how the
measured reflectance spectrum is treated.



34 Methods

3.4.1 Optical Simulation with Transfer Matrix Method

The code we use for all transfer matrix simulations shown in this thesis is based on an open
source Python code (openTMM 0.1.0) by Yuffa et al.[78]. The core part of transfer matrix
calculations in optics is to calculate the Fresnel coefficients at every material interface to
determine how much light is transmitted or reflected at each interface. These coefficients
are then combined by matrix multiplication to yield the total transmission and reflectance
of the structure. Transfer matrix calculations have become a standard tool to characterise
and optimise multilayer structures in optics. Therefore, we will not discuss the details in
this thesis as the theory is discussed e.g. in the paper of Yuffa et al. To ensure that the
open source code of Yuffa et al. yields the correct values, we calculated the reflectivity with
the code of Yuffa et al. and the commercially available program FilmWizard™ (Scientific
Computing International) for different layer structures. Both calculations yielded the same

results.

The layer structure for the micro-cavities is (cf. Section3.2): 0.5mm glass, 0.5 mm
chromium, 10 nm gold, 50 nm SiO,, 8000 nm elastomer, 15 nm gold. The thicknesses of the
gold layers represent a trade-off between high Q-factor, high mechanical sensitivity and
sufficient transmittance of light through the cavity to allow combination with phase contrast
and fluorescence imaging. A thick top mirror on top of the elastomer would allow increasing
the Q-factor but would increase the effective stiffness and thus make the device less sensitive
to stress exerted by cells. We will discuss the mechanical characteristics of the micro-cavity

in more detail in Section3.5.

We use the following values for the wavelength dependent refractive index n(1) and
extinction coefficient k(A): air, n =1, k = 0; glass, n = 1.5, k = 0; gold, values from Ref. [79];
SiO,, values from Ref. [80]; chromium, values from Ref. [81]; elastomer, refractive index

measured with standard ellipsometry, cf. Appendix B.

We simulate the reflectance of this layered structure at normal incidence for a wave-

length range from 550-750 nm and for elastomer thicknesses between 7500 nm and 8500 nm
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(Fig. 3.6; we find that cells normally do not deform the micro-cavity by more than +500 nm)’.
The line plots in Fig. 3.6 show the reflectance at the red and blue lines in the 2D map shown
in the main part of the figure. From Fig. 3.6 it is clear that when keeping the wavelength
constant, one will see multiple dark areas (fringes) if the cavity thickness changes by more
than 230 nm across the field of view. This is beneficial as it provides a real time estimate of
thickness differences. On the other hand, it also shows that one cannot determine the local
absolute thickness of the micro-cavity from knowing the value of just one resonance wave-
length. The free spectral range (FSR) — which is the spectral separation of two reflectance
minima (usually in terms of frequency rather than wavelength) — is the quantity that
determines the order of interference and hence the absolute thickness. Using the frequency
v instead of wavelength as the dependent variable, the FSR for a Fabry-Pérot interferometer

can be written as[1]:

FSR(v) = (3.2)

2n(A)L
where c is the speed of light in vacuum. Since we do not have a perfect Fabry-Pérot inter-
ferometer but the layered structure mentioned above, the refractive index and hence the
FSR depend on the frequency/wavelength of the light, i.e. there is no single FSR for our
micro-cavity. Therefore, to fit the cavity thickness, we instead use the positions of all minima
in the measurement range; this means we include the information about the FSR as well as

the absolute position of each minimum.

3.4.2 Finding the Minima in the Reflectance Spectrum

The minima positions (orange circles in Fig. 3.6) are extracted from the transfer matrix
simulations using a standard peak finding procedure and the wavelengths are stored for
each cavity thickness d as, (A3™(d), A3™(d), ..., AS™(d)), where n is the number of minima

in the spectral range considered.

"This range is chosen for Fig. 3.6 to visualise the process for fitting the thickness, and is indeed the range we
usually need. We actually simulate our database for thicknesses in the range 3000-15000 nm as for special
applications we may require thinner or thicker micro-cavities.
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Figure 3.6: Simulated reflectivity for a wavelength range of 550-750 nm and thicknesses
range of 7500-8500 nm. The red and blue lines represent profiles for the reflectivity over
wavelength and thickness, respectively. The blue profile corresponds to what would be
measured in an experiment. The orange circles mark exemplary sets of minima positions
corresponding to different thicknesses.
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The peak finding procedure used here checks from smaller to larger wavelengths whether
the next reflectivity value is larger or smaller than the current one. If it is smaller the
algorithm will continue to search for smaller values, if the next value is larger, the program
checks whether any smaller values can be found within a predefined range, e.g. in the next
5nm, to avoid false fits due to noise. If not, a minimum is found and its wavelength stored
as A?im(d). The algorithm continues to search for the next minimum using the procedure
above until the end of the wavelength range is reached.

This transfer-matrix calculation and peak finding have to be performed only once for a
given layer structure to populate the database linking cavity thicknesses to minima positions

(blue box in Fig. 3.5).

3.4.3 Fitting the Micro-Cavity Thickness

A similar procedure is applied to determine the experimental minima positions from the
measured data. The set of experimentally measured and fitted minima (/1]pr (a), AEXp(d), ey
AEXp(d)) is then compared to the previously compiled database of cavity thickness d and
minima positions (A7™(d), A;™(d), ..., A5™(d)) (cf. orange circles in Fig. 3.6) by calculating
for each thickness d the average error between the experimental minima positions and the
simulated ones:

AP = A5 () (3.3)

1 n
AverageError = —
n

=1

1

where 7 is the number of minima found in the experimentally obtained reflectance profile.
Figure 3.7 shows a typical example of how the average error changes with d. There
are several local minima which represent cavity thicknesses in intervals of approximately
230nm and correspond to different cavity modes m (cf. Eq.3.1). Since AL depends on
the wavelength, the distance between local minima represents an average value. However,
Fig. 3.7 also shows that there is only one global minimum, i.e. one thickness (indicated by red
arrow), for which the deviation between the simulated and experimental minima positions is
the smallest. (Also note that this minimum is the steepest of the local minima observed.) The

thickness associated with this global minimum is taken as the best fit for the local thickness
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Figure 3.7: Average error as defined in Eq. 3.3 between experimentally obtained minima
and simulated minima positions for different micro-cavity thicknesses. AL represents the
spacing between two minima. The actual thickness of the micro-cavity corresponds to the
global thickness where the average error is minimal.

of the cavity at this point. If the signal quality decreases or the cavity thickness changes
during one scan — e.g. due to very fast movement of a cell — the reflectivity minima
positions may change such that the differences in the average error between different cavity
modes become smaller. In extreme cases, even a wrong mode number m might be fitted.

This issue and ways to mitigate it are discussed later (cf. Fig. 3.12).

3.4.4 Exemplary Thickness Calculation and Background Subtraction

We calculate the thickness of the dataset we showed in Fig. 3.1. The cells in this example are
an immortalised 3t3 fibroblast (mouse) cell line .

Most of the time, our micro-cavities are very flat within the field of view and it is often
enough to simply subtract a constant value, i.e. absolute thickness, to get the vertical
displacement. Here, we show an example with a less flat surface to visualise the process of
calculating the displacement by subtracting a background surface.

We plot the thickness map and enhance the contrast such that we plot the thickness

values over a range of £15nm around the mean thickness to visualise where displacements
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(a) ‘ (b) (c)

thickness / nm vert. displ. / nm
[ . |
8332 8347 8362 -242 58

Figure 3.8: Example of background correction. (a) ERISM thickness map obtained for 3t3
cells. The red squares indicate where the values for the calculation of the background were
obtained. (b) Background. (c) Vertical displacement obtained by subtracting (b) from (a).
Scale bar, 50 pm.

originate from cells (cf. Fig. 3.8a). We select small areas in the thickness map where no dis-
placements of cells are visible (red squares in Fig. 3.8a) and use an Image]J plugin Nonuniform
Background Correction[82] which takes the mean value of each of these areas to calculate a
linear or cubic background (cf. Fig. 3.8b). The background is calculated with subnanometre
resolution to avoid that numerical noise of 1 nm steps is added to the result. Finally, the
background is subtracted from the thickness map which yields the vertical displacement (cf.

Fig. 3.8c).

3.4.5 Precision of the Thickness Calculation

The finite spectral bandwidth of the light used to illuminate the micro-cavity and the desire
to perform the measurement quickly limit the smallest possible wavelength step size during
acquisition to about 1 nm. However, by interpolating and smoothing, we can localize the
position of the reflectance minimum with an accuracy beyond 1 nm. This is analogous to
particle localization measurements in super-resolution imaging (e.g. PALM and STORM)[83,
5] and does not represent a violation of Nyquist’s theorem.

To investigate the precision of the cavity thickness measurement, we first determine

the theoretical limitations by testing our code against simulated test data, i.e. theoretical
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reflectance spectra obtained by a transfer-matrix calculation are used for the procedure
stated in the red box in Fig. 3.5. This is done using the entire data set from Fig. 3.6, i.e. the full
reflectance profiles in a wavelength range for 550-750 nm in 1 nm wavelength steps and for
thickness values between 7500-8500 nm in 1 nm thickness steps. These reflectivity profiles
are then used to fit the thickness as described above. For this test, the precompiled database
of minima positions for each thickness is calculated in 0.01 nm wavelength steps to ensure
that the precision of the database is not the limiting factor®.

The results of these calculations are shown in Fig. 3.9a which plots the difference be-
tween the thickness predicted by the algorithm and the nominal thickness. The difference is
shown for different interpolation increments which shows that interpolating and smoothing
the experimental data indeed improves the precision of the calculation. Without any inter-
polation the standard deviation and peak to peak deviation of the difference are o = 1.87nm
and opp = 8nm. Both values decrease significantly when the data is interpolated with
increments of 51 = 0.2nm and smoothed with a 5nm moving average filter’. However, we
do not observe a further significant improvement by interpolating the data at 64 = 0.1nm
increments versus 64 = 0.2nm.

Next, we investigated the influence of noise on the precision of the thickness fitting.
Gaussian noise with different standard deviations (stated as “Noise =" in Fig. 3.9b) was
added to the reflectance spectra before the thickness fitting was performed. The results are
summarised in Fig. 3.9b; the blue profiles show the reflectivity spectra for a micro-cavity
thickness of 8000 nm with different amounts of noise added; the histograms summarise
the deviation between nominal and fitted thickness for the entire 7500-8500 nm thickness
range. In Fig. 3.9b the first column (Noise = 0) represents the same data as in Fig. 3.9. The
column in the middle (Noise =500) represents a scenario similar to experimental noise
under standard conditions. The results show that interpolating and smoothing the data

greatly improves the precision of the thickness fitting: the standard deviation of the deviation

8In fact, we also use §1 = 0.01 nm for the precompiled database, which we use to fit our experimental data,
to rule out that any artificial numerical noise is created by using larger steps. Although creating the database
takes longer for smaller steps, this is not an issue because it only has to be done once.

9Note, without applying a moving average filter, but only interpolating the data, the resolution would not
increase because we perform a linear interpolation.
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Figure 3.9: Testing the precision of the thickness fitting algorithm with reflectance data pro-
duced by transfer matrix calculations, i.e., same data as in Fig. 3.6. Different interpolation
conditions and different amounts of Gaussian noise added to the data are compared. (a)
Difference between nominal and fitted thickness for different increments of wavelength
interpolation 6 A. o is the standard deviation of the difference between nominal cavity thick-
ness and fitted thickness. (b) Difference in thickness for different 61 and different amounts
of Gaussian noise (standard deviation of noise 0, 500, and 1000). The blue profiles (top)
illustrate how the added noise affects the reflectance spectra (cavity thickness, 8000 nm).
Note that the total amount of fitted pixels is only 20% for noise = 1000, 6A = 1nm.
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between nominal thickness and fitted thickness is reduced from 3.5-1.04 nm (Noise = 500)
by interpolating in §A = 0.2nm steps. We see this improvement for all three noise levels but
see no significant further improvement for any of the noise levels when using 61 = 0.1 nm.
Therefore, 61 = 0.2nm will be used to save computation time. We attribute the fact that
we do not see a further improvement in precision to the statistical effect of fitting actually

multiple (V) minima positions so that the average error from Eq. 3.3 should be divided by

vN.

We also test how our approach of interpolating and smoothing the data before fitting
the minima positions compares to fitting each minimum with a peak function. (We used a
Gaussian here as we find that it describes the broad and partly overlapping minima better
than a Lorentzian.) For this we take the simulated reflectivity plot for a cavity thickness of
8000 nm (blue line in Fig. 3.6) and, without performing any initial interpolation or smoothing
of the data, fit each minimum position with a Gauss-function. Equation 3.3 is then used
to calculate the average error of the determined and simulated (true) minima positions.
For comparison, we apply the same method used before, i.e. interpolating with 0.2 nm
increments, smoothing with a 5 nm moving average filter, finding the minima with the simple
minimum finding algorithm described above and then applying Eq 3.3. We find that the
average error is 0.19 nm for the interpolation and smoothing approach and 0.18 nm for fitting
the minima positions with a Gauss-function. We therefore conclude that fitting a Gauss-
function does not lead to a significantly more accurate fit. However, it is computationally
much more demanding than our approach (a least square fit has to be carried out for each
minimum separately), and in addition requires an initial guess of the approximate positions
of the minima. In light of the large number of reflection spectra that need to be analysed, the
interpolation and smoothing approach combined with the simple minima finding algorithm

described above is therefore more suitable.

Finally, in order to estimate the thickness resolution of our approach, we derive a relation
between changes in the position of minima and changes in cavity thickness. The derivative
of Eq.3.11is % =41 and provides a measure of how much one reflection minimum shifts

~ 2m+1

per 1nm change in cavity thickness. Because m is not necessarily know and has to be
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calculated, we rearrange the relation:

1= 4Ln(A)

2m+1

2m+1= 4Ln(A)
A

d_)l B 4n(A) B 4n(A)A B &
dL 2m+1 4Ln(A) L

For typical values (1 = 650nm and L = 8000nm) we find that each minimum shifts by
0.08nmnm™! (change in wavelength per nm thickness change). The calculations in the
previous paragraphs showed that the average error in the spectral position of the reflection
minima is between 0.19 nm and 0.24 nm (depending on whether or not noise is considered).
0.24nm

008nmnm—T =~ 3nm. However, as

the thickness fitting algorithm considers about ten minima across the investigated wave-

This would imply an error in the thickness measurement of

length range (typically 550-750 nm), the precision of the thickness measurement improves

t 0.24nm

——=21A___ ~ ]1nm.
0.08nmnm~_!v/10

Test Precision with Real Data

In this section, we will investigate the influence of the spectral band-width of the light
used to illuminate the micro-cavity, the camera exposure time, and the roughness of the
cavity mirrors on the precision of thickness fitting. Measurements were taken on a flat,
non-deformed region of the micro-cavity (same micro-cavity as in Fig.3.1 and Fig. 3.8)
using multiple exposure times and different bandwidth ' The results of this experiment are
summarised in Fig. 3.10.

We find that higher exposure times generally lead to less noisy reflectivity profiles (cf.
Fig3.10a) and consequently yield less noisy thickness maps (cf. Fig.3.10b). For the longest
exposure time tested (250 ms), a surface structure, which we attribute to local roughness
of the gold mirrors, is resolved. To quantify the quality of our measurement, we calcu-

late the average error (cf. Eq.3.3) for different combinations of exposure time and band-

19Bandwidth was adjusted by changing the slit widths of the monochromator used in the experimental setup
for recording ERISM data.
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Figure 3.10: Investigation of the influence of the spectral bandwidth of the light source (full
width half maximum, FWHM) and camera exposure time on the thickness fitting for a flat
micro-cavity. (a) Reflectance spectra for a single pixel within the field of view for different
exposure times (spectral bandwidth, 4.6 nm). (b) Thickness of micro-cavity for the same
exposure times as in (a); scale bar, 5 um. Black box indicates pixel (only one pixel in each
box) for which spectrum is shown in (a). (c) Average deviation between experimentally
determined and simulated sets of minima for the fitted cavity thicknesses versus spectral
bandwidth (top) and camera exposure time (bottom).
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widths (FWHM), taking in each case the mean over the whole field of view of our system
(1024 px x 1280 px corresponding to 166 um x 207 um) (cf. Fig. 3.10c).

When the exposure time is kept constant, the average error decreases with increasing
bandwidth. This is expected since more light can pass through the monochromator slits
improving the signal to noise ratio. However, if the bandwidth is too large (e.g. bandwidth
14.9 nm), the interference contrast reduces drastically which then results in large average
errors for all exposure times we applied. Furthermore, we find that increasing exposure
time only reduces the average error significantly for exposure times up to 10 ms (when using
bandwidth with FWHM >= 2.3nm), indicating that beyond a certain signal to noise ratio,
the thickness fitting does not improve any more.

The slits yielding FWHM bandwidths of 4.6 nm and 8.8 nm perform nearly equally well
and our data indicates that a bandwidth below 4.6 nm does not improve the precision of
the fit. As we will describe in more detail later, it is often desirable to keep the overall scan
time short (to avoid artefacts from cell-induced thickness changes during the scan). We
therefore conclude that slits yielding a FWHM bandwidth of 4.6 nm (physical width of the
slits, 0.6 nm) and an exposure time of 10 ms are the measurement parameters providing the
best thickness precision while maintaining a low overall scan time. The mean average error
for these measurement parameters is 0.25 nm,; this is comparable to the value estimated
with simulated data (0.24 nm cf. Section 3.4.5) and corresponds to 1 nm precision for the
thickness fitting. We therefore also conclude that it is sufficient to fit the cavity thickness
in 1 nm steps, i.e. to use 1 nm thickness increments in the simulated database. We note
that the presently used fabrication process for ERISM micro-cavities have an RMS surface

roughness of approx. 3 nm.

Limitations of the Thickness Fitting

For very short exposure times (<10 ms), steep changes in cavity thickness (high gradients),
and very dynamic processes that induce considerable thickness changes during the wave-
length scan, the thickness fitting can yield inaccurate results. To increase the robustness

of our algorithm and to prevent unphysical results, we included a parameter tolerance.
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The thickness for a certain point in the image is set to Not a Number (NaN) if the average
error is above the tolerance. Setting the tolerance to a value of 1 nm in wavelength would
correspond to a maximum allowed deviation in thickness of 12.5 nm. Since the average error
mainly increases for large deformations (>150 nm) allowing pixels to be fitted with a 12.5 nm
inaccuracy is still reasonable as it corresponds to a maximum error in the measured defor-
mation of less than 10%. Note that for small deformations, the precision of the measurement

is much higher (as described above) as the tolerance compliance is not reached.

If the fitting algorithm fails to determine the thickness correctly, most frequently the fitted
thickness corresponds to a higher or lower mode number (m) compared to the surrounding
pixels. Thickness changes by one mode order between adjacent pixels are unphysical in most
conductions (1px = 160 nm; the approximated thickness difference between two modes is at
AL = #(/1) =~ 230nm at A = 650nm). We attribute the “jumps” in thickness between mode
numbers to a deterioration of the signal for these extreme conditions described above, and
hence, less accurate fitting of the minima positions. To understand this better, we compare
the minima positions for two adjacent mode numbers m; and m;, with my = m; +1 and the
central minimum at the same position. The average error between these two sets of minima
is 1.33nm. A measured dataset which “jumps” between these two different thicknesses

would therefore have an average error of approx. 1.33nm/2 = 0.67 nm.

As described above the average error between experimentally obtained/fitted and simu-
lated minima positions is approx. 0.25 nm (much smaller than 0.67 nm) — we confirmed
this value with different datasets (data not shown). Unphysical jumps between modes and
fitting a thickness corresponding to the wrong mode number are therefore usually not an

issue.

In rare cases, mode jumps have been observed, we have therefore implemented an
optional feature that stops the fitting algorithm from predicting a thickness that differs by
more than a certain value from the thickness of the adjacent pixel (typically 50 nm per pixel
are used). This feature leads to more consistent data but at present is very rarely required. It

might become more important if faster processes are investigated.
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For the thickness calculations in Fig.3.10 we used a tolerance of 2nm to show how
strongly the measurement parameters change the average error. However, when using
the two slits with the smallest FWHM at 1 ms and 5 ms exposure time and for all exposure
times used with the largest slit, 90%-99% of the values had an average error above 2 nm
and were therefore not considered in the statistic. On the other hand, using the standard
parameters as stated above, we routinely fit 99.99% of all pixels; with the non-fitted pixels
usually being at positions where the micro-cavity has defects (e.g. due to dust captured

during the fabrication process).

Increasing Measurement Speed by Measuring One Minimum

If fast processes are monitored with ERISM or if multiple fields of view are to be tracked at
the same time, one may want to optimize the time it takes to record the required data. As
we described in Section 3.3.3, the time for one measurement is (8.0 £ 0.5) s for a wavelength
range of 550-750 nm. One frame every 8s is potentially too slow to investigate fast moving
cells like amoeba[84]. Measuring only every 8 s could first of all lead to events or patterns
of interest not being detected simply because the frame rate is too low. Furthermore, if a
thickness change occurs during an 8 s measurement, the measured reflectance profile could
be distorted which may result in fitting the wrong thickness or in the software not finding
any thickness.

Most of the measurement time is spent in taking the images with the camera and moving
the monochromator, hence, one could reduce exposure time and increase the speed of
wavelengths tuning. However, substantial improvements would require significant increase
in the intensity of illumination (which can be problematic) and recording and storing the
data could become challenging. (The present implementation uses a conventional solid-
state drive and a camera connected via CameraLink.) We therefore suggest an alternative
method where the cavity thickness is fitted by tracking the position of only one reflectance
minimum which allows a reduction in the scan range (e.g. to 620-660 nm instead the 550—
750 nm range required for tracking multiple minima) and results in a four-fold reduction in

measurement time.
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With this scheme one can only determine the absolute thickness if the mode of inter-
ference m or the FSR is already known (cf. Eq. 3.1 and Eq. 3.2). Then, once the absolute
thickness is determined, changes of the cavity thickness can be calculated from the position
of one single minimum in the reflectance spectra. In addition, only thickness shifts smaller
than half the thickness shift between two adjacent modes (approx. 115nm, cf. section
Limitations of the Thickness Fitting and Fig.3.11) can be calculated, otherwise it is not
clear whether the thickness increased or decreased. Consequently, one has to perform one
measurement over the full 550-750 nm range to obtain the initial absolute thickness map
of the micro-cavity. In practice, this is not an issue as this can be done before the actual

experiment.

We visualise this concept in Fig. 3.11. The green line in Fig. 3.11 shows how the position
of a single minimum in the 620-660 nm would change for different cavity thicknesses (again
considering the thickness range between 7500-8500 nm, as before, and always taking the
longer wavelength minimum within the investigated range). The minima positions used
when fitting the cavity thickness based on data from the 550-750 nm is also shown (cf.

orange circles in Fig. 3.11).
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Figure 3.11: Visualisation of the minima positions for the standard algorithm for one thick-
ness (orange circles) and the minimum position for a range of thicknesses for the one
minimum fitting algorithm.
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To demonstrate the benefit of this approach for measuring a dynamic system, we per-
formed the following experiment (cf. Fig. 3.12). A bead was attached to the cantilever of an
atomic force microscope (AFM)!! and the cantilever indented by ~ 130 nm into one of our
micro-cavities using the piezo-stage of an AFM (Nanosurf). The cantilever was moved at
different speeds (200, 500, 1000 nm s1) across the surface of the cavity with the bead still
indented. Measurements were taken at the maximum possible speed (camera exposure

time, 10 ms) for both a wavelength range of 201 nm and for a range of 41 nm.

If the cavity thickness changes during a measurement, the reflectance spectra are dis-
torted because the reflectance changes with the cavity thickness (cf. Fig.3.11). In other
words, each point of a reflectance spectrum would correspond to a different thickness.
Hence, it is difficult to tell which intensity changes in the reflectance spectra are linked to the
change in wavelength during the scan or which are linked to the change in cavity thickness

because of the moving object; this is likely to lead to a less accurate thickness fit.

In fact, we observe that with increasing speed the fitted thickness to the left and right
of the centre of indentation takes unphysical values. More precisely, the thickness can
be fitted but at pixels where the thickness increases during the scan, the minima in the
reflectance spectra will have a lager spacing'?, and hence the fitted thickness is for the
next lower cavity mode order. For instance, instead of 8000 nm, a thickness of 7770 nm is
fitted, which corresponds to the green pixels in Fig. 3.12b. On the other side (right) of the
centre of indentation the thickness decreases during the scan. In this case, the spacing
between the minima is smaller, resulting in a fitted thickness which is 230 nm thicker than it
should. These pixels are coloured magenta in Fig. 3.12b. The observation we describe here

is analogue to the Doppler-effect in acoustics.

When we analyse our data using only the smaller range of 620-660 nm the described
unphysical values do not occur. Because only one minimum is used to fit the thickness the
mode cannot change. Our data thus shows that we not only increase the frame rate by a

factor of 4 but that we can also fit the data at cantilever speeds where no good fit is possible

we will give a more detailed introduction into AFM in Section 3.5.1.
12Because the minima are red-shifted for increasing thickness.
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Figure 3.12: Comparison between fitting the cavity thickness with all minima within a range
of 550-750 nm and with only one minimum in the 650-690 nm range. (a) Schematic of the
AFM cantilever positions at the start and end of one ERISM scan when the cantilever is moved
across the sample whilst indenting into the micro-cavity. (b) Fitted vertical displacement for
different cantilever speeds and fitting ranges. Green and magenta represent pixels for which
unphysical values (< —300nm,green and > 150nm, magenta) were fitted. Scale bar, 5um.
All images are centred on the maximum indentation.
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with the full data range. The reduction of the total data size is another advantage of this
approach.

A potential drawback could be that we do not achieve the precision in thickness of the
multiple minima fit. We investigate this further and apply the one-minimum algorithm to
calculate the thickness for the simulated reflectance data with Noise=500 (cf. Fig. 3.9). We
then subtract the result from the nominal thickness to get the deviation between nominal
thickness and experiment. Similar to our analysis in Fig. 3.9, we are interested in the standard
deviation as a measure of how well the fitted thickness values align to the nominal thickness
values.

The values are listed in Tab. 3.1 together with the standard deviation for the algorithm
which considers all minima in a range of 550-750 nm. Without interpolation and smoothing
(6A = 1nm) the standard deviation for the one minima algorithm is more than twice as big
as for the standard algorithm. For both algorithms it does not make a significant difference
if the signal is interpolated in 0.2 nm or 0.1 nm steps. Once the data is interpolated, the
standard deviation for both algorithms decreases by a factor of ~3. Although the standard
deviation of the one minimum algorithm (2.73 nm) is still more than twice as big as the
standard deviation for the multiple minima algorithm (1.04 nm), 2.73 nm is comparable
to the surface roughness of the sensor with an RMS of 3nm. In addition, we expect the
precision in our experiments to be even better if we subtract the roughness by taking a
reference image and apply a Gaussian filter. We will show in Section 4.4.2 that by adding
these steps, we can detect thickness changes down to 0.5 nm. We conclude that using the
one minimum algorithm will not decrease the precision of the thickness fit significantly and

is therefore beneficial to use in order to achieve a higher frame rate and reduce data size.

Speed of the Thickness Calculation

We choose Python[85] as a programming language to write ERISM-Calc which receives
the raw ERISM measurement data as input and then: 1) performs the interpolation and
smoothing, 2) fits the minima positions, 3) fits the set of minima from the experiment to the

precompiled database to obtain the cavity thickness. Python has the advantage that many
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Table 3.1: Comparison of the expected precision for the thickness calculation between
standard fitting algorithm and one minima fitting algorithm. Calculations performed in the
same way as for the data with Noise =500 in Fig. 3.9. Standard deviation of the difference
between thickness fit (of simulated reflectance data for cavity thicknesses of 7500-8500 nm)
and the nominal thickness values.

Interpolation increment §A || 1nm | 0.2nm | 0.1nm

Standard deviation [nm]

550-750 nm 3.5 1.05 1.03
standard minima fit

Standard deviation [nm]

650-690 nm 7.34 2.73 2.64

one minimum fit

libraries are available, e.g. to read or smooth images, and that it is usually faster to develop
programs in Python compared to low-level programming languages like C.

However, we found that the time we needed to calculate the thickness for 1024 x 1280
pixels was more than 1 h. Although the calculations can be done after the measurement,
such long computation times are impractical if thousands of measurements have to be
analysed. We addressed this issue by carefully optimising the different algorithms and
moving the computation heavy parts of the code into a precompiled C++ library. The latter
was done using Cython[86], a Python module, which allows to preserve almost all of the user
friendly Python syntax and automatically converts the Python code into compiled C++ code.

After these optimisation steps we achieved computation times of approx. 1min for
1024 x 1280 pixels when fitting multiple minima of the reflectance spectra, and 20 s when
using the one minimum algorithm. Furthermore, we can run multiple instances of ERISM-
Calc in parallel on a multi-core CPU and thus effectively achieve computation times down
to 5s for the one minimum algorithm!3.

These computation times are fast enough to analyse large data sets (cf. Section 4.2) and
ERISM-Calc could even be integrated into ERISM-Read to calculate the cavity thickness

parallel to the ERISM measurement.

13Calculations are performed on a Windows PC with Intel®Core™ i7 3770K at 3.5 GHz (quad core) and 8 GB
of RAM.
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3.5 Mechanical Characterisation of ERISM Micro-Cavities with

AFM

In the previous section we explained in detail how and to which precision we can measure the
local thickness and displacement of an ERISM micro-cavity. Spatially resolved displacement
maps are already valuable because it is possible to see were cells exert forces, if these forces
change over time, and how displacements (e.g. the maximum displacement) vary between
different cells. In addition, it can also be of value to know the actual stresses or forces the
cells are exerting. This is important for several reasons including to compare results obtained
by different force sensing techniques or to investigate stress dependent processes rather
than displacement depend processes, i.e. the same stress leads to different displacements

on substrates with different stiffness.

Similar to other force sensing techniques, once displacements are measured with ERISM,
stress and forces can be calculated if the material properties of the substrate are known.
Therefore, in this chapter we will investigate the mechanical properties of the ERISM micro-
cavities. We will use atomic-force-microscopy (AFM) as a tool to exert known forces on the

sample and measure the displacements with ERISM.

We will first introduce the basics of AFM to motivate how we can use this technique
for ERISM micro-cavity characterisation. We will then perform nano-indentation measure-
ments to apply known forces with the AFM to pristine elastomer samples (no oxide and gold
layer on top) and to complete micro-cavities. Combined with a finite element method this
will give us the Young’s modulus of the elastomer, which is required to calculate the stress
and force from displacements. After characterising the response of the micro-cavities to
vertical forces, we will use the AFM to apply horizontal forces and observe the micro-cavity
response with ERISM. Finally, we will apply what we learned from these measurements and

calculate for representative examples the stress exerted by a cell.
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3.5.1 Atomic-Force-Microscopy (AFM)

Atomic-Force-Microscopy (AFM) is a widely used high resolution imaging, micro-manipula-
tion, and force-spectroscopy technique. The core concept of AFM is to measure the bending
of a cantilever due to changes in the sample height or the force exerted on the cantilever (cf.
Fig.3.13a). This is done by pointing a laser beam at the end of the cantilever and measuring
the position of the reflected laser light with a photo-diode based detector. The cantilever po-
sition can be changed with piezo ceramics. For imaging, a cantilever with a sharp tip (one or
only a few atoms at the end) is moved over the substrate and the deflection of the cantilever
is measured. This yields information about the height profile of the sample. An AFM can
easily be utilised as a micro-manipulator since it already has the ability for positioning the
cantilever in all three dimensions. In addition, different cantilevers are available for different
applications, e.g. to electrically characterise or manipulate the sample surface, to move or
reposition micro-particles or even atoms on the sample surface, as a micro-pipette (hollow

cantilever and/or tip with hole at the end) to remove or inject particles e.g. into cells.

Nano-Indentation with Spherical Indenter — Hertz-Model

For this thesis the force-spectroscopy aspect of AFM is most relevant. We use the displace-
ment maps we obtain with ERISM and ERISM-Calc as input to calculate the stress with a
finite-element-method. This requires knowledge about the mechanical properties of the
micro-cavity. AFM is widely used to measure the Young’s modulus of different kinds of
materials. Here, instead of using a sharp tip, usually a sphere is attached to the end of the
cantilever (cf. Fig. 3.13b) as the theory of contact mechanics is much simpler for a sphere as
compared to a sharp tip and the occurrence of extremely high peak stresses can be avoided.
The sphere is then indented into the sample. If the spring constant of the cantilever is
known'?, the sphere can be indented with a known force. At the same time, the indentation
depth of the sphere can be calculated from the z-position of the piezo and the cantilever

bending. Finally, the so acquired force-distance-curves can be fitted with an equation given

14We are referring here to the spring constant k, which describes how much force is needed to move the
end of the cantilever up or down. In Section 3.5.4 we will discuss the different spring constants and cantilever
mechanics in more detail.
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(a) (b)

Photo-Diode Detector

Figure 3.13: (a) AFM cantilever with tip, laser beam is reflected at the top of the cantilever
and collected by a photo-diode detector. (b) AFM cantilever with spherical indenter.

by the Hertz-Model with the Young’s modulus as a free parameter. For a spherical indenter
indenting into a half-space the indentation force F and indentation depth d are related as
follows[87]:
4 . 1.3
F:§E R2d> (3.4)

Here E* is the effective Young’s modulus of indenter and half-space (cf. Eq.3.5) and R is
the radius of the sphere. The Hertz-Model makes the following assumptions[87]: both,
indenter and sample are perfectly linear elastic materials, i.e. no hyperelastic, plastic or
viscoelastic effects, no inhomogeneities; the contact area is small compared to the radius of
the sphere; no other forces between indenter and sample, e.g. adhesion or friction!®; the
indentation depth is small compared to the sample thickness, i.e. the stiff substrate has no
influence on the indentation depth at a given force. The effective Young’s modulus E* in
Eq. 3.4 combines the Young's modulus Esy,, Eg; and Poisson’s ratio vsp, v of the sphere and
elastomer respectively[87]:
1 1- Vép 1-—v2

— = + El (3.5)
E Esp Eg

We use glass beads for the indentation measurements which are approximately six orders of

Eg

2"
lvE1

magnitude stiffer than the elastomer. Therefore, we can write E* =

15We perform the indentation measurements in a buffer solution with high salt concentration to avoid
electrostatic effects between micro-cavity surface and glass bead.
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Equation 3.4 assumes that the sample is infinitely thick compared to the indentation
depth. This does not apply to our measurements with a sample thickness of around 8 um and
indentation depths up to 1 um. We therefore use a corrected Hertz-Model which describes
the indentation of a spherical indenter into an isotropic linear elastic layer with finite
thickness L on an infinitely stiff substrate[88]:

4 Epg 1 3 2 3 4
F= 51—2R2 dz [1+1.133y +1.283y" +0.769y° +0.0975y"] . (3.6)
-V
El
With y = @. We assume a Poisson’s ratio of v = 0.49, a value previously reported for the
structurally similar PDMS. With Eq. 3.6 we can now extract the Young’s modulus for an 8 um

thin elastomer layer on a glass substrate from AFM indentation measurements.

3.5.2 AFM Indentation Measurements on ERISM Micro-Cavities

We investigate the mechanical difference between pristine elastomer samples and full micro-
cavities with bottom and top mirrors!®. A cantilever with a sphere (r=5um) was indented
into the samples to record force distance curves. Force distance curves were taken multiple
times in forward (indentation) and backward (retraction) direction at the same sample
position without observing significant changes between the measured curves indicating
that the sensor fully relaxes into its initial states without taking damage[77]. The curves were
fitted with Eq. 3.6 (cf. Fig. 3.14 blue and green lines) to extract the Young’s modulus for the
two samples. We found that the complete micro-cavity has a stiffness of (3.2 + 0.7) kPa which
is stiffer than to the pristine elastomer sample with (1.4 + 0.8) kPa but within a similar range.
Furthermore, collaborators measured the Young’s modulus of a macroscopic elastomer
sample with conventional rheology and obtained a value of Eg; = (460 +10)Pa'?. It is
unlikely that the stiffness of the elastomer itself, i.e. of the bulk, has changed in the complete

micro-cavity or even in the pristine elastomer. We therefore attribute the difference in

16Measurements and fitting of the force distance curves were performed by Dr. Nils. M. Kronenberg.
17We thank Giuliano Scarcelli for providing us with this data.
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Figure 3.14: Representative force distance curves and corrected Hertz model fits (cf. Eq. 3.6)
for pristine elastomer sample (magenta) and full micro-cavity (blue). The apparent Young’s
Modulus E’ was obtained from the Hertz model fit of five independent measurements for
each sample. Measurements and data analysis were performed by Dr. Nils M. Kronenberg.

apparent stiffness between the cavity sample and the bulk elastomer to the SiO; layer formed

on the surface during plasma treatment and to the deposited gold film (cf. Section 3.2).

However, the Young’s modulus obtained with AFM measurements for the pristine elas-
tomer sample is also three times higher than the value obtained with rheology. To under-
stand this, we measured untreated elastomer samples at different time points and found
that one week old samples show a nearly threefold increase in stiffness. This observation
is consistent with the formation of a natural oxide layer on the surface if the elastomer.
An increase of the Young’s modulus over time was not observed for the full micro-cavities
suggesting that the oxide layer from the plasma treatment and the gold film protect the

samples from further oxidisation.

We acknowledge that multilayer structures like elastomer/natural oxide or elastomer/
oxide/gold are not explicitly covered by the corrected Hertz-Model. However, we find that
Eq. 3.6 does describe the data well, therefore, we will refer later in the text to Young’s moduli
obtained by this method as apparent Young’s moduli E’. Moreover, we perform further
measurements and data analysis to characterise the micro-cavity multilayer system in order

to extract meaningful quantities to calculate the stress from ERISM displacement maps.
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ERISM in Combination with AFM

For the following experiments we used a batch of micro-cavities fabricated earlier and thus
with less well optimised process parameters compared to the sample we used to acquire
the data in Fig.3.14. We expect that the sample discussed in the following had an even
thicker SiO, layer compared to the sample with E’ = (3.2 +0.7) kPa in Fig.3.14. We did not
record force-distance curves to extract the apparent Young’s modulus of this sample with
the corrected Hertz model, however, we will use a finite element method approach (see the
coming sections) and get E’ = (12 + 1) kPa. Furthermore, we will show that our findings for

this stiffer sample are valid for the softer sample as well.

We combine AFM measurements with ERISM to obtain the spatially resolved change in
cavity thickness of a micro-cavity during AFM indentation. With this combination of AFM
and ERISM we can extract the indentation profile at the applied indentation force. This
is interesting in itself as the indentation profile provides additional information about the

sample but is difficult to assess with other methods.

We applied four different forces (5nN, 10nN, 15nN, 20nN) and kept the position of
the AFM cantilever for 20 s to perform an ERISM measurement. From each displacement
map (see example for 10nN in Fig. 3.17a) we obtained the indentation profile by building
the average over 360° around the maximum indention (cf. Fig. 3.17a). All four indentation
profiles are shown in Fig. 3.15. In the following sections we discuss how the profiles obtained
with ERISM and AFM, obtained profiles compare to finite element simulations for single and
multilayer structures. We will first have a brief look at the general concept of finite element

simulations and will then apply these simulations to our problem.

Introduction to the Finite Element Method (FEM)

The finite element method (FEM) was developed to provide numerical solutions for complex
problems. FEM is widely used to solve engineering problems, e.g. to simulate the statics or
dynamics (e.g. wind) of a large bridge. Because of the complex geometry of a large bridge,

there is no analytical solution available which would describe the forces acting at each point.
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Figure 3.15: Indentation profiles obtained as described in the text for four different forces.

However, this is of course important to know in advance in order to judge which structures

and materials are necessary to support a certain load (trains, cars, etc.).

The core concept behind FEM is to divide a complex geometry into smaller finite elements
and solve the relevant equations (usually partial differential equations) for each element.
Then, for given boundary conditions and starting values the whole problem is solved by
iteratively solving this large set of equations. Because of FEM being a tool to solve partial
differential equations for complex geometries, it is used in different areas of physics like:

optics, electrodynamics, structural mechanics, fluid dynamics, etc.

The main steps in a finite element analysis (FEA)'® usually involves: setting up the
geometry, e.g. drawing the 3D shape of a bridge; defining boundary conditions, e.g. where
is a structure fixed in space, where is load applied; mesh generation, i.e. defining the finite
elements; solving the set of partial differential equations; extracting the quantities of interest.

Nowadays, integrated software solutions are available to perform all necessary steps in one

18The acronym FEM usually only describes the process of assembling and solving the partial differential
equations. FEA describes the whole process of: setting up the geometry, mesh generation, calculation,
analysing the results. However, FEM and FEA are often used interchangeable. We will use in the following text
FEM.
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program. We use COMSOL Multiphysics 5.0 to perform all the FEM calculation presented in

this thesis.

FEM Model of Indentation Experiment

We first build the geometry in COMSOL according to the indentation measurements (cf.
Fig.3.13b). This includes the sphere (r=5um) and the sample (micro-cavity) (cf. Fig. 3.16).
We do not need to include the AFM cantilever in the model because we know from the
indentation profiles (cf. Fig. 3.15) by how much the sphere was indented into the sample.
The sphere is modelled as a rigid material, which can not deform but only change its
position as a whole, to simplify the model for faster calculation and better convergence. This
is a good approximation since the glass bead we used as indenter has a Young’s modulus
approximately six orders of magnitudes higher than the samples. The mesh of the sphere
has to be fine solely at the contact region to reproduce the curvature of the sphere, but can
be coarser in other regions since no deformation or stress is allowed anyway in the rigid
sphere (cf. Fig.3.16¢).

Our results in Fig. 3.14 indicate that the micro-cavities have an additional stiff layer on
top of the elastomer. We therefore model the micro-cavity as a two layer system with an 8 um
elastomer layer and an additional 50 nm thick layer on top of the elastomer (later referred to

as stiff layer)'®

. The contact between the stiff layer and the bulk is a tied contact. This means
that the adjacent elements in the stiff layer and the bulk will always share one boundary
and cannot slide against each other or penetrate the other layer. This is reasonable since we
expect a tight bond between elastomer, SiO», and gold.

The contact between rigid sphere and stiff layer is set up such that it allows sliding
between the two domains, neglects friction, and does not allow penetration of the sphere
into the stiff layer?’. In all simulations we prescribed the displacement of the sphere in

negative z-direction (downwards) into the sample rather than assuming a force with which

the sphere is indented. This improves convergence of the problem, and hence, speeds up

19We will explain why we use this value of 50 nm further down in the text.
20In COMSOL the Augmented Lagrangian algorithm is used to model the contact.
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Figure 3.16: COMSOL model to describe indentation measurements. (a) Overview of 3D
geometry. (b) Mesh of sphere and micro-cavity. (c) Close-up of contact between sphere and
micro-cavity. Thin stiff layer highlighted in orange.

the calculation. The bottom surface of the elastomer is fixed in space, this is needed to
constrain the problem and is similar to the experiment. We did not apply any constrains to
the top boundary, and the right hand side boundary (where the edge is) of the elastomer and
stiff layer. We assume a length of 100 um from the point of maximum indentation to either
side. This is sufficient since the indentation profile is close to 0 nm at a distance of 100 pum.

The geometry in the experiment has a rotational symmetry (cf. Fig.3.16a). This can
be utilised by COMSOL with additional boundary conditions to reduce memory cost and
computation time. Figure 3.16b shows the geometry and mesh we use for the elastomer
and the stiff layer in the COMSOL model for one plane of symmetry. We chose a mesh
with increasing element sizes from the contact region to the boundaries of the elastomer.
This ensures that the elements are small enough (<50 nm) at the region of large indentation
gradients and we do not see significant changes in our results for element densities with a

factor of ten higher or lower (data not shown).

Simulation with the same Young’s Modulus for Stiff Layer and Bulk (Eg; = Egy)

First, we run the simulation with no stiff layer on top of the elastomer to compare the
expected indentation profile for unoxidised elastomer with the indentation profile we mea-
sured for the micro-cavity. Note, we did not measure the indentation profile for the pristine

elastomer sample because the refractive index contrast between elastomer and air is too
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Figure 3.17: Comparison of simulated and experimentally obtained indentation profiles. (a)
Displacement map with indicated indentation profile (blue line ). Profile was obtained by
taking the average over 360° around the maximum indentation. (b) Vertical displacement
obtained by COMOSL simulation. Peak indentation depth (362 nm) was taken from the
experimentally obtained indentation profile. Indentation profile at elastomer surface is
highlighted in magenta. The black lines indicate the starting position of sphere and sample.
(c) Experimentally obtained indentation profile for full micro-cavity (blue) and simulated
indentation profile (magenta, as in (b)).

low to yield a meaningful ERISM signal. We keep the stiff layer in the simulation but assume
the same Young’s modulus as for the bulk (Eg = Egp), i.e. the elastomer thickness is now
8.005 um. We assume Ep) = 450Pa and a Poisson’s ratio of 0.49. Then, we prescribe the posi-
tion of the sphere with the maximum indentation depths dpax (cf. Fig. 3.15 and Tab. 3.2) for
each applied force in the AFM measurements, e.g. 362 nm for 10 nN. From the simulation
we can then extract the simulated indentation profile of the top boundary (surface) (cf.
Fig.3.17b). Both profiles, measured with ERISM and simulated with COMSOL, are compared
in Fig. 3.17c. It is apparent that the profiles are extremely different. The simulated profile
(magenta line) is much narrower and does not describe the experimental data (blue line).
Changing the Young’s modulus of the bulk material can not lead to an improvement of

the fit. Although this would increase or decrease the force required to deform the substrate, it
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does not change the indentation profile itself?!. This is expected since the coupling strength
between each element in the elastomer is still the same. Therefore, although the force
required to achieve the same indentation depth changes for different Young’s moduli, the

indentation profile does not.

Although in the COMSOL model we move the sphere by a given value (e.g. dmax =
362nm) into the sample, we can evaluate the force needed to achieve this translation from
the simulation results. (Once COMSOL finds a solution for a certain indentation depth, the
system is in equilibrium. This means, the sum of the force with which the elastomer pushes
against to bottom boundary, which is fixed, and the force with which the sphere has to be
indented into the multilayer structure has to be zero.) We will call the reaction force at the
sphere RF, in the following. Because the simulated indentation profile does not change
by changing Efj, we can easily fit Eg) in COMSOL such that the reaction force at the sphere
equals the nominal value of 10 nN. This approach (performing FEM simulations) is equal
or even superior to fitting a corrected the Hertz model to AFM force-distance curves. FEM
simulations are often used as a reference to verify new analytical or numerical solutions
which offer lower computational cost than FEM. Following this method, we get Eg) = 12kPa.
As we expected, this sample was stiffer than the sample we investigated previously (cf.

Fig. 3.14).

Figure 3.17c shows clearly that we overestimate the Young’s modulus of the elastomer
because the indentation profile for which we got Eg; = 12kPa is much narrower (magenta
line) than what we measure in the experiment (blue line). We hypothesise therefore that a
stiff layer on top of the elastomer broadens the indentation profile when the sample is under
load. We therefore expect the actual Ef) to be significantly smaller than 12 kPa. In the next
sections we will test this hypothesis and vary the Young’s modulus of the stiff layer Eg;, to fit
the simulated indentation profile to the experimentally obtained profile, whilst changing

Eg; such that RF, equals the nominal forces we applied in the AFM experiment.

21We checked this in COMSOL by changing the Young’s modulus and obtain identical indentation profiles.
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COMSOL Simulation with Eg < Eg;,

In the next step we added in our model the stiff layer on top of the elastomer and ran
the simulation for different Young’s moduli of the stiff layer. From now on we assume
Egr, = 350Pa?2. Figure 3.18 shows how the indentation profile changes for different Eg;.
Although the indentation profile is broadened and therefore agrees somewhat better with
the experimentally observed profile than the simulation without the stiff layer, none of the
profiles has a shape that matches the experimental data. One can distinguish two main
regions in the profiles. First, the initial slope of the profile from the centre of indentation, e.g.
approximately x = Opm to x = 10um in Fig. 3.18. Second, the rest of the profile range where
the slope decreases and the profile approaches 0 nm. It appears that one could potentially
fit individual regions with one Egp, but not both regions with the same Eg;.

In addition, we vary the thickness of the stiff layer in the simulation and find that the same
indentation profile (simulated) can be reproduced with multiple combinations of stiff layer
thickness and Eg;, (data not shown). This means that for the shape of the indentation profile
mainly the difference in effective stiffness between elastomer and stiff layer is important. If
we choose the stiff layer to be thinner, we can compensate this by increasing Es; . Therefore,
we chose 50 nm as thickness for the stiff layer because it has to be more than the 15 nm of
deposited gold, but is likely not to be much thicker because the Young’s modulus is expected
to be in the gigapascal range (Young’s Modulus for gold is 79 GPa and approximately 70 GPa
for SiO,). Consequently, even by changing the thickness of the stiff layer in our simulation
we cannot fit the measured indentation profiles.

In summary, we conclude that the stiff layer can not be modelled as an isotropic linear
elastic material but changes its Young’s modulus depending on the strain. In other words,
we will have to assume a nonlinear material. The difference between linear and non-linear
materials is illustrated schematically in Fig. 3.19: An isotropic linear elastic material does
not change its Young’s modulus when the strain increases. However, the characteristic

of a nonlinear elastic material is that the Young’s modulus changes for different strains.

22This value for Egy, will be the correct one as we will see further down in the text. Using this value already
here will make it easier to visualise the differences between the indentation profile for Egj, = constant (this
section) and a strain dependent Young’s modulus (next section).
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Figure 3.18: COMSOL simulation of indentation profiles for different Young’s moduli Es;, of
the stiff layer . For comparison the experimentally obtained profile (dashed blue line) and
the simulated profile without stiff layer (magenta line) are shown as well.

Examples are for instance: strain hardening (increasing E for increasing ¢) or the reverse,
strain softening materials (decreasing E for increasing ¢€). The rupture of a material for
higher strains could (depending on the material) be visible in the stress-strain-curve as a

negative gradient.

COMSOL Model with Strain Dependent Young’s Modulus Egj, (¢)

It is possible to implement isotropic nonlinear elastic materials (e.g. hyperelastic materi-
als) in COMSOL. However, the required additional software package was not available at
the time of performing this study and finding the right material properties is challenging.
Furthermore, modelling the contact between sphere and the stiff layer becomes even more
complicated if the strain and the strain dependent Young’s modulus have to be evaluated in
the same simulation (too many free parameters). To circumvent this problem, we developed
an approach to estimate the strain dependent Young’s modulus of the stiff layer from the

experimentally obtained indentation profiles prior to the FEM simulation.
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Figure 3.19: Schematic stress-strain curves for (a) an isotropic linear elastic material and (b)
an isotropic nonlinear elastic material.

In order to develop a strain dependent model for the stiff layer we need to find a quantity
which describes the strain in the stiff layer. We can not use the displacement measured
with ERISM because this only describes the strain of the elastomer in vertical direction, but
not the strain of the stiff layer in lateral direction®>. However, the path length between two
points on the micro-cavity surface is longer if the material is deformed by an indenter, i.e.
any curved line connecting two points is longer than a straight line. Therefore, the surface is
stretched in lateral direction whilst under load. The gradient of the indentation profile is
thus an indicator for how much the surface is curved (stretched) at each point. We use the
gradient G(x) = w as a starting point for finding a function which describes how
Eg1, changes in dependence of the distance (i.e. in dependence of the gradient or strain)

from the indentation centre . The indentation profiles and corresponding gradients are

shown in Fig. 3.15 and Fig. 3.20a.

Judging from the difference between the experimental indentation profiles and the
simulated profiles (Egy, = constant) in Fig. 3.18, we can make a guess that Eg;, needs to be
smallest at the centre of indentation and has to increase with distance from the centre.
Except at the very centre, the gradients in Fig. 3.20a decrease with distance from the centre.

We therefore search for a function which inverses this behaviour. A simple function which

Z3We assume that there will be nearly no compression of the stiff layer in vertical direction because it is likely
to be more than five orders of magnitude stiffer then the elastomer.
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Figure 3.20: (a) Gradients derived from the experimentally obtained indentation profiles
in Fig. 3.15. (b) Strain dependent Young’s moduli derived from gradients using Eq. 3.7 with
A=1.5x%x10Pa, B=-1x 10%Pa, and Ep; = 350 Pa.

does this is:

A
Eg(x) = FX) + B. (3.7)

Here, G(x) is the gradient and A and B are parameters which have to be determined by

comparing simulation and experiment.

We manually fit A and B by comparing simulation and experiment for the 10 nN dataset
(corresponding to dpax = 362nm). Whilst adjusting A and B, we monitor the reaction force
RF, at the sphere and vary Eg such that RF, = 10nN. We find that we can describe the
experimental data well with A = 1.5x 10°Pa, B = —1 x 108Pa, and Eg = 350Pa. We then
use the same values for A and B to calculate Egp (G(x)) from the experimentally obtained
indentation profiles for 5nN, 15nN, and 20nN (cf. Fig. 3.20b) to simulate the profiles for
each force (cf. Fig.3.21). Our results show that we can describe all indentation profiles
relatively well using the same parameters A and B for the gradient dependent Young'’s
modulus Egp (G(x)). Simultaneously, all four reaction forces are in good agreement with the
nominal force values (cf. Tab.3.2). By contrast, simulations with a constant Egy, describe all
datasets less well than simulations assuming Es (G(x)) with the deviation being largest for

the larger forces (green lines versus blue dashed lines in Fig. 3.21).
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Figure 3.21: Comparison of indentation profiles: experimentally obtained (blue, dashed),
simulation with constant Young’s modulus 0.5 GPa (green), and simulation with strain
dependent Young’s modulus (cf. Fig. 3.20 magenta).
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When using Eg;, (G(x)) instead of a constant Eg, the remaining deviation between simula-
tion and experiment for the 5 nN indentation force are largest. This is apparent in the shape
of the profiles (cf. Fig.3.21a) but also in the reaction forces (cf. Tab.3.2) which differ by over
30%. This might be an indication for the limits of our approach to fit the Young’s modulus
of the stiff layer with a gradient dependent function as opposed to fitting an established
hyperelastic material model, e.g. Neo-Hookean or Mooney-Rivlin.

In conclusion, we showed that the micro-cavities we use as substrates for ERISM mea-
surements can be modelled as a two layer system comprised of a isotropic linear elastic bulk
material (elastomer) and an isotropic hyperelastic thin and stiff layer. Although not done
in this thesis, it should be possible to describe the stiff layer with established hyperelastic
material models. Next, we will investigate if we can calculate the applied (nominal) forces
from the indentation profiles (experiment), and which role the stiff layer plays in these

calculations.

Force Calculation by Evaluating the Stress

So far we only evaluated the reaction forces at the indenting sphere. However, this procedure
is only possible for these particular simulations, i.e. when a sphere is part of the model. If
we want to calculate forces from ERISM displacement maps, we need to calculate the stress
and then evaluate the forces by integrating the stress over an area.

First, we perform this analysis for the COMSOL simulation of the indentation profile,
using the Es; (G(x)) approach developed in the previous section. The integral of the vertical
component of the Cauchy Stress Tensor o, over any plane parallel to the surface of the
elastomer should yield the total force exerted on the elastomer, i.e. the reaction force at
the sphere. We test this and integrate o, at a plane A; which is 100 nm below the surface,
to calculate the situation in the elastomer and not the stiff layer. The plane extends from
x=0um to x = 100pum?* as illustrated in Fig. 3.22. The values for [ ¢,d A, are summarised

in Tab. 3.2 and are in very good agreement with RF,.

24Note, this is with respect to the COMSOL model which has a rotational symmetry around x = Oum, i.e. the
area is covered by a circle with a radius of 100 pm.
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Although this approach yields the right results, the integration area is rather large com-
pared to what is feasible in an experiment. This has two reasons. First, experimentally
obtained data will have some noise and even nanometre deviations could add up to a signif-
icant error in force if integrated over a large area. Second, for such a large integration area
the lateral force resolution (meaning two point forces next to each other) would decrease
dramatically since point forces which are even 50 um apart would be in the same integration
area. We therefore perform the same integration but for a smaller integration area A, which
covers the area until the indentation profiles pass zero (cf. Fig.3.22), this is at x = 18um for
all four profile. While this yields to approximately 10% smaller forces (cf. Tab. 3.2) compared
to results with integration area Ay, the values still give a good indication of the applied force.

Finally, following the same approach (and using integration area A,), we calculate the
forces from the experimentally obtained profiles (cf. Tab. 3.2). The calculated values are
almost in perfect agreement with the nominal values. It should be pointed out that these
final calculations do not involve any simulations with a sphere, but are solely obtained by
applying the indentation profiles measured with ERISM (cf. Fig. 3.15) to the COMSOL model
without stiff layer and with Egp, = 350Pa. This shows that, although it was important to fit
Eg1.(G(x)) to understand the mechanical difference between pristine elastomer samples
and full micro-cavities and to fit Eg; = 350Pa%®, we do not need to include the stiff layer
(and the associated strain dependent Young’s modulus) in the FEM model when we analyse
experimental data of cells, i.e., a simple FEM model of the bulk material (elastomer) is
sufficient to calculate the force from the measured data (cf. right column in Tab. 3.2). This
analysis gives us direct access to the vertical stress cells exert to the substrate and the

possibility to integrate the stress in order to calculate the applied forces.

Z5We appreciate that there is a difference of approximately 30% between the fitted value of Eg = 350 Pa and
Ep) = 460Pa, a value stated earlier in this chapter and which was measured with rheology by collaborators.
However, these rheology measurements were performed in a different lab at another university, therefore, this
deviation might be a result of slightly different sample preparation, e.g. maybe in one of the experiments the
two elastomer components were less well mixed than in the other.
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Figure 3.22: Schematic which shows where reaction forces and stress were evaluated in the
COMSOL model. The red dotted lines are at the same height in COMSOL and only vertically
shifted in this schematic for better illustration.

Table 3.2: Summary of FEM force calculation of AFM data. From left to right: Nominal force
applied to the AFM cantilever and corresponding maximum indentation. Simulation of
reaction force for a sphere indenting with the maximum indentation (second column) into
substrates with Eg;, = 0.5GPa and Egp, = Esp (G(x)). Force calculation by integrating o, over
A; or A, when simulated indentation profiles are applied to the structure (as described in
text). Similar calculation for the experimentally obtained indentation profiles.

Nominal Maximum | Indentation of sphere by dj,a« into sample | Exp. Profiles
Force Indentation | Eg;, = 0.5 GPa Es1 = Es1.(G(x)) Eg1, =350 Pa
dmax RFz RFz | [o0,dA, | [o,dA; [o,dA,
[nN] [nm] (nN]
5 167 2.3 3.6 3.6 3.4 4.3
10 362 9.7 10.0 10.0 9.3 9.6
15 537 21.3 16.5 16.6 14.7 14.9
20 676 33.9 20.1 20.2 18.3 19.7
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3.5.3 Exemplary Stress Calculation for an ERISM Measurement

We now calculate the vertical stress for the 3t3 cells for which we calculated the vertical

displacement in Section 3.4.4 (cf. Fig. 3.23a).

We cannot use the same rotationally symmetric geometry in COMSOL as we described
in the previous section, by contrast, we need a 3D representation of the field of view which
we investigated on the micro-cavity. We showed in the previous sections that we do not
need to consider a stiff layer on top of the elastomer, hence, the geometry here is a single
cuboid of elastomer (cf. Fig. 3.23b) with E = 350Pa and v = 0.49. The average thickness in
this example is 8350 nm (cf. Fig 3.8) and we use this value as the thickness for our model.

The lateral dimensions are chosen according to the image size, i.e. 181 um x 166 pm.

We use a regular mesh of hexahedral elements. The element size in lateral direction
is 0.9 um. In vertical direction, the geometry is meshed such that there are two planes of
elements (cf. Fig.3.23b). In the plane close to the top surface, the elements are 1.67 um
long and in the plane below they are 6.68 um (cf. Fig. 3.23). This distribution allows us to
divide the geometry into only two slices in vertical direction which saves computation time.
We tested the COMSOL model with smaller element sizes, lateral and vertical, at positions
where the largest vertical displacements occur and found that the stress does not change by
more than 5% when we reduce the element size by a factor of two. This is a good indicator
that the solution has converged and does not depend on the mesh size any more[89]. We
could choose larger element sizes at areas where the cells do not apply stress to increase
calculation speed, however, the advantage of a regular mesh is that we can use the same
mesh for different displacement maps. This allows the automatised computation of the
stress field for multiple frames as opposed to manually adjusting the mesh for each time
frame. In addition, to investigate cells which exert higher local stress and show smaller
features, one could possibly change the local element size either depending on the vertical

displacement or the gradient of the local displacement field.

Similar to our previous COMSOL model, the geometry is fixed at the bottom (boundary

condition). We then use the map of the vertical displacement values and apply these values
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Figure 3.23: COMSOL calculation of vertical stress from vertical displacement. (a) Vertical
displacement exerted by 3t3 cells as described in Section 3.4.4. Scale bar, 50 um. (b) Mesh
which was used in the COMSOL simulations, in this figure, the element size is increased
for clarity, the real element size in lateral direction is below 1 pm. (c) Result of the COMSOL
simulation, vertical stress.

to the top surface of the geometry. In the simulation, COMSOL calculates how the rest of the
geometry is deformed and the value of the stress at each pixel.

We find that the 3t3 cells apply vertical stress in the range of 12 Pa to —60 Pa. It is difficult
to compare our values for the vertical stress 3t3 cells exert to the results of other groups
because often the conditions for each experiment are different, e.g. substrate coating, cell
medium, and substrate stiffness. However, in collaboration with the group of Kristian Franze
(Cambridge), we compared the vertical stress 3t3 cells apply to an ERISM micro-cavity with
the lateral stress the same type of cells (same batch of 3t3 cells) apply to a hydrogel with
similar stiffness (4kPa). The lateral stress was measured using standard 2D TFM which
is routinely used in this lab. We found that vertical and lateral stress are similar in both

experiments[77].
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Force Balance

The total force applied by one cell in vertical direction should be zero, otherwise the system
would not be in equilibrium and the cell would either move into the substrate or detach
from it. Therefore, investigating whether pushing and pulling balances out in the results
obtained with ERISM is an important step to ensure the validity of ERISM results.

This calculation should be done on a dataset with a single cell (as opposed to the previous
example) to avoid that forces applied by other cells influence the force balance. We use
a dataset from a single microglia cell (cf. Section4.3.4), a phase-contrast image of this
cell is shown in Fig. 3.24a. The vertical stress is calculated as described in the previous
paragraphs. To calculate the force we integrate the stress over the whole image area. We
perform the integration for the stress map as calculated with COMSOL (cf. Fig.3.24b) and
for positive and negative stress values (cf. Fig.3.24 (c) and (d)). We find that the cell pushes
with approximately 3.5 nN and pulls with approximately 3.1 nN. In this example the pushing
force is estimated to be 12% higher than the pulling force. We find a similar deviation
consistently in different examples (data not shown) and attribute this effect to the difficulty
of integrating the pulling over the full area. The larger the integration area the more the
calculation of the force is affected by small errors e.g. caused by the background correction.
For example, even an offset below 1 nm will result in a large force if the integration area is
very large. Thus, we restricted the integration area for the calculation of the force balance,
however, this is likely to be the cause of the deviation between the pushing and pulling forces
because the pushing is completely considered by this approach whereas the pulling is not.
As described earlier we observed a similar effect when we calculated the values in Tab. 3.2.

In addition, to show that gravity can be neglected we estimate the force with which the
cell would push into the substrate because of its weight. We make the following assumptions:
cell volume estimated by a cube with 15 um one side; cell density, 1060 kgm ™3 (density of a
HeLa cell [90]). Therefore, the weight of one cell is approximately 0.035 nN. In addition, we
have to consider buoyancy because the cells are surrounded by cell medium. We assume
the surrounding medium to be water which has a lower density than cell medium and

subtract the buoyancy from the cell weight. This yields a total force (weight minus buoyancy)
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Figure 3.24: Evaluation of the force balance between pushing and pulling forces. (a) Phase-
contrast image of the investigate microglia cell. (b) Vertical stress, pushing and pulling. (c)
Vertical stress, only pulling. (d) Vertical stress, only pushing. Scale bar 20 um. Force values
below (b), (c), (d) were calculated by integrating the stress over the full image area.

of 0.002 nN which the cell applies to the substrate. We conclude that we do not need to
consider the weight of the cell in the force balance as it is three orders of magnitude lower

than what we estimate for the applied vertical forces.

3.5.4 Measurement of Lateral Forces with ERISM

We have successfully shown that we can apply vertical forces to an ERISM micro-cavity
with an AFM and then measure these forces with ERISM. Cells also apply forces in lateral
direction and we wondered if we can measure lateral forces with ERISM as well. We do not
pattern the ERISM micro-cavities or introduce fluorescent beads like in TFM, although this
combination might be possible in the future. Therefore, for now, we cannot track lateral
deformations of the surface of the micro-cavity. Surprisingly, we observe substantial vertical
displacements generated by biological structures which are very flat and therefore would
not be expected to apply vertical forces. One example are axon growth cones which we
observed when we were seeding primary neurons from mice on an ERISM micro-cavity
(see Section 4.4). Growth cones are known to exert forces in the nanonewton regime, but
they usually have a height below 1 um which favours exertion of lateral forces over vertical
forces[91, 92, 16, 93]. We therefore hypothesise that because ERISM can detect nanometre
changes in cavity thickness, we possibly see twisting of the gold/SiO, top surface of the
cavity. This motivated the following measurements on the mechanical response of ERISM

micro-cavities to lateral forces.
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For these experiments we fix the tip of an AFM cantilever (not with bead but with sharp
tip) to the surface of a micro-cavity. Then, we move the cantilever in lateral direction using
the piezo in the AFM scan head (to which the cantilever is attached). If the cantilever tip
is fixed to the micro-cavity surface, a lateral force should be applied and we would see the
response of the micro-cavity to this force with ERISM. In order to translate the applied lateral

displacement to a lateral force we need to perform calibration measurements.

Introduction to Lateral Atomic-Force-Microscopy

In the previous chapter we described how one can apply or measure vertical forces with
an AFM. The cantilever is bend up or down and the laser beam reflected at the end of the
cantilever will be sent to another point on the detector. The change in detector voltage can
then be converted into the displacement of the cantilever, and if the spring constant k, of
the cantilever is known, it is possible to calculate the force.

Measuring lateral forces works in a similar manner but comes with three main difficulties.
First, the cantilever (rectangular) is stiffer in lateral direction (i.e. against torsion) compared
to normal bending. This means the sensitivity is inherently lower for lateral forces. Second,
a change in lateral direction of the tip might lead to an actual lateral displacement and a
torsion of the cantilever at the same time. However, only the torsion will change the angle
of the laser beam, therefore, only the torsional component of the force will be detected.
Third, the lateral force distance calibration is much more difficult than for the vertical
case: For the vertical calibration the cantilever is moved against a hard substrate with the
z-piezo by a known distance. Then, the deflection of the cantilever has to be equal to the
displacement with the z-piezo. Thus, the measured change in detector voltage can be
correlated to a known cantilever deflection. However, inducing a twisting of the cantilever is
much more challenging. There are various methods to measure the lateral sensitivity[94]. We
follow an approach where the cantilever tip is moved against a hard edge to apply a known
lateral displacement[95]. In addition to the general challenge of performing lateral force
measurements, it is difficult to establish a tight contact between the ERISM micro-cavities

and the cantilever tip. Given this challenges, the following section should be seen as a prove
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of concept to exert lateral forces on an ERISM micro-cavity and as a way to investigate how

sensitive these micro-cavities are to lateral forces.

Lateral and Torsional Spring Constant

A square shaped cantilever with a tip at the and can be deformed in three principle directions
ifaforceis applied at its end. Following the coordinate system in Fig. 3.25a they are as follows.
A force in z-direction leads to a bending up or downwards (cf. Fig. 3.13). This is what is used
to image the height profile of a sample or measure/apply forces orthogonal to the sample
plane. A similar deformation would occur if a force is applied at the tip in y-direction. This
is usually not used because the deformation happens in the same direction as for forces in
z-direction. A force in x-direction will lead to two different deformation patterns. First, the
cantilever will bend in the xy-plane (cf. Fig. 3.25a). This would be the only lateral response
if the force would be applied directly at the cantilever and not at the tip. However, if the
force is applied at the tip, the tip acts as a lever and in addition to the lateral bending the
cantilever experiences a torque around its long axis (cf. Fig. 3.25b), which induces a twist.

The reflected laser beam will only change its angle of reflection if the cantilever is
deformed outside of the xy-plane. This means pure lateral bending (cf. Fig.3.25a) does
not lead to a change in detector signal. By contrast, a twisting of the cantilever around its
long axis (cf. Fig.3.25b) will change the position of the reflected beam perpendicular to
what is observed for bending under a load in z-direction (normal deformation). Therefore,
normal deformation and twisting can be distinguished if a photo-diode detector with four
quadrants is used.

As mentioned above, a force acting in x-direction at the cantilever tip will induce a
displacement Ax of the middle of the cantilever which is the sum of two components from
pure lateral bending Ax, and twisting Ax, (cf. Fig.3.25a and (b)). We can replace the
displacements with the product of the lateral acting force F, and the spring constants for

lateral bending k, and for twisting k:

1 1 11 1
Axy+Axp= ——Fy+ —Fr=(—+-)Fx
X

= —F,. (3.8)
ke kp Ky kiae
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If the dimensions of the cantilever and the material properties are known we can calcu-
late the spring constants k, (not needed here, but stated for comparison to the other two
spring constants), ky, ky and therefore the combined lateral spring constant kja[94]:

f _ Ewr® v _Ew’t . _ Gwr® - GEw*t’
2T A3 YT g3 Y T 32 M T STEHZw? + AGL3 2

(3.9

Here, L, w, and t are the length, width, and thickness of the cantilever, respectively (cf.
Fig.3.25a and b). H is the distance between the end of the cantilever tip and half the
thickness of the cantilever (cf. Fig3.25b and c¢). E and v are the Young’s modulus and

Poisson’s ratio of the cantilever material respectively. These two quantities can be expressed

E

as the shear modulus G = TIEEIE

In order to calculate the lateral displacement and force from a change in lateral detector

voltage AV, we need to measure the sensitivity for twisting Sy:

Axp = S—(p,Axx = (3.10)

However, since the purely lateral bending does not lead to a change in angle of reflection we

have AV, = 0. We can now write Eq. 3.8 with the sensitivities and the detector voltages:

Ay AV, AV B
x—Axx+Ax¢— +— AV, =0 (3.11)
Ss S(p
AV, F
Ax=—2_-T% (3.12)
S(/) klat
kit AV,
= MatB Ve (3.13)
Sp

This means, that from a change in AV, we can calculate the force acting on the cantilever
and sample surface if we know the sensitivity Sp. Note, that we have to consider kj; and not

just k.
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Figure 3.25: Dimensions and quantities of AFM cantilever for: (a) lateral bending in xy-plane;
(b) torsion when moving against a glass edge. (c) Cantilever with tip. Scale bar 20 ym. (d)
Cantilever at glass edge. Scale bar 200 pm.
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Figure 3.26: Datasets obtained as pictured in Fig. 3.25. (a) Lateral detector voltage V;, over
the 2 s pause at Ax intervals of 25 nm. The mean value of each line corresponds to one data
point of the black dataset in (b). (b) Mean values of V;, for different Ax for four repeated
measurements. Red line represents linear fit over all four datasets to extract Sy.

Calibration of the Lateral Sensitivity S

We measure Sy by applying different lateral displacements Ax to the cantilever tip and
record Vy, for each step. We apply the lateral displacements by moving the cantilever tip with
the AFM scan head piezo in 25 nm steps against a glass edge. The glass edge was created
by breaking a 0.5 mm cover slip and fixing it on a glass slide. To ensure that the tip will in
fact move against an edge and not against and upward a gradient, we brought the tip in
contact with the cover slip and moved towards the edge. We essentially operated the AFM in
imaging mode and searched for a position were the tip would fall down if at an edge. Once
we found this position we moved the cantilever over the edge, moved it 100 nm down and
moved it then in 25 nm steps against the edge. Each position was hold for 2 s to make sure
the cantilever was in a stable twisted position. We performed this measurement four times
to prove reproducibility of our results.

In Fig. 3.26a we show for one dataset (the black dots in Fig. 3.26b) V, for each lateral
position over the course of the 2 s pause time. Apparently Vj; is very stable during the course

of each measurements, we therefore calculate the mean value of each trace and plot the
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resulting lateral detector voltage against the applied lateral displacement (cf. Fig. 3.26b). We
can clearly observe a very reproducible and linear dependency between Vj and Ax in the
range 25-300 nm. For values smaller than 25 nm the tip might not yet be in contact with
the glass edge. After 300 nm the tip probably starts slipping over the edge since the tip is a
cone, which leads to less reproducible behaviour between Vj, and Ax. With this procedure

we obtain the lateral sensitivity of the AFM and cantilever Sy = (0.02494 +0.00005) Vnm™".

Applying Lateral Forces to ERISM Micro-Cavity

We now have all the quantities to bring the cantilever tip in contact with an ERISM micro-
cavity, apply a lateral displacement, and calculate how big the lateral force was that acted
on the micro-cavity to induce this displacement. At the same time we can measure the

displacement of the micro-cavity surface in vertical direction with ERISM.

The main difficulty of this experiment is to fix the position of the cantilever tip on the
micro-cavity surface. For the indentation measurements with glass beads we used a high
salt concentration buffer to avoid electro static effects between bead and micro-cavity sur-
face. The electrostatic attraction between tip and sample surface is what we utilise in this
experiment to maintain a contact between sample and tip and to apply lateral displace-
ments/forces without changing the lateral position of the tip on the sample. Although we
did not see signs of the cantilever slipping for the data used in the following, this is not a
well-controlled effect and in addition we observe that the micro-cavity surface is pulled
upwards (towards the tip) by the electrostatic attraction. We balance the height of the tip
such that we do not have any vertical deflection of the cantilever. Therefore, the shape
of the indentation profile without any lateral displacements has the shape of a volcano,
indentation in the middle of the tip, but going up at the outside (cf. Fig. 3.27 left images).
Nevertheless, once we move the cantilever to the left, we indeed observe a change in the
thickness maps (cf. Fig.3.27). In addition to the displacement maps, we also plotted the
interference images at 650 nm in Fig. 3.27 (top) to visualise how the interference pattern

looks close to the tip and how the pattern changes with increasing lateral displacement.
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Figure 3.27: AFM tip in contact with ERISM micro-cavity. ERISM interference images at
650 nm (top) and vertical displacement maps (bottom) for different lateral displacements,
ranging from 0-1000 nm.

We extracted the indentation profiles for each Ax along the axis of lateral displacement
through the centre of indentation. We could not fit the micro-cavity thickness at the contact

area of the tip, which we attribute to the very strong sample deformation in this region.

We observe that with increasing lateral displacement the right hand side of the in-
dentation profiles gets higher and the left hand side lower. We then extract the vertical
displacements at the position where the indentation profile has its maxima for Ax = 0nm.
We also recorded Vj for each Ax and then plotted the vertical displacements for right and
left side of the profiles over Vi, (cf. Fig. 3.28b). We can fit this linear relation and extract the
slopes. The slopes are a measure for how much the micro-cavity deforms (vert. displ.) for a
certain change in detector voltage. The slope obtained by fitting the maxima of the indenta-
tion profiles is significantly higher (in absolute value) than the slope obtained when fitting
the minima. In the following we consider the maxima tracking the minimum indentation

accurately proved more difficult because of non-fitted pixels at the side of the minimum.

With these slopes and Sy we can now correlate the forces we applied by moving the
cantilever in lateral direction and how this translates into vertical displacements. We define

the sensitivity of vertical displacements detected with ERISM to lateral forces as:

GERISM _ vert. displ. _ vert. displ. Sy
X

=4.7nmnN"! (3.14)
F; kit AV
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Here we used the following values to calculate kjy¢: £ =2pm, H = 13pm + E’f =14pum, L =
450pum, w = 50um, E = 170GPa[96], v = 0.27[96]. The values for the cantilever dimensions
L, w, t are the nominal values for this cantilever provided by the manufacturer®®. H was
measured from the image in Fig. 3.25¢, E and v are the Young’s modulus and Poisson’s ratio
for silicone.

We will see in Section 4.4 that we can indeed observe the lateral force exerted by growth
cones from neurons of dorsal root ganglia (on a micro-cavity with comparable stiffness).
We observe deformations of around 10 nm. Considering our results in this chapter, this
would correlate to a lateral force of approximately 2 nN. This is comparable to what Koch
etal. measured with TFM for growth cones of dorsal root ganglia (the authors report values
between 0.5-1.5nN).

We conclude that we can in fact measure lateral forces with ERISM and we demonstrated
how to perform the calibration to link vertical displacement measured with ERISM to
lateral force. However, it should be noted that the value for the lateral force sensitivity of
ERISM (Sgrism = 4.7nmN~1) we estimated here is likely to have a large uncertainty due
to the challenges involved in measuring lateral forces with an AFM as described in the
beginning of this section. We appreciate that the calibration of the micro-cavities should
be repeated with a more controlled contact between surface and tip. This problem could
be addressed by different methods. The electro-static attraction could be controlled by
performing the measurements in water with the ability to control the salt concentration. It is
also possible to use special cantilevers to directly apply a voltage to the tip. If a high enough
salt concentration is used, the electro-static attraction can be diminished completely, and
then the tip and micro-cavity surface could be functionalised such that a tight contact is
established. Furthermore, we suggest to use a different cantilever which is more sensitive
to twisting. The thickness ¢ has a major influence on this and cantilevers with thicknesses

below 2 um are available.

26The cantilever used for this measurement is a ContAl-G from Budgetsensors.
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Figure 3.28: (a) Indentation profiles extracted from the displacement maps in Fig. 3.27. (b)
Vertical displacement at maxima and minima position of the profiles against lateral detector
voltage for each lateral position. Both datasets were fitted with a linear function.



Chapter 4

Application of ERISM to Neural Cells

4.1 Neural Cells

The following description of the cells of the nervous system is based on the book "Neuro-
science" by Purves et al.[97].

The nervous system of the human is divided into the central nervous system (CNS)
formed by the brain and the spinal cord, and the peripheral nervous system (PNS) which
connects limbs and organs to the CNS (cf. Fig.4.1a). The cells of the central nervous system
in the human body can be classified in two main groups: neurons and glial cells. Whereas
the neurons are considered to be the cells which actually do the "thinking" — meaning
that they transmit and receive electrical and chemical signals — the glial cells have a more

supporting role in providing structural support, nutritions, and digestion of cell debris[97].

4.1.1 Neurons

Neurons are cells with the capability to send and receive electrical and chemical signals
in order to control muscle contraction, receive and interpret external stimuli, and are the
key-player in complex decision making. Neurons have a cell body, usually short processes
called dendrites which receive signals and one or two longer processes called axons (cf. Fig.

4.2). Axons and dendrites of different cells are connected via synapses — formations which
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Figure 4.1: (a) Overview of CNS and PNS. (b) Side-view of the human brain with hippocam-
pus. (c) Top-view of part of the spinal cord and the attached dorsal root ganglia (DRG).
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Figure 4.2: Overview of the different cells in the human brain.



4.1 Neural Cells 87

convert electrical signals to a chemical reaction and vice versa to allow fast intercellular
communication. In humans axons can become longer than 1 m to form for instance the
connection between our big toe and the spinal cord. These direct connections are important
as electrical signals can be transmitted much faster than chemical signals which is what
would happen at the synapses if the path would consist of multiple cells. The axons are
insulated with myelin to allow more efficient charge transport. In the brain the myelin sheets
are formed by oligodendrocytes and outside of the brain by specialised cells called Schwann
cells.

There are numerous kinds of different neurons in the human body to accommodate
various functions; most literature uses the following classification based on the direction of
the signal transmission: Sensory neurons or afferent neurons are the receptors which convey
external stimuli to the CNS. Motor neurons or efferent neurons which transmit signals from
the CNS to the muscles to cause a reaction. The third kind are interneurons which either
form connection between interneurons or between motor neurons and sensory neurons.
Each of those groups can again be divided in other subgroups, however, further detail is not
crucial for this thesis.

In this work we will not use primary human cells but a model system (mice) to study
the force generation of neurons. More specifically, neurons from the dorsal root ganglia (cf.
Fig.4.1c) will be obtained to investigate the strength of axon growth cones (see below). The
dorsal root ganglia are located close to the spinal cord and contain the cell bodies of sensory

neurons.

Axon Growth

An outgrowing axon can be divided into two distinct regions (cf. Fig.4.3). First, the central
zone which is the tube like structure rich in microtubules. Second, at the opposite site to
the cell body is the axon growth cone, an actin rich region. Whilst the main function of the
central region — when a connection with one or more other neurons has been established—
is the electrical connection to transmit information; during axon outgrowth it also serves

as a pipeline for transport of components needed in the growth cone. The microtubules
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are aligned with their plus end to the growth cone to facilitate efficient high throughput
transport which mainly occurs via kinesin motor proteins. In addition, Xu et al. found
that structural support of the axon is enhanced by rings of actin linked with aducin and

spectrin[98].

Actin Bundles

Microtubules

Fillopodia (/ / Actin Meshwork
/ /
—

Actin Polymerisation
—

——;/jﬁ/ = Actin Depolymerisation
— T

Lamellipodium

Retrograde Flow

Figure 4.3: Schematic of growth cone with outgrowth model.

The growth cone itself is a lamellipodium with outgrowing filopodia probing the envi-
ronment. The current model for growth cone dynamics suggests that actin filaments extend
via polymerisation at their plus end which is located at the leading edge of the growth cone.
However, the actin polymers also depolymerise at their minus end which is close to the
microtubule. The whole actin filaments are constantly pulled back into the lamellipodia
by motor proteins which results in no or only little net advancement of the actin filaments.
This retrograde flow of actin also prevents the microtubule from advancing further into the
growth cone. The described mechanism is often compared to an unengaged clutch. The
clutch is engaged if a filopodia can establish a stable connection with the ECM. Then, the
forces of the molecular motors are not sufficient to pull the actin filaments back and the
growth cone will experience a growth in the direction of to ECM attached filopodia. The lag
of retrograde flow may then allow microtubule to advance further, resulting in an overall

extension of the axon.[99-101, 29, 16]
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The above model suggests that axon outgrowth is highly dependent on the proteins
present in the ECM as adhesion sites will favour specific proteins. In fact, this has been
demonstrated by Nichol et al. by comparing the change in retrograde flow using laminin or
poly-d-lysine (PDL) as substrate coating[101]. Beside electrical [102-106] and chemical[107-
110] stimuli, mechanical cues like ECM stiffness or forces exerted by surrounding cells
provide an additional pathway of growth cone guidance[111, 67, 16, 69, 112].

Because of their interesting growth mechanics and their importance in neural devel-
opment and neuroregeneration growth cones are an interesting system to study. However,
at the same time, their small structure and weak force generation make it technically very

challenging to quantify the mechanical forces.

4.1.2 Glial Cells

The group of glial cells is comprised of! astrocytes, oligodendrocytes, and microglia[97].
Only astrocytes and microglia will be discussed in more detail on the next pages as no

measurements have been done on oligodendrocytes for this thesis.

Astrocytes

Astrocytes are the most abundant type of glia cells in the brain and got their name from
their usually star shaped structure which is caused by the many processes they extend
to connect with different neurons (cf. Fig. 4.2)[113]. They provide structural support to
neurons and their synapses and they maintain the appropriate chemical environment for
neural signalling. As apparent from the name "glia" (which is Greek for "glue"), researches
thought of glia cells only as supporting cells with the neurons being the sole contributor to
cognitive function.

This picture has started to change in the last years as an increasing amount of data
showed evidence for the active role of glia cells on the brain functions[114]. In fact, hu-

man astrocytes are much more complex in morphology and function compared to their

'We follow here the definition of Purves et al. in reference [97]. However, in other definitions ependyma
cells are part of the glia cells in the central nervous system, and Schwann cells and satellite glia cells of the
peripheral nervous system.
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counterparts from rodents which serve as the main model system for studies on the brain
[115]. Han et al. have shown that chimeric mice — their CNS was comprised of neurons
and oligodendrocytes from mice but astrocytes originating from human progenitor cells —
performed significantly better in all tested learning and memory tasks compared to control
mice[116]. Furthermore astrocytes are known to communicate via calcium waves which
cause expression of neurotransmitters like glutamate. Therefore, astrocytes have a pathway
not only to exchange information between each other but also to affect signalling at synapses,
indicating that astrocytes can actively influence inter-neuron communication[117-119].

Upon injury of the CNS, astrocytes move to the lesion and proliferate in order to fill the
gap[120]. It has been found that this newly formed scar tissue influences axon regeneration
negatively and positively. In itself the glia scar forms partially a physical barrier against
regenerating axons, however, the astrocytes in the scar are in an activated state promoting
the secretion of ECM molecules which can inhibit but also promote axon regeneration[120-
122]. In addition, the scar tissue is likely to be stiffer than the surrounding tissue forming
a different mechanical environment. Moshayedi et al. showed that astrocytes grown on
substrates with different stiffness will show a different morphology, possibly affecting the
physiological function of the cells[123-125].

This data indicates that the development and function of the brain is influenced by a well
functioning and possibly more complex system of astrocytes. In conclusion, astrocytes are
currently of great scientific interest in particular with respect to their role in brain function.
Their investigation with respect to mechanical cues is likely to give significant insight into
the development of the CNS as well as into astrocyte behaviour in glia scars and in the

presence of implants.

Microglia

Microglia are very different cells compared to the other cells found in the brain. They
have more in common with macrophages, cells which clean the body from cell debris and
pathogens via phagocytosis (cf. Fig.4.2). Microglia mainly originate from hematopoietic

precursor cells in the bone marrow and migrate to the brain prenatally . Only in exceptional
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ramified microglia activated microglia amoeboid microglia

Figure 4.4: Overview of the different states of microglia. Figure inspired by Fig.7.5 in
reference[133].

circumstances macrophages are able to pass the blood brain barrier[126]. The total pop-
ulation of microglia is maintained through proliferation and increased when needed, e.g.
during inflammation. They regulate cell survival and cell death during inflammation by
secreting a variety of signalling molecules like cytokines[97]. Sieger et al. demonstrated
that microglia will migrate to an injury guided by the calcium concentration[127]. However,
since microglia are supposed to induce cell death if needed (e.g. during neuroinflammation)
an overproduction of microglia combined with continuous activation is associated with

Alzheimer’s disease due to an increase in neuronal death[128-132].

In the literature the morphology of microglia is mainly described by three states[133]
which we show in Fig.4.4: 1) Ramified microglia extend multiple branched processes (cf.
Fig. 4.4, left) and are highly sensitive to external biochemical or biomechanical stimuli; 2)
activated microglia, cells which show fewer but thicker processes (cf. Fig. 4.4, middle) than
cells in state 1); 3) phagocytotic or amoeboid microglia, cells which move around and can

take up cell debris or pathogens (cf. Fig. 4.4, right).

Microglia generally do not exist in their ramified state in culture although this is the
most common state in the healthy brain[133] and we did not observe the morphology
characteristic of the ramified state in our experiment. Microglia switch to the "activated" or

"amoeboid" state when they detect pathogens or injured cells[133-135]. There are many
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sub-states to accommodate different situations, e.g. for cell proliferation or expression of
cytokines[136, 137]. Microglia in their amoeboid state might be set to clean regions of the

brain from cell debris or to exhibit phagocytotic behaviour to fight pathogens.
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4.2 KIAA0319 - a Gene Associated with Dyslexia and Its Role

in Neuronal Migration

The work presented in the following section is a collaboration between Rebeca Diaz Vazquez
(School of Medicine) and Philipp Liehm. The biochemistry and genomics part of the the
project is led by Rebeca Diaz Vazquez as part of her PhD (in progress) under supervision
of Dr. Silvia Paracchini. Philipp Liehm performed the ERISM measurement, analysis of
the cell speed (on the ERISM micro-cavity), and analysis of the vertical displacement maps

including interpretation of the results.

4.2.1 Motivation

In this section we want to investigate the role of the protein KTAA0319 in cell migration. The
protein is coded by the gene KIAA0319 (same name as the protein); genetic variants of this
gene have been linked to dyslexia® in numerous studies[138-143]. Paracchini et al. demon-
strated that in rats the protein is involved in guiding neurons along radial glial cells[144], a
process crucial in the development of the brain cortex. KIAA0319 is a transmembrane pro-
tein and its structure suggests a role as receptor and signal transducer which communicates

extracellular cues to the cell. However, the exact function of KIAA0319 remains elusive.

To illuminate the function of KIAA0319 during cell migration, we use RPEI1 cells, a cell line
derived from human retina pigmented epithelium, as a model system. Rebeca Diaz Vazquez
created a KIAA0319 knock-out in RPE1 cells to investigate whether cell speed and cell forces
differ in the presence and absence of KIAA0319. We demonstrate that the capability of
ERISM to measure a high number of cells over an extended period of time is crucial for

comparing populations of knock-out cells and wild-type cells.

2Dyslexia is a reading disorder despite normal intelligence.
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4.2.2 Experiment

A KIAA0319 knock-out cell line was created using the gene editing tool CRISP-Cas9[145].
Martinez-Garay et al. showed that in KIAA0319 knock-out mice a complete loss of KIAA0319
does not lead to a clear disturbance of neural migration[146] as was observed by Paracchini
et al. in rats[144]. This suggests that the absence of KIAA0319 might be compensated by
other proteins. Therefore, we created a knock-out where the protein is still expressed but
its ability to localise to the cell membrane disabled and thus the function of KIAA0319 as
a transmembrane protein inhibited. Knock-out cells and wild-type cells were stained for
KIAA0319 and we observed a clear expression of KIAA0319 at the cell membrane in the

wild-type cells but not in the knock-out cells (data not shown).

To measure cell speed and cell forces we seeded wild-type and knock-out RPEI1 cells at a
density of 2000 cells per square centimetre on an ERISM micro-cavity with apparent stiffness
of 15kPa3. No coating was applied to the micro-cavities, which have a gold surface, because
the RPE1 cells even adhere to uncoated glass substrates. The cell populations were separated
by a silicone wall preventing mixing of the populations. The cell medium was comprised
of DMEM with 10 vol% Fetal Bovine Serum (FBS) and 1 vol% Penicillin Streptomycin (P/S).
After we seeded the cells on the ERISM substrate, we waited for 24 h before we started
the measurement to allow the cells to attach to the substrate in order to observe pure cell

migration and not artefacts from seeding the cells, i.e. initial cell attachment.

To obtain statistically significant results, we aimed to measure more than 50 cells for each
population. Therefore, we performed ERISM measurements of wild-type and knock-out
cells at 27 different positions/ fields of view using a 20x objective and taking frames of each

position every 5 min over 17 h.

3We chose to make the samples used in this experiment significantly stiffer than the stiffness of the brain
which is two orders of magnitudes lower. This was necessary to avoid too large deformations of the micro-
cavities as the RPEI1 cells are much stronger than neurons.
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Figure 4.5: Phase-contrast and ERISM vertical displacement map for one wild-type and one
knock-out cell. Scale bar, 25 um

4.2.3 Data-Analysis and Results

In Fig. 4.5 we show phase-contrast images and ERISM displacement maps for one wild-type
and one knock-out cell. We do not see any obvious differences in cell morphology between
the two cell populations.

We measured the speed of all cells over the 17 h measurement time. This was done using
the Image] plugin MTrack][147]. The plugin requires the user to click on the position for
each frame. We always took the position where we believed the centre of the nucleus to
be as an estimate of the position of the cell. Most of the time this was straightforward and
unambiguous as the nucleus is well visible in the phase-contrast images (cf. Fig. 4.5). The
relatively low speed of the cells did not require tracking the cells in each frame, therefore,
we only tracked every 5th frame, i.e. every 25 min. Every time a cell was dividing into two
daughter cells, we stopped the tracking before the cell started to divide and tracked each
individual daughter cell after the cell division.

Figure 4.6a shows the distributions of the mean of the cell speed for 109 wild-type and
154 knock-out cells. We find that the median of the cell speed of the wild-type cells and the
knock-out cells is 1.55ummin~! and 0.95ummin~!, respectively. The distribution of the

wild-type cells does not have a clear maximum; in fact, we can find two separated peaks at
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around 1 ummin~! and 1.7 ummin~!. By contrast, the distribution for the knock-out cells
has only one peak at around 0.8 ummin~!. We performed a Mann-Whitney U test on both
populations and find that they are significantly different with a pvalue below 0.001.

This result matches with what we observed by performing a standard scratch test. Here,
part of a confluent cell layer (on glass) is scratched away to create a gap. In this test, the
wild-type cells would close the gap much faster than the knock-out cells*.

In the next step we analysed the ERISM displacement maps to investigate whether
wild-type and knock-out cells apply different forces to the substrate. The maximum and
minimum displacement was measured for each cell in the first frame of the time-lapse data
set. We used the image synchronisation function in ImageJ to synchronise the mouse cursor
between phase-contrast images and ERISM displacement maps. Whilst looking at both
images, we selected an area around each cell, the area would be automatically drawn in
both images, which would include maximum and minimum vertical displacement for the
cell of interest but not any other cell. A side-by-side comparison of displacement maps and
phase-contrast images is especially important to ensure that small vertical displacements of
weaker cells are not missed. With this approach we obtained the maximum and minimum
displacement induced by 73 wild-type and 79 knock-out cells at one time point.

The results for this measurement are summarised in Fig. 4.6¢ (left and middle). We find
that the knock-out cells pull and indent the ERISM micro-cavity by a factor of approx. 1.5
more than the wild-type cells do. The Mann-Whitney U test yields a p value smaller than
0.001 for maximum pulling and maximum indentation.

We measured the maximum indentation of multiple cells over 17 h (this time considering
every frame) and found that the vertical displacement under each cell can change by more
than 200 nm during the 17 h (cf. example in Fig. 4.6b). In addition to cell-to-cell variations,
which are caused by the individual properties of each cell, variations over time can be
compensated by measuring many cells at the same time point. This is why the measurement
over 73 and 79 cells is likely to show differences of the cell populations and not just cell-to-

cell variations. However, to improve the quality of our results even further, we measured the

“4Scratch test was performed and analysed by Rebeca Diaz Vazquez. Data not shown.
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maximum indentation® for each cell at every 10th frame following a similar procedure as
for the cell speed measurement. MTrack/ can automatically snap the tracking point to the
lowest or highest value in a region (e.g 50 px x 50 px) around the mouse cursor which makes
the manual tracking of maximum indentation very time efficient. Following this approach,
we were able to measure the maximum indentation for each cell in the image for every time
frame we investigated.

Although we did not measure substantially more cells than in the previous measure-
ment®, we took on average 20 measurements for each cell over time. This increases the num-
ber of data points for each cell population from 73/79 to 1860/2249 for wild-type/knock-out
cells. The distributions are presented in Fig. 4.6¢ (right). The median values of the two distri-
butions differ slightly more than for the smaller data set. More importantly, the larger dataset
reveals a striking difference in the shape of the distribution for wild-type and knock-out
cells. The maximum indentation of the knock-out cells follows an approximately Gaussian
shaped distribution with a peak at —80 nm whereas the distribution of the wild-type cells is

not only shifted but skewed towards smaller indentations and peaks at —35 nm.

4.2.4 Discussion

Our results clearly show a difference in cellular forces between RPE1 cells which have the
KIAA0319 protein at the cell membrane (wild-type) and which do not. The scratch test and
the speed analysis suggest that mechanisms behind cell movement and/or cell-substrate
adhesion are altered by the lack of KIAA0319. This finding is supported by the measurements
we performed with ERISM. Interestingly, we do not only find that the knock-out cells apply
on average higher forces than the wild-type cells but we also find a significant difference
in the shape of the distribution curves for the two populations. The Gaussian shape for
the knock-out cells suggests that here, the difference in force between individual cells is

randomly distributed. By contrast, the skewed distribution curve of the wild-type cells

SWe did not measure the maximum pulling because each cell has multiple pulling sites and it is therefore
much more time consuming to find the maximum pulling for each cell. Moreover, there should be a balance
between pushing and pulling and Fig.4.6¢ (left and middle) confirms that the difference in cell strength leads
to a difference in maximum pulling as well as maximum indentation.

5The number of cells increased approximately by a factor of 0.5 because of proliferation.
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Figure 4.6: Comparison between wild-type and knock-out cells. (a) Cell speed, data points
represent the mean value for each cell. (b) Maximum indentation over time for one cell. (c)
Maximum pulling (left) and maximum indentation (middle) for all cells of the first frame of
each field of view. Right, same as in the middle, but every 10th frame of the data set (17h
every 5min), i.e. the same cells were measured at different time points. Statistical tests:
non-parametric Mann-Whitney U test.
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suggests that theses cells have a control mechanism in place which favours lower forces
or smaller deformations’ of the ECM and limits the applied forces to a narrower range.
Although the shapes of the distributions of the cell speed are also different for the two
populations, the cell speed data does not indicate the presence of a control mechanism
in the wild-type cells. Only a measurement of cellular force on a large cell population as
provided by ERISM allowed to identify this mechanism.

At this stage we cannot tell how exactly KIAA0319 regulates cell forces.

It is suggested that KIAA0319 fulfils a sensory function at the cell membrane, hence,
the transmembrane protein might report on ECM proteins or biochemical cues secreted
by other cells. Further studies should investigate whether the same results are obtained
if the substrate is coated with different ECM proteins (here, no coating was applied). In
addition, staining of the cytoskeleton and focal adhesions might provide further information
on how KIAA0319 interacts with other transmembrane proteins like integrins or if actin and
microtubule arrangement changes if KIAA0319 is not present at the cell membrane. It is
worth noting that the knock-out of KIAA0319 was performed such that the protein can still
be found in the cells, but is prevented from reaching the cell membrane. Therefore, it might
be interesting to perform a complete knock-out of the gene to test whether the function of
KIAAO0319 is compensated by other proteins. Ultimately, a KIAA0319 knock-out of human
neurons, possibly derived from stem cells, should be created to investigate if the difference
in cell speed and cell force we observed for the RPE1 cells persists in neurons.

In summary, our results indicate that KIAA0319 is a dominant factor in controlling
stress generation and/or cell adhesion in RPE1 cells and therefore possibly also in neurons.
We demonstrated that ERISM can be used as a tool to test whether specific proteins are
associated with cell mechanical functions. We think that it would be very difficult to perform
similar measurements on such high numbers of cells and time frames with other force

sensing techniques.

"We cannot tell if the mechanism is force/stress driven or determined by the absolute displacement.
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4.3 Astrocytes and Microglia - Who Is Stronger?

In the previous section we introduced astrocytes and microglia as vital parts of the CNS.
Although morphological changes of both cell types have been observed in response to
substrates with different compliance[123, 124, 148], the stress these cells exert on substrates
has only been measured for microglia[148]. In this section we will test whether both cell
types grow on our ERISM micro-cavities, if we can observe the forces these cells exert on the

substrates, and how these forces differ between astrocytes and microglia.

4.3.1 Experiment

To obtain primary astrocytes and microglia from mice, we followed the protocol of Mecha et
al. [149]. Briefly: Cortical tissue was obtained from 1-3 days old mouse pubs. The tissue was
dissociated according to the protocol. Then, the cell suspension was seeded on poly-D-lysine
(PDL, 5ugmL~! in H,0) coated cell culture flasks. In this step the medium contains DMEM,
10% Fetal Bovine Serum (FBS), 10% Horse Serum (HS), and 1% Penicillin/Streptomycin (P/S)
(DMEM:10:10:1). After 9 d the cell culture flasks contained a confluent layer of astrocytes
on the bottom and microglia and oligodendrocytes (or oligodendrocyte precursor cells,
OPCs) on top of the astrocyte layer. Then, the flasks were put on an orbital shaker (Boeco OS
20) for 3h at 230 rpm. The cell medium, containing mainly microglia cells, was removed,
centrifuged and seeded in another PDL coated flask in similar cell medium but with only 5%
FBS and 5% HS (DMEM:5:5:1).

Because we wanted an astrocyte culture without oligodendrocytes and OPCs, we added
medium (DMEM:10:10:1) to the flasks with the remaining cells and placed the flasks for
another 15 h on the orbital shaker. We then removed the medium which would now contain
most of the oligodendrocytes and OPCs, and added medium (DMEM:10:10:1) to the flask

with the astrocytes.

From here on we performed independent experiments with astrocytes and microglia

from the separated cell populations unless stated otherwise.
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4.3.2 Astrocytes

First, we seeded astrocytes on an ERISM micro-cavity with apparent Young’s modulus of
E' = 4kPa® coated with PDL. We aimed to measure the forces shortly after the cells attach
to the sensor. Therefore, 1h after seeding we transferred the cells on the micro-cavity to
the on-stage incubator of the ERISM setup. Then, we took an ERISM measurement every
5min over 15h%. After the measurement, we calculated the displacement maps according to

Section 3.4.

Results

Figure 4.7 shows a series of phase-contrast and ERISM images with a frame every 1.5h. In
the beginning, the cell induces two broad extrusions of surface at its edge, counterbalanced
by a broad indentation in the centre. The pulling sites, where the cell is attached, do not
seem to have fixed positions but are rotating around the cell (cf. the first two frames in
Fig.4.7). This might be an indication that the cell is actively probing the surface for the most
favourable points to attach, or to decide if it should attach at all. After 3 h the cell forms more
distinct adhesion sites (sharper pulling features appear on the substrate). The adhesion sites
which are well visible at 6 h seem to be stable as they are still present at 13.5 h, even though

they are shifted outwards as the cell area has increased.

The forces during cell spreading of mouse embryonic fibroblasts have been investigated
by the group of M. Sheetz[150-152]. In their publications they show that the process of
cell adhesion and spreading can be described by three phases: phase 0, creation of initial
contact; phase 1, fast increase in contact area; phase 2, slower protrusion and eventually

polarisation. Dubin-Thaler et al. found that the fastest increase in cell area happens during

8We chose a stiffness of 4 kPa (as opposed to 15 kPa which we used in the previous section for the RPE1 cells)
as it was not possible at the time of this experiment to fabricate stiffer samples which would have been, as
we will see further down in the text, more suitable for the relatively strong astrocytes. Moreover, using softer
substrates allows us to compare the results for the astrocytes with the results for a weaker cell type, microglia,
see below.

9At the time this experiment was done we did not have a motorised stage, therefore we could only observe
one field of view.
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Figure 4.7: Time-lapse of astrocyte attaching to an ERISM micro-cavity surface.
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Figure 4.8: Total indented volume (blue) and cell area (black) over time. Same data set as in
Fig. 4.7.Indented volume is proportional to total force applied by cell (see text).

phase 1. The total force the cells applied to a micro-pillar array increased significantly at the

transition from phase 1 to phase 2 (cf. Fig. 6 in reference [151]).

Here, we use ERISM to measure the total indented volume, which is proportional to
the applied force, and estimate the cell area from the phase-contrast images10 (cf. Fig.4.8).
Whilst Dubin-Thaler et al. find that fibroblasts enter phase 2 already after 20 min, i.e. after
significantly increasing their cell area, we find that the astrocytes need much longer to attach
to the substrate and to increase the cell area. In contrast to Dubin-Thaler et al., we find that
the force increases significantly before the cell area increases. In fact, the force stabilises
once the cell starts spreading on the surface. Interestingly, although we observe a similar
shape in the force-time curve as Dubin-Thaler et al. astrocytes possibly differ in how the

applied force is linked to the cell area compared to fibroblasts. It is also possible that we did

10Cell outline is drawn by hand in Image;.
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not measure the astrocytes for long enough, i.e., we maybe would have observed a further

increase in force after the cell stopped increasing in area; but at this point this is speculation.

Staining - Astrocytes

A comprehensive understanding of mechanical cell processes may only be obtained if in
addition to measuring cell forces, biochemical parameters are investigated as well. This
might be important to link a certain state of a cell, for instance in the cell cycle, to the
associated mechanical forces. Staining proteins either in living or fixed cells are important

tools to link forces and proteins during specific cell processes.

ERISM force measurements do not require detaching the cells from the substrate surface.
Therefore, we want to show that we can fix cells on the micro-cavity surface and apply
antibody staining to visualise cell specific proteins. Following the same protocol as in
the previous experiment, we acquired astrocytes and seeded them on an ERISM micro-
cavity. After one day on the micro-cavity, we measured ERISM displacement maps before
we fixed the cells and followed a standard antibody staining protocol!! (cf. AppendixC).
The cells were stained for glial-fibrillary-acidic-protein (GFAP) (primary antibody, rabbit
anti-GFAP, Dako; secondary antibody, Alexa Fluor 488® goat anti-rabbit, Life Technologies)
an intermediate filament protein which is found in most astrocytes and which is one of
the standard proteins researchers use to distinguish astrocytes from other cells in culture

[115, 153, 149]. In addition, the nucleus was stained with Hoechst 33342 (Sigma Aldrich).

We used the translation stage and ERISM-Read to save the stage position before removing
the sample from the setup for staining. This allowed us to easily find the cell for which we
took the ERISM measurement after staining. In Fig. 4.9 we summarise this measurement and
show (for the same cell) a phase-contrast image, ERISM displacement map, fluorescence

image'?, and overlay of the fluorescence image and the ERISM displacement map. The

'We thank Dr. Hélen O. B. Gautier (Cambridge University) for providing the protocol and advice on the
choice of the antibodies.

12711 fluorescent images in this section were acquired with a 40x objective and the standard fluorescent lamp
of the microscope.
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cells which we investigated stained positive for GFAP so we conclude that this is indeed an
astrocyte.

We noticed that the cell in Fig. 4.9 showed less then half the intensity in the fluorescence
image compared to other cells on the micro-cavity. This is not unusual as different cells
may show different concentrations of GFAP, which is why staining for GFAP can be used as
quantitative staining to assess cell activity[154, 155].

However, although we did not measure the ERISM displacement maps for other cells on
this micro-cavity, we recorded fluorescent images at other positions of the micro-cavity to
show that we can acquire high quality images even though part of the excitation and emission
light is absorbed or reflected at the gold interfaces. Fig. 4.10 shows a comparison between
fluorescent images acquired for the same ERISM micro-cavity as above and fluorescent
images for astrocytes in a standard cell culture Petri dish. Both images have been recorded
with the same intensity of the excitation light-source. The exposure time was 1s and 5s
for the cells in the Petridish and the cells on the micro-cavity, respectively. Because the
micro-cavity comprises in total 25 nm of gold, excitation and emission light is reflected and
absorbed at both gold interfaces. Therefore, we expected that the intensity would decrease
by a factor of 4-5 between the cells in the Petri dish and the cells on the ERISM micro-cavity.
This was confirmed as we observe similar brightness for both samples when increasing the

exposure time from 1sto 5s.

4.3.3 Microglia

Moshayedi et al. and Bollmann et al. showed that microglia have different morphologies
on substrates of different stiffness[124, 148]. Moreover, Bollmann et al. measured the
traction forces of microglia on substrates with different compliance and found that the
average traction forces increase with increasing substrate stiffness (starting at 0.1 kPa) until
it reaches a plateau at 5 kPa. The authors also show that microglia react to stiffness gradients
and move towards higher stiffness. The results of these publications show that microglia
are highly receptive to mechanical stimuli which makes microglia an interesting target to

investigate cell mechanical processes.
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Figure 4.9: ERISM measurement and GFAP staining of astrocyte on ERISM micro-cavity. (a)
Phase-contrast image. Scale bar, 25 pum. (b) ERISM displacement map. (c) Antibody staining
for GFAP (green) and counter staining with Hoechst 33342 (magenta). (c) Overlay of (b) and
(©.



4.3 Astrocytes and Microglia - Who Is Stronger? 107

Figure 4.10: Antibody staining for GFAP (green) in astrocytes. Counter staining with Hoechst
33342 (magenta). (a) On ERISM micro-cavity with 5s exposure time. (b) On plastic cell
culture dish with 1s exposure time.

Motivated by these results we tested whether ERISM can be used to measure the forces
exerted by microglia. We seeded microglia on an ERISM micro-cavity with similar apparent
Young’s modulus as we used for the measurements of the astrocytes (E’ = 4kPa, PDL coating).
The cells have been on the micro-cavity for 12 h before we started to measure the cells for

one hour every two minutes on the ERISM setup.

Results

In culture and during the measurement we observed mainly two different morphologies: 1)
Microglia which showed thick processes but were not moving. 2) Migrating microglia which
exhibited an amoeboid morphology. These morphologies agree well with what we discussed
earlier in the background section about microglia (cf. Section 4.1.2 and Fig. 4.4, middle and
right). Figure4.11 and 4.12 show examples for the two cases.

In Fig. 4.11 we can see how the cell undergoes significant morphological changes within
one hour. First the cell does not have any sizeable processes, then it elongates and extends
a process rectangular to the current long axis of the cell. Finally, at 60 min the cell shows 5
thicker process of varying length. During the whole time of the measurement the cell shows

similar levels of vertical displacement under the cell body. The push/pull pattern develops
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Figure 4.11: Activated microglia undergoing substantial morphological changes over 1 h.

from a very round symmetric pattern to a localised pattern of pulling corresponding to the
individual processes. Possibly these forces are applied to sense the mechanical environment
in addition to attaching the processes to the substrate surface. The cell does not change its
position over the course of one hour.

In Fig. 4.12 we show an example for an amoeboid shaped microglia. This cell deforms
the micro-cavity by a factor of 5 less then in the previous example. However, in contrast to
the previous microglia, this cell is actively moving over the substrate presumably looking for
cell debris or pathogens. Furthermore, the cell is retracting and extending processes while it
moves over the surface.

We wondered whether activated and amoeboid cells show a systematic difference in how
much they deform the substrate. Therefore, we grouped all cells in the field-of-view in two
categories, amoeboid and activated, according to cell morphology. We then extracted the
maximum indentation from the ERISM displacement map for each cell over time (1 h). In
Fig.4.13 we plot the mean indentation and the maximum indentation (over 1 h) for each
cell. We cannot see an obvious difference between the cells with different morphologies,
the population of the amoeboid cells could be part of the population of the activated cells

in Fig.4.13. More subtle differences might emerge for a higher number of cells, however,



4.3 Astrocytes and Microglia - Who Is Stronger? 109

. | y ‘

vert. displ. / nm 50 um
- ]
-10 0 10

Figure 4.12: Amoeboid microglia migrating over the ERISM micro-cavity and changing from
a complex branched morphology to an elongated morphology.
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Figure 4.13: Comparison of the strength between activated and amoeboid microglia. Mean
values are calculated from the time-lapse data (1 h, one frame every 2 min). In addition,
"max" indicates the maximum indentation for each cell during the indentation. Open
squares, mean value of the data set; boxes, indicate median value and 10-90 % of the data
range. Number of measured cells: amoeboid, N=4; activated, N=8.

we only investigated a small number of cells (4 amoeboid cells, 8 activated cells) in this

experiment.

Staining - Microglia

At alater stage of the ERISM project we seeded again microglia on an ERISM sensor (E'=3 kPa)
to test if they would stain positive for the microglia specific marker CD11b (rat anti-CD11b,
AbD Serotec; Alexa Fluor 594® goat anti-rat, Life Technologies). Figure 4.14 shows four micro
glia which all stained positive for CD11b. The cell morphology however was very different
from what we saw in previous experiments. We did not take a long-term measurement of

these cells, but hypothesise that the cells were potentially in a state where they proliferate as
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Figure 4.14: Microglia on ERISM micro-cavity. Left, fluorescence image showing the stain-
ing for CD11b (red) and nucleus (blue). Scale bar 20um. Right, corresponding ERISM
displacement map.

we can see four cells with a round shape very closely together. The vertical displacements

are in a similar range than for the cells in Fig. 4.13.

4.3.4 Astrocytes and Microglia

We showed that we can measure both, astrocytes and microglia on the ERISM micro-cavities.
In the following, we compare the strength of both cell types side-by-side. To increase the
statistical significance of our results, we seeded again astrocytes and microglia on ERISM
micro-cavities with E’ = 4kPa and a PDL coating. The data presented in the following
is comprised of the data sets we showed in the previous sections and of an additional
measurement.

Surprisingly, although astrocytes are cells from a soft environment (brain) we observed
that the cells applied very large displacements to the micro-cavity. In fact, the cells deformed
the micro-cavity so much that for many cells ERISM-Calc could not calculate the vertical
displacements'3. This has two reasons: 1) We recorded the images with a 20x objective and
applied binning during the image acquisition to reduce data size'4, hence, for regions in
the field of view with steep gradients in thickness, adjacent fringes are so close together

that they are only separated by a few pixels. 2) The contrast between bright and dark areas

13The example in Fig. 4.7 represents one of the weaker cells.
14This experiment was done at an early stage of the ERISM project when data size and bandwidth was an
issue when long-term measurements with many frames were performed.
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is lower in regions of steep gradients. We attribute this effect to the reduced quality of the
cavity as the two mirrors are not parallel to each other any more. If the contrast is reduced,
the algorithm to fit the interference minima in ERISM-Calc sometimes fails and no thickness

is fitted for a substantial number of pixels.

Although we may not be able to fit the cavity thickness underneath all astrocytes with
ERISM-Calc, we can follow an alternative approach based on counting interference fringes
to calculate the cavity thickness. We discussed in Section 3.4.1 that the thickness change
between two dark fringes is approx. 230 nm. Therefore, we can estimate the cavity thickness
by counting the number of fringes between a non-indented region and the point of interest.
We show an example of this in Fig. 4.15a. In principle, we do not know whether the cavity
thickness is increasing or decreasing from one interference image alone. However, by looking
at multiple of these images taken at different wavelengths of illumination, one can see in
which direction the fringes are moving. If the wavelength is increased, the dark fringes will
move towards areas with higher cavity thickness. We think that the measurement uncertainty
of this approach is approx. 115nm (half of 230 nm) because we can look at interference
images at different wavelengths and estimate if another interference fringe would form
when changing the wavelength. Although 115 nm measurement uncertainty is very high
compared to the 3 nm uncertainty which we estimated in Section 3.4.5, this high uncertainty
only applies to very high displacements and steep gradients in thickness, so that the relative

error is in the range of 20%.

At present, estimating the cavity thickness directly from the interference images by
counting fringes has to be done manually. However, in our lab we are currently working
on an automatised algorithm which detects the fringes at one wavelength and uses this
information to calculate the cavity thickness with a measurement uncertainty well below
115nm'°. A striking benefit of this approach is that much fewer interference images are
required, probably only 2-3, to estimate the cavity thickness. This drastically improves the

frame rate to below 10 Hz. Therefore, this approach is suitable for measuring moving organ-

15Code developed by Dr. Jan Murawski.
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isms, e.g. larvae of a fruit fly, where instead of nanometre precision fast image acquisition is

most important.

Following the manual approach, i.e. counting fringes by hand, we estimated the max-
imum indentation of 64 different astrocytes. Using ERISM-Calc we also calculated the
maximum indentation for 43 microglia. We compare the distributions of the maximum
indentation of both cell populations in Fig. 4.15b. It is obvious that the astrocytes are signifi-
cantly stronger. The median value of the maximum indentation is approx. 16 times higher

for the astrocyte population compared to the microglia population.

We note that all the astrocytes we investigated show an epithelial like morphology, i.e.
the cell area is very big and the cells look very flat (cf. Fig.4.10a). We do not observe star
shaped astrocytes with many processes. This is consistent with what has been found by
Moshayedi et al. who observed that primary astrocytes change their morphology according
to substrate stiffness, with cells on stiffer substrates, (> 100 Pa), showing an increase in cell
area[123]. Although the results of the authors suggest that the mechanical environment and
therefore probably also the applied forces are tightly linked to processes in the cell, up to

our knowledge, there are no publications on the forces astrocytes exert on substrates.

Our results indicate that astrocytes are surprisingly strong, at least when they show a

fibrous morphology. By contrast, microglia are 16 times weaker.

We visualise this difference by seeding astrocytes and microglia on the same micro-
cavity. Figure4.16 shows astrocytes and microglia side-by-side. Although we choose a
slightly weaker astrocyte for which we could calculate the vertical displacement with ERISM-
Calc, we still observe a pronounced difference between the two different cell types. This
is interesting as it shows that different cell populations can be distinguished by the forces
they apply. In this case, the two different cells also show a different morphology in the
phase-contrast image, however, there might be examples where this is not the case, possibly
when tumour cells and healthy cells are compared. Because large differences in vertical
displacements are already visible in one single interference image, ERISM could prove to be

an effective tool for online screening of cells.
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Figure 4.15: (a) Interference image of an astrocyte recorded at 650 nm wavelength of illumi-
nation. For each gap between two dark fringes the cavity thickness changes by 230 nm. Scale
bar, 50 um. (b) Comparison of the maximum indentation between astrocytes and microglia.
Maximum indentation values for the astrocytes were obtained by counting interference
fringes as indicated in (a). Values for the microglia were calculated with ERISM-Calc.
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Figure 4.16: Astrocyte and microglia side-by-side. (a) Phase-contrast image. (b) Correspond-
ing ERISM displacement map. The values for maximum and minimum vertical displacement
for each cell type are highlighted in the image.
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In summary, in this section we showed that we can detect forces applied by astrocytes
and microglia on an ERISM micro-cavity. We found that astrocytes strongly deform the
micro-cavity indicating a strong reaction to a different mechanical environment compared
to in vivo cells. We did not record sufficient data to show significant differences in the
forces microglia exert when they are present in different states, and, whether or not there
is a difference is speculation at this stage. Nevertheless, ERISM proved to be able to easily
measure by how much microglia deform the ERISM substrates. In fact, we also successfully

performed more detailed studies on human macrophages which are similar to microglia[77].
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4.4 Axon Growth of Neurons from Dorsal-Root-Ganglia

4.4.1 Motivation

Sensory neurons from DRG are a widely used model system to study neuron degeneration
and the influence of chemical cues on axon growth to facilitate regeneration[156]. DRG are
very well defined areas of tissue which are relatively easy to access in embryonic, postnatal,
and adult animals[97].

Many groups have investigated the regeneration of axons after axotomy!®[157-159].
It is well known that neurons of the CNS will usually not show axon regeneration but
undergo cell death after axotomy[160-162]. By contrast, neurons of the PNS show a high
rate of regeneration supported by the increase in metabolism in the cell body[159]. Hence,
investigating why neurons in the PNS show a superior regeneration after axotomy over
neurons of the CNS could lead to new insights in how we can support the regeneration
process of axons which were damaged by injury or neurodegenerative diseases. Many groups
have investigated the influence of electrical[163] and biochemical cues[164, 161] on axon
regeneration in the CNS and PNS. It is known that in DRG neurons, axotomy triggers, e.g. by
the sudden ion influx, a specific gene expression response to facilitate regeneration of the
axon[165].

In addition, different groups have observed morphological differences between healthy
DRG neurons and neurons after axotomy[91, 166]. Whilst healthy neurons showed extensive
branching of the axon, injured neurons grew mostly only a single thicker branch with a larger
growth cone. These observations suggest that regeneration of axons might be adapted to the
different mechanical environment, as a single growth cone might be stronger and therefore
more capable of growing through the stiffer tissue of an adult animal than what is required in
morphogenesis. However, to our knowledge, so far only one group has published results on
the mechanical forces growth cones of DRG neurons exert during neurite outgrowth[67, 68].
The authors performed TFM measurements on individual growth cones of DRG neurons

and neurons from the hippocampus of postnatal rats. Although Polackwich et al. were able

16Cutting off of the axon e.g. with laser light.



4.4 Axon Growth of Neurons from Dorsal-Root-Ganglia 117

to measure multiple growth cones of DRG neurons with a time resolution of 2 s over 30 min,
the authors report that many growth cones retracted because of the photo-toxic effect on
the cells due to the almost continuous illumination with the fluorescence light source[68].
The work in this chapter shows that ERISM could be an alternative for more detailed me-
chanical investigations of neurite outgrowth over extended periods of time. We investigated
two very different processes: first, the outgrowth of a highly branched axon from the cell
body, and second, the movement of a single but larger growth cone. In both experiments we

measured over hours with a time resolution well below 1 min.

4.4.2 Axon Branching
Experiment

Multiple DRG were extracted from 2 days old mouse pups'’. After preparing a cell suspension
from the DRG, cells were seeded at a density of 5,000 cells per square centimetre on an ERISM
micro-cavity with apparent stiffness of E' = 3kPa. Before cell seeding the micro-cavity was
coated with poly-D-lysine (5ugmL™!, in H,O) for 2h and then with laminin (10 ugmL™!, in

PBS) for 2 h. The cell culture medium contained:

Component ‘ Final concentration
Neurobasal medium 1X

GlutaMAX™.T Supplement | 2mmol

B-27® supplement 2vol%

The cells were allowed to attach for two hours in the incubator before transfer to the
ERISM setup. We took measurements every 36s over 18 hours. This was necessary to
investigate the neurite outgrowth from the very start until the processes start to show
branching, as we could not tell in advance when cells would start to grow neurites and which
cells would show neurite growth rather than migration or potentially cell death. The cell
we show in the following started with neurite outgrowth approximately four hours after we

started the measurement.

"Dissection and preparation of the cell suspension was performed by Dr Andrew Morton who is a member
of the Gatherlab.
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Data-Analysis

We applied an image stabiliser algorithm[167] to the phase-contrast images to correct
for lateral drift. We saved the transformation for each time frame and applied the same
transformation to the corresponding ERISM maps.

We will see later that the growth cones we investigated only generated vertical displace-
ments up to 4 nm. However, the roughness of the sensor was about 2 nm. In order to detect
the small deformations more clearly, we applied a different background correction scheme
than described in Section 3.4.4. As a reminder, usually, we construct a background plane
from areas where no cells exert forces. This works well to remove the absolute thickness
of the sensor. However, the sensor surface roughness is not taken into account by this
approach. Since we wanted to observe neurite outgrowth into an area were no cells are, we
used the undeformed area from an early frame as a reference image and subtracted this from
the following time-lapse data. To reduce noise in the background plane, we built the average
over 50 images taken before the neurites grew into this area. This is comparable to taking
a zero-force image in TFM but for the present experiment does not represent a limitation
or require extra work as the undeformed ERISM map is recorded anyway. In addition, this
form of background correction is only needed if the noise needs to be reduced below 2 nm.

For comparison, we applied both types of background corrections to an area without
displacements from cells, i.e. only the surface roughness should be the cause of measured
vertical displacements (cf. Fig. 4.17). We find that for this sensor the surface roughness is
around +2nm. By subtracting the average over 50 images of previous time frames we can
decrease this value by a factor of four to £0.5nm.

Finally, we applied a Gaussian smoothing filter with a standard deviation of two pixels in
all three dimensions to the vertical displacement. This did not appear to smooth out any
features but significantly improved the signal to noise ratio.

We test how well we can investigate the forces different growth cones apply on the
substrate by tracking the indentation for 12 growth cones over time. We only investigate
the pushing as the maximum pulling is smaller because it spreads more over the substrate

(cf. Fig.4.18). We measure the indentation each growth cone applies in the following semi-
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Figure 4.17: Comparison between vertical displacement obtained by (a) subtracting a back-
ground plane and (b) by subtracting a zero-force image for a region of the image with no
growth cone present. Image size is 32x32 um. Colour scale as in Fig.4.18. (c) Profiles as
indicated in (a) and (b).

manual way: Having the time-lapse phase-contrast and vertical displacement data side-by-
side we manually track the position of each growth cone in reverse time order. We define
the position of the growth cone as the point where we see the maximum indentation.'® We
then measured the mean value of indentation across a circle with a diameter of 3 um at the
selected point for each time frame. The spatial averaging is done to reduce the noise further
and to compensate for small variations caused by the manual tracking. We follow each
growth cone back to the cell soma which means that we collect the same data for growth
cones before branching multiple times. This confirmed that our method works well as the

traces are very well reproduced for these sections.

Results

Following the above procedure we obtained the time-lapse data for a cell which started
growing an axon which then split into multiple branches. In Fig. 4.18 we picture different
time points of this process. We can see that the cell starts to grow very thick processes. These

processes branch multiple times and we can see that different branches apply different

18[n case there is no indentation visible, we chose the position to be just behind the edge of the growth cone
(inside the growth cone), which is where we observe the maximum indentation to be when it is visible.
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vertical displacements. It seems that branches that appear thicker in the phase-contrast
images also exert stronger forces. This is for instance visible for the image at 163 min in
Fig.4.18 where the middle branch is thicker than the the branches to the left and to the
right and where this branch is also the strongest. In addition, we observe that the entire
middle branch and not just the growth cone indent into the substrate. This could be a result
of a potentially higher stiffness of the branch due to possibly more microtubule and actin
filaments. Once it is getting thinner, also the indentation decreases (compare the images at

163 min, 216 min, and 317 min in Fig. 4.18).

We did not apply staining to prove that the neuron we were investigating was indeed a
sensory neuron, however, the morphology of the branches leads us to believe that it was,

because the morphology is very similar to what was observed by other groups[168, 91, 166].

In Fig.4.19a we show the last phase-contrast image of the series and highlight the
branches we traced. We only traced growth cones which continued growing after we stopped
the ERISM measurement; some growth cones stop growing, e.g. because they are blocked
by other neurites. Fig. 4.19b shows the actual positions we marked at each time-step. This
results in a picture similar to the branches in Fig. 4.19a, but not exactly the same, because
growth cones might grow and retract in different directions before extending to the branch
which is visible in the end in Fig. 4.19a. Furthermore, we labelled each branch with a number
according to the following convention: Every time a process branches we add another digit.
Branches which are most left get a ”"1” added, the next branch to the right gets a number ”2”
and so on. This means for instance the branch ”122” originates from the main branch ”1”
(like all other) and then from the second branch ”12”. It also means that ”12” only reaches

from the knot where ”1” separates into "11”,”12”, and ”13” until ”12” branches further.

Following this convention we show the vertical displacement of each branch over time
(cf. Fig. 4.20). For the traces which we measured multiple times (e.g. trace "1”), we built the
average of the corresponding measurements. In addition, we show the mean value of the
values in a circle with a diameter of 2 um at a position where no forces are exerted (similar
to how we measured the traces of the growth cones). This shows that the noise over time

is around +0.5nm and comparable to the lateral noise. We can see from the displacement
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Figure 4.18: Phase-contrast and vertical displacement images at different time points of
the experiment. The Magenta arrows highlight the branches we investigated and help
to associate branches in the phase-contrast images with displacements in the vertical
displacement maps.
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Figure 4.19: (a) Phase-contrast image of the branches at the end of the experiment. Magenta
lines highlight the branches we investigated. Scale bar, 50 um (b) Measurement points of
the neurite tracking with neurite labels as described in the text.

maps in Fig.4.18 and the traces in Fig. 4.20 that the growth cones do exert forces which
lead to displacements well above 0.5 nm, up to 3.5nm. However, on the other hand it is
difficult to assess whether the variations on a time scale of below 15 min are noise or actual

fluctuations of the growth cones.

We can see that in most cases, before the splitting into multiple daughter branches
happens, the mother branches often show increased activity, i.e. higher indentation. This
is difficult to evaluate precisely because determining when the actual branching event
happens is somewhat ambiguous. We defined these events as the times just before we saw
distinct shapes in the pushing pattern, that is, one would not see a single pushing any more
but e.g. two or three pushing sides. This might be an indication that the focal adhesions of
the individual daughter growth cones might all originate from the same focal adhesion of

the mother growth cone.
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Figure 4.20: Vertical displacement over time for each of the branches. Branches are grouped
such that the mother and the daughter neurites of the next generation are visible in one plot.
Daughter neurites which become mother neurites are shown in two different plots, once as
mother neurite and once as daughter neurite. Last plot (second column, third row) shows
a representative example of the noise over time for an area without vertical indentation

caused by cells.
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4.4.3 Single Growth Cone
Experiment

Three days after we measured the branching of a DRG neuron we observed a single bigger
growth cone and tracked it over 8 h taking an ERISM measurement every 3.5s. We did not
measure the whole cell which is why it is difficult to assess whether this was a DRG neuron or
possibly a motor neuron from the spinal cord. The morphology seems to be very different, it
is a single long axon with a bigger growth cone. Other groups have investigated the morphol-
ogy of DRG neurons after removing the axon (axotomy) and found that the regenerated axon
will show significantly less (to none) branching and bigger growth cones[168, 91]. Although
this is speculation, it is possible that the growth cone we investigated here originated from a

neuron with a damaged axon.

Data-Analysis

The vertical displacement was calculated as described in Section 3.4.4. Again, we subtract the
background by building the average of several time points where no displacement is exerted
by cellular structures. However, this yielded less good compensation for the roughness than
before (cf. Section 4.4.2), as the focus drift was stronger. Therefore, we applied a Gaussian
smoothing in lateral direction (space domain, not time domain) with standard deviation of
4 pixels to remove the pattern of the roughness. This is reasonable as the deformations for
this dataset are fairly broad and the smoothing reduces the peak displacement values by

less than 10%.

We then extracted the maximum and minimum displacement in the following way: We
used the Imagej plugin MTrackJ[147] to first track the maximum and then the minimum
indentation over time. This yielded the vertical displacement, the time point, and the lateral
coordinates. In addition, we calculated from the lateral coordinates at each time point the

lateral velocity of the points were maximum pushing and pulling occurs.
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Results

In Fig.4.21 we show the phase-contrast images and vertical displacement maps for six
different time points. The green arrows have the same position in the corresponding images.
We can see that in the beginning the growth cone is advancing (0 h to 0.6 h) and after 1.7 h it
starts to retract but advances again between 4.0 h and 7.9 h. In addition to the main growth
cone (indicated by the green arrows), we can also see other structures in the images. In fact,
there is another motile growth cone to the lower left of the big growth cone, and we observe
some smaller deformations for this one as well, e.g. at 1.7 h where we can see another pair of
less pushing and pulling compared to the stronger growth cone (magenta and green arrows ,
respectively). The other visible structures are occasionally exerting forces as well, however
all structures are significantly weaker than the growth cone we investigate in more detail.
We therefore think that the displacements from the other structures are interfering only very
minor with our data and can be neglected for the further analysis.

This dataset is a very clear example that our ERISM micro-cavities deform in vertical
direction under lateral stress. In Fig. 4.22 we show a cross-section of the vertical displacement
for the frame at 0.6 h from Fig.4.21. Growth cones are usually not thicker than 1 pm[92],
hence, for geometrical reasons it is unlikely that the displacements we see here are the
result of a vertical force. More likely, the in-plane traction causes the stiffer surface of the
micro-cavity to indent (or pull) into the elastomer. We discussed this in detail in Section 3.5.4
and demonstrated how we can correlate the vertical displacement with a lateral force.

The images in Fig. 4.21 show that the pulling seems to occur close to the leading edge of
the growth cone. We think that the point where the force is applied has to be between where
the indentation profile passes zero and where the maximum (positive) vertical displacement
is visible. The direction of the force should be parallel to a line connecting maximum pulling
and pushing. The force also has to act parallel to the axon so that it can be compensated
by the cell body. This is indeed what we observe in Fig. 4.21: the line between pulling and
pushing is parallel to the axon in all images.

It is worth noting, that the big growth cone is possibly guiding the smaller growth cone

(left) to another neurite coming from the right. At 0h there seems to be no connection,
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Figure 4.21: Representative time points of data showing a growth cone advancing and
retracting. The green arrows are reference points between the phase-contrast images and
vertical displacement images.
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Figure 4.22: (a) Phase-contrast and vertical displacement image for a single growth cone.
The green line is at the same position in both images. Scale bar, 20 um. (b) Profile extracted
at magenta line in (a).
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then the bigger growth cone and the smaller one seem to be connected with each other at
3.2h, and in the images from 4.0 h until the end of the experiment there seems to be a stable

connection between this smaller growth cone and a neurite coming from the right.

We summarised our results of tracking the vertical displacements of the growth cone
over time in Fig. 4.23a. We only tracked the extrema for maximum and minimum vertical
displacement until 4.0 h as the growth cone was retracting out of the field-of-view afterwards.
However, it extended again at a later time point (cf. last image in Fig. 4.21). We can see that
overall the absolute values of the pushing are higher than the pulling. This is most likely
because the pulling spreads over a larger area compared to the pushing (cf. Fig. 4.21). The
total vertical displaced volume, and therefore the vertical force, should be zero as otherwise
the the system would not be in equilibrium (assuming the elastomer is incompressible).
Although we did not measure the displaced volume, the traces of pulling and pushing over
time seem to counterbalance each other, that is, if particularly strong pulling (red, positive
values) can be seen at a specific time point, the pushing (blue, negative values) increases as

well.

In order to summarise the total movement of the growth cone, we calculated the distance
between the position of the maximum indentation at 0 h and the following time points
(black line in Fig. 4.23a). As described before (cf. Fig.4.21), we can see a slight extension
of the growth cone in the beginning, then it retracts a bit and maintains its position over
approximately 2 h, finally, it significantly retracts until 4.0 h which can be seen at the constant

decline of the black line in Fig. 4.23a.

Because of the long measurement time the details of how big the vertical displacements
are at shorter time scales are not visible in Fig. 4.23a. Therefore, we show a close-up of the
pushing over 10 min in Fig. 4.23b. The noise (magenta line) alternates between 0.5nm and
—0.5nm. Clearly, the maximum indentation shows changes of more than 10 nm over longer
times, e.g. around 5 min (cf. Fig. 4.23b), but also shows smaller changes of about 1-2 nm (i.e.

clearly above the noise level) which happen faster than 30 (cf. Fig. 4.23b).

Finally, we investigated whether the forces (or vertical displacements) are correlated

with the speed of the growth cone. We calculated the speed from the distance between the
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Figure 4.23: Results of tracking maximum pulling and maximum pushing of a growth cone
over time. (a) Vertical displacement for maximum pulling (red), maximum pushing (blue),
and noise (magenta) at a position where no forces are exerted by growth cone. All three lines
correspond to the left axis. Black line, distance between the position of maximum pushing
at 0 h and at successive time points, corresponding to the axis at the right. (b) Close-up of
maximum indentation and noise level over 10 min. Black squares indicate the actual data
points, blue lines drawn as guide to the eye and corresponding to (a).
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position of the maximum indentation of adjacent time points divided by the measurement
time interval of 3.5 s. We smoothed the data for the maximum indentation and the calculated
growth cone speed with a moving average filter with a time window of 5 min which removes
the high frequency variations but leaves slower changes in position. The two curves are
compared in Fig. 4.24a. Apparently, both curves follow a similar shape, if the speed shows
a peak, in most cases, also the maximum indentation shows a peak, which means that at
higher growth cone speeds the exerted force is lower. This observation is consistent over the
4 h.

We visualise this further and plot the vertical displacement (multiplied by —1 because
stronger indentation corresponds to higher force) against the growth cone speed (Fig. 4.24b).
Overall we find what is suggested by Fig. 4.24a, that the stronger the force, the lower the
growth cone speed. The values are spread, but they are not randomly distributed. The colour
of the data points in Fig. 4.24b indicates when the measurement was performed. With this
colour scale we can see that the data points are forming paths indicating that the history of

growth cone speed and applied force is important for possible speed-force combinations.

4.4.4 Discussion

These experiments show that ERISM can be a valuable tool to investigate different forms
of axon growth. To the best of our knowledge, the forces involved in neurite outgrowth
at such an early stage (branching data) have not been investigated so far. The challenge
of such an experiment is that it is difficult to know in advance which cells will migrate,
show neurite outgrowth or maybe even die. In addition, the branching may span a large
area which requires either tracking individual growth cones, having a wide-field setup with
low magnification, and/or tacking measurements at different points to stitch the images
together. We therefore argue that ERISM is inherently well suited for such experiments
because we can observe large fields of view over extended periods of time using, e.g. a
20x objective and measuring at multiple positions.

Up to now, the only force measurements on growth cones of dorsal root ganglia neurons

have been reported by Koch et al. and Polackwich et al. (same group)[67, 68]. Polackwich et
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Figure 4.24: Correlation of growth cone (GC) speed and vertical displacement. (a) Vertical
displacement (blue) and GC speed (black) over time. (b) Vertical displacement over GC
speed. The colour scale indicates the time of each data point.
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al. recorded images for 30 min in 2 s time intervals. This required almost continuous illumi-
nation with a fluorescence lamp and the authors observed that many processes retracted
in response to this illumination. This highlights the limitation of TFM for the investigation
of such structures with high time resolution. These problems can be overcome by ERISM.
Because of its inherently low light power we are able to take measurements in time intervals
of 2 s over hours to weeks[77]. In the experiment discussed above (branching) we seeded the
cells at a relatively high density, and the deformations of the micro-cavity by neighbouring
cells prevented us from observing the outgrowth over a longer time. Nevertheless, this
problem could be easily fixed so that ERISM could be used to observe neurite outgrowth of

multiple cells over weeks.

Interestingly, we found indications that growth cone forces increase before branching
occurs. It would be reasonable that at some point before branching the force is a superposi-
tion of the newly formed growth cones of the daughter branches. Further measurements
of the forces before branching may provide insight into when the main branch commits to

splitting into multiple branches.

It is known that one purpose of the growth cone is to generate tension in the axon and
this tension is known to facilitate vesicle transport[169-171]. In our experiment we observe
that the branch in the middle ("12” cf. Fig.4.19b) exerted the largest force and is at that
time also the thickest branch. This suggests that also the tension inside the neurite might be
higher. Moreover, this branch also had the most daughter branches. Therefore, our results
support the findings of other groups that axon tension facilitates axonal transport, possibly

to favour outgrowth of the neurites with the higher tension.

We also observe other growth cones which apply significantly higher forces than the
growth cones of the cell were we observed branching. At present, we do not know whether
the growth cone we investigated originated from a DRG neuron, or if it was potentially a
motor neuron from the spinal cord due to a possible mixture of spinal cord neurons and
DRG neurons during the dissection. However, it is also possible that it was a DRG neuron
but has been damaged before. Different groups reported that growth cones originating from

DRG neurons where the axon has been cut off are larger and the axon shows less branching
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compared to axons/growth-cones from healthy neurons[168, 91]. It is likely that larger
growth cones exert stronger forces as in total there are more actin-myosin connections to
generate traction. This would align well with our observation and provides a great starting

point for further investigations.

In addition, we observed that there is a negative correlation between growth cone speed
and traction force. Moreover, the actual growth cone speed and applied force seem to
depend on the history of the growth cone. To our knowledge, this has not been reported so
far and could have interesting implications on how adhesion complexes are generated and

maintained during migration.

Whilst observing the movement of the single growth cone, this growth cone also inter-
acted with other growth cones and neurites. We can basically extend the measurement time
to several days or weeks, thus, ERISM could potentially be used to study the mechanical

aspects of synapse formation, a process which usually takes more than one week[172, 173].

With the conversion factor we calculated in Section 3.5.4 we can convert the vertical
displacements we measured in this section into corresponding lateral forces. The vertical
displacement to lateral force conversion factor is 4.7 nm nN~L. For the branching data, this
results in forces up to almost 1 nN and for the single growth cone around 3 nN . Koch et al.
measured forces of DRG neurons (rat) of approximately 0.5 nN after 3-10h and 1.5 nN after
20-30 h. These values are comparable to our results and even indicate that the difference in
forces between our first data set (branching) and the single growth cone might be related to

the time the cells were in culture.

The forces of the DRG growth cones (branching) are very small and are just above the
noise level in our data on outgrowth and branching of neurites. We think that the noise
present in our data mainly originates from the shift in focus during the measurement. This
focus shift disturbs the drift correction for lateral image stabilisation which is why the
background subtraction does not lead to optimal results. We are confident that we can
further reduce the noise by upgrading the setup such that it is more resistant against thermal

fluctuations which lead to lateral and vertical drift.
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In conclusion, we could successfully demonstrate that we can detect very weak and
purely horizontal forces with ERISM. Thus, our experiments prove that ERISM can be used
to study the mechanics of neuronal growth cones that involve systematic manipulation of

the proteins of the cytoskeleton and mechanosensitive ion channels.
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4.5 Human Neural Stem Cells

4.5.1 Biological Background

Stem cells are the origin of all cells in the human body. They have the remarkable capability
to differentiate into all kinds of different specialised cells in the human body (e.g. blood
cells, neurons, fibroblasts, etc.). In addition to their pluripotency they can also proliferate
without differentiating which is known as self-renewal. These features make them excellent
tools for developmental studies[174] but also to serve as a source of specific human cells
without a reoccurring need for a donor. Moreover, stem cells are promising candidates for
new treatments for a wide variety of diseases. In fact, bone marrow transplants are a form
of stem cell therapy that has been successfully used for years now to treat, for instance,
leukaemia.

In this chapter we will look at human embryonic neural stem cells (hNSC). Neural stem
cells are a type of stem cell which is already specialised to some extent and which can only
differentiate further into specific cells found in the human brain; differentiating them e.g.
into epithelial cells would not work. The cells used in this work were grown from embryonic
stem cells which were obtained from blastocysts 4-5 days after fertilisation. HNSC can be
differentiated into neurons, astrocytes, and oligodendrocytes by changing growth media

and substrate coating (cf. Fig.4.25).

4.5.2 Motivation

Whilst the pluripotency of the stem cells is why stem cells are so appealing for different
research areas and medical treatments, this is also what makes their application difficult if
specific cell types are required. Stem cell fate (or stem cell lineage choice) is a highly complex
process which depends on the chemical and mechanical environment[175]. Therefore,
understanding how to guide stem cells in their lineage choices towards the desired target
cells is a field of intensive research.

Especially if stem cells are to be used for in vivo stem cell therapies in humans, pre-

dicting and controlling the lineage choice is crucial[176, 177]. In vitro the biochemical and
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Figure 4.25: Human neural stem cells which can differentiate into neurons, astrocytes, and
oligodendrocytes.

biophysical environment can be controlled very well, this is not the case in vivo. Thus, it is
important to precisely understand the pathways which lead to specific lineage choices of
stem cells so that differentiation can be directed in the most efficient way, e.g. by blocking
specific receptors whilst adding growth factors, or even genetically modifying the cells such
that they will only be receptive to certain stimuli.

Much research has been done on the biochemical pathways of lineage choice, especially
on the influence of growth factors and ECM proteins[175]. Since over a decade, researchers
are aware of the importance of the stiffness of cell culture substrates used in stem cell
experiments, this has been shown to be an additional factor in stem cell lineage choice[9,
10, 178, 18, 179-181]. When stem cells differentiate, they often change their morphology.
This raises the question if, in return, prescribing cell shape can induce differentiation[182].
Indeed, different groups forced cells into specific shapes and observed a tight link to lineage
choice[183-186]. These results suggest that stem cells sense their own shape and use this as
additional input for specification.

The influence of substrate rigidity and cell shape on linage choice suggests that tension

in FA, in the cytoskeleton, and in the cell membrane is coupled to gene expression related to
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stem cell differentiation. Currently, the Rho/ROCK pathway has been reported to be a crucial
part of this process[15, 18, 187, 182]. In addition, in FA integrins are particularly important
for mechanotransduction[188] and f1-integrins are suggested to play a significant role in
stem cell linage commitment or maintenance[189]. Integrin signalling has also been linked

to epidermal growth factor (EGF) receptor activity[190-192].

Moreover, Ca+ signalling is known to regulate gene expression to guide stem cell differentiation[193,
194]. Pathak et al. investigated the role of the stretch-activated ion channel Piezol in lineage
choice of human neural stem/progenitor cells (hNSPC). The authors found that neuroge-
nesis decreases by 45% upon inhibition of Piezol, whilst differentiation into astrocytes
was increased by 48%. These results suggest that Piezol activity, caused by stress, favours
neuronal specification in hNSPCs. The authors support these findings with additional data
showing that for higher substrate stiffnesses Piezol activity and neurogenesis increases.
By contrast, but in accordance with the findings of other groups, they found that neuroge-
nesis of neural stem cells which originated from rats decreases with increasing substrate
stiffness[178, 195, 187]. Their results highlight that the stress stem cells exert on their envi-
ronment is indeed linked to lineage choice, however, the authors did not perform any cell

force measurements.

Surprisingly, even though these mechanical path-ways have been linked to stem cell
differentiation, at present, very little literature is available on the observation of cell forces
during the stem cell differentiation process. The shortage of such results may be rooted
in the experimental challenge that cells have to be cultivated and measured over days to
weeks on the same substrate. This is not possible with TFM, because the cells need to be
detached after each measurement, and we only found two publications using the micro-
pillar-array method which address this question in neural stem cells (rats)[196] and human
mesenchymal stem cells[197]. Furthermore, Shi et al. did not observe any influence of the
substrate stiffness on the stem cell lineage choice, which is in contrast to the observation of
many other groups mentioned above. Shi et al. attribute this to the very different mechanical
properties the micro-pillars provide compared to e.g. hydrogel substrates. More precisely,

although the micro-pillar substrates can have an overall stiffness comparable to hydrogels,
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the local stiffness is higher (or lower) due to the arrangement of micro-pillars and the gaps
between them.

The aforementioned literature highlights that stress generation in stem cells is an im-
portant factor in linage choice but also that only few experiments have been carried out
to investigate this further. We believe that conducting force measurements during stem
cell differentiation could add valuable information to connect biochemical and biophysical
cues involved in this complex process. ERISM can measure cell forces without the need to
detach the cells during the course of the whole experiment (possibly weeks). Furthermore,
itis possible to apply immunostaining to the cell on ERISM substrates, a feature required
to assess the differentiation state of the cells and to confirm that differentiation into the
expected cell type has actually taken place. Thus, ERISM could prove to be an effective tool
to measure forces during stem cell differentiation. Here, we will focus on human neural
stem cells and measure how the forces they generate change during differentiation into
astrocytes. A process which, up to our knowledge, has not been investigated yet.

With the method and tools developed in the previous chapters, the experimental proce-
dure is straightforward. We cultivated hNSC on an ERISM micro-cavity in a medium used for
continuous culturing of stem cells and after two days switched to astrocyte differentiation
medium. We measured the displacements the cells apply to the surface of the micro-cavity
once before and multiple times after switching to differentiation medium. At the end of the
experiment we performed antibody staining to assess if the cells indeed differentiated into
astrocytes.

In the following, we will first explain the experimental procedure and how we analysed

the data. We will then discuss the results in the light of the literature introduced above.

4.5.3 Experiment

We used Gibco® H9 derived hNSC from Thermofisher. The cell culture was established on
plastic dishes with CellStart'™ coating following the cell culture protocol of the supplier'?.

The stem cell medium (knock-out medium) consists of:

19Rebeca Diaz Vazquez started the initial culture and after passaging an aliquot was transferred to our lab.
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Component \ Final concentration

KnockOut™ D-MEM/F-12 1X
GlutaMAX™.I Supplement 2 mmol
bFGF 20ngmL™!
EGF 20ngmL™!
StemPro® Neural Supplement | 2vol%

At passage number 10 the cells were seeded on a CellStart™ coated micro-cavity with
an apparent Young'’s modulus of E’ = (17 + 3) kPa. We plated the cells at a density of 20,000
cells per square centimetre on the micro-cavity and also plated cells on a 35 mm cell culture
dish. The cells on the micro-cavity and the dish were both cultivated in knock-out medium
for two days. Then, the first ERISM measurement was taken with the micro-cavity sample,
this measurement represents the data point at 0 d in the following plots.

After this measurement, we switched to differentiation medium for the cavity and the
dish to induce differentiation into astrocytes in both cultures simultaneously. The formula

for the differentiation medium is:

Component ‘ Final concentration
D-MEM 1X

GlutaMAX™.I Supplement | 2mmol

N-2 Supplement 1vol%

FBS 1vol%

ERISM measurements were performed 1d,2d,4d, 6d,9d, 13d, 20d, after switching to
differentiation medium?. The medium was changed every three days. The cells were placed
in the on-stage incubator (37°, 5% CO;) one hour before the ERISM measurement was
performed to avoid any influence on the measurements by the temperature change during

transporting the cells from the main incubator in the cell culture lab to the ERISM set-up

20The cells on the micro-cavity showed contamination with bacteria or fungi after 18 d. We therefore washed
the micro-cavity several times thoroughly with medium containing penicillin and streptomycin. Although
the contamination seemed to be gone after this procedure, many cells were removed during the washing. To
compensate for the loss of cells, we split the cells in the Petri dish cultivated in parallel, treated with the same
medium, and seeded 5,000 cells on the micro-cavity on day 19 and performed another ERISM measurement
the next day. As apparent in the phase-contrast image (cf. Fig.4.26 at 20 d) the contamination was still present
and we therefore stopped the experiment after the measurement at 20 d.
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(approx. 20 m distance, <1 min at room temperature). For each time point we measured

multiple fields of view on the sensor to increase the number of investigated cells.

Therefore, we could not stain the cells on the micro-cavity for astrocyte specific markers.
However, we performed staining for glial fibrillary acidic protein (GFAP) (primary antibody;,
rabbit anti-GFAP, Dako; secondary antibody, Alexa Fluor 488® goat anti-rabbit, Life Technolo-
gies) on the cells from the Petri dish which have been exposed to the same differentiation
medium for the same amount of time as the cells on the micro-cavity. We also stained hNSC
for nestin (primary antibody, rabbit anti-nestin; secondary antibody, Alexa Fluor 594® goat
anti-rabbit; both from Life Technologies) to confirm that most of the cells were still in their
undifferentiated state. However, this was done at a later stage with another aliquot of cells at
passage number 6°!. When we seeded the cells on the micro-cavity and the Petri dish, we
seeded cells in a cell culture flask for further experiments and observed similar proliferation
rates as in the previous passage numbers. Hence, we expect that the majority of cells we
used for this experiment were in fact in their undifferentiated state. Furthermore, we tested
in an additional earlier experiment — were we differentiated hNSC into astrocytes in a Petri
dish — the staining for GFAP. These cells had been in differentiation medium for two weeks
and seem not to have produced GFAP , yet. This is indicated by the strong background and

unspecific binding, even at the nucleus, of the marker as shown in Fig. 4.30b.

4.5.4 Data-Analysis

In order to measure the strength of the cells at different time points we performed the
following data analysis. For each ERISM data set the cavity thickness was calculated and the
background subtracted as described in Section 3.4.4. This yielded the displacement maps
for each measurement (cf. Fig. 4.26). All the following processing steps are summarised in
Fig.4.27. We used phase-contrast images to draw by hand (in Image]J) the cell outlines for

each measurement (cf. Fig. 4.27a).

21The cells originated from the same batch as the cells we used for the ERISM measurements, but were
cryopreserved in our lab at passage number 2.
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Figure 4.26: Representative phase-contrast and vertical displacement images for each day
after differentiation. The measurement at 0 d was taken before changing to differentiation
medium. Last measurement (20 d) represents a mix of stem cells seeded on the micro-cavity
initially (0 d), and of cells differentiated in parallel in a plastic cell culture dish and seeded
on the micro-cavity at day 19.
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In the following analysis we only investigated the pushing of the cells. The total force, the
sum of the forces acting upwards and downwards, has to be zero as otherwise the cells would
experience an acceleration in either direction. This simplifies the data analysis for high
cell densities because most of the indented volume as well as the maximum indentation is
located under the cell. Hence, for the further analysis we applied a threshold to the data so

that all pixels with a value larger than zero are set to zero (cf. Fig. 4.27c).

We then used the cell outlines for each cell to measure cell area, the mean indentation
across each cell, and the maximum indentation (smallest value) for each cell. The total
displaced volume under each cell was calculated by multiplying the cell area with the mean

value.

We analysed all fields of view in this manner to obtain these values for each cell and then
summarised the data for all cells at each time point in box plots (cf. Fig. 4.28). Figure 4.27d
shows for one example how the distribution of the maximum indentations for, in this case,
all 256 cells compares to the box plot. The box plot shows the median value labelled (50%
in Fig.4.27d) and indicates the spread of the data with the whiskers for the 5% and 95%
percentile. In addition, to make the comparison between different time points but also
between the different variables easier, we show the median value for each complete data
set in Fig. 4.29. Note, we plot the volume in negative numbers to allow comparison with the

mean value and the maximum indentation.

Furthermore, we performed statistical tests for maximum indentation and total indented
volume to probe our data for statistically significant differences. All data sets have a non-
normal distribution similar to what we show in Fig. 4.27d. Most data points are close to the
median value but there is a long tail towards deeper indentation. Therefore, we applied a
two sample U test (Mann-Whitney) between each time point. In Fig. 4.28c and (d) we only
show the relation between the measurements for the undifferentiated cells at day 0 and all
other time points, and between each adjacent data set. This captures the difference between
all differentiation stages and the undifferentiated state as well as the statistically significant

changes over time.
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Figure 4.27: Overview of how the data in Fig. 4.26 was analysed. (a) Phase-contrast image
with hand drawn cell outlines. (b) Vertical displacement map. (c) Displacement map
after threshold was applied. Only values below zero are kept. (d) Summarised results
after the analysis steps (a), (b), (c) were done for multiple field of views. Distribution of
maximum indentation below each cell for all cells measured at one day after changing
the differentiation medium. For this case 256 cells were measured. The distribution is
summarised in a box plot. In addition to maximum indentation, we also measured and
analysed mean indentation, cell area and indented volume.
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Figure 4.28: Box plots summarising all data collected for the differentiation of hNSC into
astrocytes. Data representation according to Fig. 4.27d. Last measurement (black) represents
a mix of initially seeded stem cells, and in hNSC differentiated in parallel in a plastic cell
culture dish. (a) Mean value for indentation in the area under each cell as indicated in
Fig. 4.27c. Inset: total number of cells which were investigated at each time point. (b) Cell
area obtained by procedure pictured in Fig.4.27a. (c) Maximum indentation below each
cell. (d) Total indented volume below each cell, i.e. product of cell area and mean value.
*p <0.05, ***p < 0.0001 by two sample U test (Mann-Whitney). Upper bracket refers to
tests between 0 d and all other (individual) time points, lower brackets refer to tests between
adjacent data sets. Brackets with no * indicate pairs with p > 0.05.
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Figure 4.29: Summary of the median values from Fig. 4.28. Lines are drawn as guide for the
eye.
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4.5.5 Results

From the phase-contrast images in Fig. 4.26 we can see that as expected the cells change
their morphology during the differentiation process[198]. Although the cells look more
flat after switching the medium, the cell area only increases after day 4 (cf. Fig.4.26 and
Fig.4.29b). Furthermore, starting at day 9 we can observe different phenotypes differing in
cell area and in how elaborate the cell processes are. We can also see that the cell density
decreases. We also observe that a significant number of cells die in the (undifferentiated)
stem cell culture. However, as long as the stem cells have not started to differentiate, dying

cells are replaced by the proliferation.

Apparently, switching to the differentiation medium has an almost immediate impact
on the cell forces. The median of the maximum indentation is approximately —7 nm before
the medium is changed and is already threefold higher after one day in the differentiation
medium. The value increases up to —36 nm after 4 days in differentiation medium. After
4 days the cells seem not to change by how much they deform the micro-cavity any more.
We can support this observation with our results from the statistical analysis. We find that
at all time points the cells exert significantly higher forces compared to the cells in knock-
out medium (p < 0.0001, cf. Fig. 4.28). During the first four days the change in maximum
indentation is significant, by contrast, the Mann-Whitney U test does not indicate significant

changes between subsequent time points after 4 days.

Next, we test if the maximum displaced volume, which is a measure for the overall
strength of the cells, shows a similar behaviour. The two curves in Fig. 4.29c and (d) follow
almost the same shape and in fact, the total displaced volume is even more stable between 4
and 9 days than compared to the maximum indentation. This is an effect of the increase in
surface area covered by the cells. Moreover, our statistical tests indicate that there might be
a difference between the cells at 9 and 13 days and between the cells at 13 and 20 days. This
could either be attributed to further maturation of the astrocytes and/or to the contamina-
tion of the cells and then the change of the cell population by adding cells from the Petri
dish.
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Figure 4.30: Staining for different stages of the stem cell differentiation into astrocytes. (a)
Staining for nestin (red) in hNSC in knock-out medium, passage number 6. Counter-stain
with Hoechst 33342 (Sigma Aldrich) (blue) (b) Staining for GFAP after 14 days in differentia-
tion medium. (c) Staining for GFAP (green) and counter-stain with Hoechst 33342 (magenta)
23 days after adding differentiation medium. Scale bar 200 um

For every cell population we observe cells which deform the micro-cavity up to fourfold
more than the median of the population. We cannot say if these cells are potentially already
differentiated astrocytes or if these cells show a different behaviour for other reasons. Possi-
bly, all cells exert forces that are this strong at certain times (cf. results for the RPE1 cells in
Fig. 4.6) and we simply captured some of the cells whilst at a time point where they exerted

particularly strong forces.

After 23 days we stained the cells from the Petri dish for GFAP and obtained the Fig. 4.30c.
Apparently not all cells stain positive for GFAP as one can see from the counter-stain of
the nucleus. However, this could simply be attributed to the fact that the cells are not yet
mature enough to produce GFAP. In fact, in an earlier experiment we differentiated hNSC
into astrocytes and stained after 14 days. For these cells we did not observe any specific
staining (cf. Fig. 4.30b). The fact that a significant amount of cells only starts to express GFAP

after three weeks is known and this was also confirmed by the supplier (Thermofisher).

4.5.6 Discussion

This experiment shows that it is possible to cultivate cells on ERISM micro-cavities over

weeks and that we can take measurements at individual time points during the course of
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this experiment. To the best of our knowledge, these are the first results describing the force
evolution during the differentiation of neural stem cells into astrocytes.

We find that already one day after switching to differentiation medium the cells signifi-
cantly increase the forces they apply on the substrate. We acknowledge that the serum (FBS)
in the differentiation medium is likely to be the reason for this behaviour. It has repeatedly
been reported that FBS can boost actin-myosin contraction and/or FA assembly[199-204].
However, at this stage it is not clear whether this increase in force is only an artefact of
adding FBS to the medium not influencing stem cell fate at all or if it is in-fact a requirement
to allow differentiation. Lu et al. reported that the transcription factor SRF (serum response
factor) plays a crucial role for astrocyte differentiation[205]. Connelly et al. found that SRF
is involved in translating cell shape (spread versus rounded) into a lineage commitment in
epidermal stem cells[206]. The authors attributed this effect to the change of G-actin con-
centration in the cells because G-actin®? binds to the SER co-factor MAL, preventing in this
case differentiation. Although Lu et al. did not make a link between their own results and
the observations of Connelly et al., this might explain why they found SRF to be important
for astrogenesis. This would also align well with our own results which show an increase
in the number of stress fibres ( assuming that this is the origin of the increased stress) and
therefore possibly a lower concentration of G-actin. Furthermore, Connelly et al. also found
that SRF transcriptional activity is enhanced if FBS is added to the medium. It is possibly
that hNSC start to probe their mechanical environment more actively once the biochemical
environment allows differentiation. This aligns well with the reports that matrix rigidity
influences stem cell fate, as the cells need to have a mechanism to determine the stiffness of
the ECM. As we discussed in the beginning of this section, a link between applied stress and
differentiation could be provided by stretch activated ion channels and integrin signalling.

We appreciate that from our results alone we can not draw definite conclusions of how
exactly the change of stress fits into the picture of astrogenesis of hNSC. However, our results
successfully show that ERISM can be an additional tool to investigate this process. We

suggest to perform a variety of additional experiments. First, the experiment should be

22A reminder of what we explained in Section 2.1.2: G-actin or globular actin is a free actin monomers,
compared to the F-actin in actin fibres.
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repeated in serum-free medium to investigate how the applied forces change during the
differentiation without an addition of serum. Second, it would be interesting to see the dif-
ference of forces during neurogenesis and astrogenesis. We assume that the differentiation
into neurons would give very different results. As we showed in the previous section, primary
neurons exert much weaker forces than astrocytes. We observe similar forces for the primary
astrocytes from mice and the hNSC that were differentiated into astrocytes. Therefore, it
is likely that also neurons which originate from hNSC are weaker than the astrocytes; in
fact, their strength might be comparable to the undifferentiated stem cells. However, it
would be interesting to test whether an increase of forces is observed in the beginning of the
differentiation process followed by a decline.

Furthermore, ERISM measurements should be performed in combination with ap-
proaches which are known to alter stem cell fate. For instance, it would be interesting to
investigate whether the inhibition of the stretch activated ion channel Piezo1l only prevents
the cells from 'knowing’ how much stress they exert, or if it actually leads to a change of
the exerted stress itself. Also, it is not clear if one (only the serum) or multiple components,
which were added/removed during the change from knock-out to differentiation medium,
are responsible for the change in forces. This could be explored by systematically adding
and removing the different components of the two media mixtures.

We could not stain the cells which we had on the ERISM micro-cavity because of con-
tamination issues. However, correlating the forces the cells exert on the substrate with the
actual percentage of astrocytes in the culture would be important. As a further step, one
may want to use cell tagging. Our lab recently developed a technique to tag cells with lasing
micro-beads[207]. A combination of this new cell tagging technique with ERISM would
allow to track the differentiation process of individual cells and to very accurately link force

generation with stem cell fate.



Chapter 5

Concluding Remarks and Outlook

5.1 Summary of the Results

Cell forces have gained increasing interest as important factors involved in cell division, cell
migration, morphogenesis, wound healing, gene expression, growth cone guidance, stem
cell differentiation, and cancer cell invasion. Existing force sensing techniques have been
crucial to identify the importance of force generation and substrate stiffness sensing for the
cellular processes mentioned above. However, existing techniques are often limited in their
capability to accurately detect vertical forces and to measure a large number of cells over an
extended periods of time.

In this thesis we introduced Elastic-Resonator-Interference-Stress-Microscopy (ERISM)
as a novel tool to measure cellular forces. ERISM is based on measuring small thickness
changes of an elastic optical micro-cavity to which cells apply forces. This is done using
a modified inverted fluorescent microscope in wide-field configuration by scanning the
illumination over a range of wavelengths to collect the spatially resolved spectral reflectance.
By comparing the reflectivity with optical simulations, we calculate the local vertical dis-
placement for each image pixel. In a final step we feed the vertical displacement map into a
Finite Element Method (FEM) solver to calculate the stress cells apply to the micro-cavity.

The fully automated setup (and software ERISM-Read) allows hours-long measurements

in time steps down to 2s. Furthermore, the motorise translation stage in combination
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with an auto-focus function facilitates measurements at multiple sample positions, and
thus drastically increases the amount of data which can be collected for each sample. The
calculation of the local cavity thickness (ERISM-Calc) from the experimental data is accurate
enough to resolve the roughness of the micro-cavities which is about 2-3 nm. This resolution
can be improved to 0.5 nm if an image of the roughness (without forces applied by cells) is

recorded.

We demonstrated that ERISM can be used to measure cell forces of a variety of different

cell types. In this thesis we focused on cells of the nervous system.

We first investigated the influence of the protein KIAA0319 on the migration pattern of
RPE1 cells. Our measurements on wild-type and knock-out cells revealed that the absence
of KIAA0319 at the cell membrane leads to a highly significant reduction in cell speed but
increases force generation. Moreover, by analysing about 2000 data points for each cell
population we found strong indications that wild-type cells have a control mechanism
in-place which regulates cell forces towards smaller values. This is implied by a skewed
force distribution curve compared to the distribution of the knock-out cells which has a
Gaussian shape with a median at approximately 1.5 times higher force than the median of

the wild-type cells.

In our second experiment we compared the forces of primary astrocytes and microglia.
We found that astrocytes apply surprisingly high forces on our micro-cavities. We attribute
this to the higher substrate stiffness of 4 kPa which we used in our experiment compared to
the one order of magnitude smaller stiffness present in the brain. Moshayedi et al. showed
that primary astrocytes seeded on substrates with a Young’s modulus of 0.1 kPa will assume a
star shape morphology whereas astrocytes seeded on substrates with 10 kPa exhibit a larger
cell area comparable to what we observed in our experiments and what is observed by many
groups for astrocytes in standard cell culture dishes[123]. Together with our results, this
shows that astrocyte behaviour can change dramatically at regions of higher stiffness, e.g.

glial scars and artificial structures like brain implants.

Furthermore, we showed that we can measure dynamic processes like cell attachment

with ERISM. We found a similar shape of the force-time curve as has been observed by other
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groups for fibroblasts; however, astrocytes attach significantly more slowly and the evolution
of cell force and cell area over time is different than for fibroblasts. In particular, there is a
different delay between the increase in force and cell area during the attachment process.

Experiments with primary microglia showed that we can easily measure the forces
microglia apply to ERISM micro-cavities in their activated state and their amoeboid state.
Our side-by-side comparison of astrocytes and microglia revealed a pronounced difference
of the strength between these two cell types. Microglia were approximately 16 times weaker
than astrocytes.

We then moved to even weaker cells and investigated the forces during neurite outgrowth
and growth cone movement of neurons from dorsal root ganglia. In this experiment we
showed that ERISM can track displacements down to 0.5 nm. Our results indicate that the
forces of growth cones increases right before the neurite branches into multiple neurites.
Moreover, we tracked a single stronger growth cone with high time resolution over more
than 4 h and found a negative correlation between growth cone speed and traction force.

In the final experiment of this thesis we demonstrated that ERISM can be used to investi-
gate stem cell differentiation, a process which takes several weeks. We measured how the
forces human neural stem cells apply to an ERISM micro-cavity change during differentia-
tion into astrocytes. We found that already 1 d after switching to differentiation medium the
cells apply four times higher forces compared to the undifferentiated state. We attribute this
behaviour to an increased actin-myosin activity caused by the serum in the differentiation
medium. However, an increase of the generated mechanical stress might be a crucial part of

the differentiation process itself.

5.2 Advantages and Limitations of ERISM Compared to Ex-
isting Force Microscopy Techniques

Two main benefits of ERISM compared to other forces sensing techniques are that ERISM
measurements do not require recording a zero-force reference image and that we do not

observe any photo-toxic effects. Because of these two features it is possible to measure cells
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repeatedly or continuously over long periods of time. Our experiments with RPE1 cells show
that this enables the collection of large datasets which reveal new insights into different
cell populations. With the experiment on stem cells we proved that we can indeed track
the forces involved in the weeks-long process of stem cell differentiation (by taking ERISM
measurements at different days over weeks). Because ERISM does not require detaching
cells after the force measurement, it is possible to fix cells on the micro-cavities after a
measurement to apply staining for specific proteins. This is usually not possible with other
force sensing techniques and represents a huge advantage as it allows one to correlate cell
forces with the biochemistry inside cells. Polackwich et al. observed that neuronal growth
cones retracted when illuminated almost continuously over 40 min during the acquisition of
the fluorescence images required for a TFM measurement[68]. The light-source used for
ERISM is a relatively low-intensity halogen lamp coupled to a monochromator, and thus
the cells are exposed to very low light intensities (~50 ytWmm ™2 at 650 nm). In none of our
experiments we observe any photo-toxic effects on the cells despite of measurement times

well beyond 10 hours and time intervals below one minute.

Moreover, because of the interference based detection principle of ERISM the resolution
of the cavity thickness measurement does not change when objectives with lower magni-
fications are used. TFM and the micro-pillar-array force sensing technique are based on
tracking displacements of beads or micro-pillars, and the accuracy of tracking these struc-
tures directly scales with the magnification of the objective. Hence these measurements
are usually performed at high magnification with oil immersion objectives (NA>1). The
ability of ERISM to use low magnification objectives in combination with a motorised setup
enables us to cover large areas and thus to measure a large number of cells from the very

same or from different cell populations in parallel over a long period of time.

ERISM is very well suited to detect vertical forces, a feature which is lacking in most
other force sensing techniques. Interestingly, in order to observe podosome protrusions
of macrophages, stamp like structures which vertically probe the ECM underneath the
cell, Labernadie et al. invented a novel technique based on seeding cells on an ultra-thin

membrane which is then placed upside down to detect the nanometre displacements of
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these protrusions with AFM. Although AFM is well suited to detect nanometre displacements,
it is a scanning probe technique and therefore slow if larger areas (e.g. multiple cells) are of
interest. Although not part of this thesis!, we demonstrated that we can easily measure the

protrusions of podosomes over an extended period of time with ERISM[77].

Although ERISM is inherently well suited to detect vertical forces, we also showed that
we can detect purely horizontal forces as for instance exerted by growth cones. The fact
that a horizontal force leads to a vertical displacement suggests that in most cases ERISM
detects a combination of horizontal and vertical forces. At present we do not know how this
entanglement influences the correctness of our stress calculation with FEM. However, we
believe that even if only displacements are measured, i.e. no stress or forces calculated, the
determined maximum displacement or total indented volume are good measures to com-
pare cell-to-cell variations and especially to compare different cell populations. Moreover,
changes of vertical displacements over time can for instance be used to correlate relative

exerted stress and cell speed as we did for a growth cone in Section 4.4.3.

Overall, ERISM proves to be an extremely versatile tool to obtain leading edge results for
a variety of cell types and cellular structures. It should be noted that the entire development
of ERISM and first measurements for a variety of cells were carried out in a single research
group, with the main work done by Dr. Nils M. Kronenberg and Philipp Liehm under the
supervision of Prof. Malte C. Gather. Within the course of this PhD these efforts have led to
very competitive and exciting results. Once other groups adapt ERISM and contribute to
its further improvement it is likely that more substantial progress will be made on a short
time-scale. So in a way the moderate amount of development time that was required to
develop ERISM (relative to other force sensing methods) to its present stage highlights the

longer term potential of ERISM.

Experiments performed by Dr. Nils M. Kronenberg.
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5.3 Ideas for Further Improvements of ERISM

Whilst ERISM is at a state where we can routinely perform cell force measurements further

improvements are already planned.

Although we showed that we can use antibody staining to label cells on ERISM micro-
cavities, we think it is also possible to take fluorescence time-lapse data during the course of
along-term ERISM experiment, e.g. to image part of the cytoskeleton. At present, placing
filter cubes for fluorescence imaging in the beam path and removing the filter cubes has to be
done by hand. This can be motorised which would allow to perform ERISM measurements

in combination with fluorescence imaging over several hours.

When we measured astrocytes on an ERISM micro-cavity we observed very high defor-
mations and we had to estimate the cavity thickness by counting interference fringes. We
observed even stronger deformations when we placed a larvae of a fruit-fly (drosophila)
on an ERISM micro-cavity. Dr. Jan Murawski has started to develop an algorithm which
calculates the cavity thickness based on counting fringes as we discusses in Section 4.3.4.
Initial results suggest that this will enable us to measure the forces of these larvae at a time
resolution well below 1 s as only two or three images at different wavelengths are required

for each time frame.

We successfully showed that we can measure lateral forces with ERISM. We also pro-
vided an estimate of how vertical displacements measured with ERISM relate to horizontal
forces by lateral AFM. Although very challenging, we think that the lateral force calibration
can be improved by either functionalisation of the AFM tip and micro-cavity surface and
performing the calibration in a high salt concentration to remove any electro static effects,
or by performing the measurement in air and applying an electric potential between tip
and micro-cavity surface to compensate for the electro static effect. In addition, it might be
possible to introduce either fluorescent particles in the micro-cavity or to apply a regular
pattern on the top surface of the micro-cavity. This would allow one to perform TFM like
measurements to track lateral displacements whilst keeping the benefits of the very high

vertical resolution of ERISM.
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In this thesis we varied the stiffness of the micro-cavity by increasing the plasma treat-
ment time before evaporating the top gold layer on the micro-cavity. Although this leads to
the desired effect of an increased apparent stiffness of the micro-cavity, it may also lead to a
big difference of the stiffness in lateral and vertical direction. It is possible to directly vary
the stiffness of the elastomer by changing the mixing ratio of the two elastomer components,
and thus increasing the stiffness range we can use for ERISM measurements. While we chose
a very soft elastomer for the results presented here, applications where higher forces are to

be investigated could use, stiffer elastomers.

5.4 Future Applications of ERISM

The focus of this thesis was the development of ERISM and to show that it can be applied to
measure forces which different cells apply to the substrate.

In ERISM measurements cellular forces are visible in the live reflectance image recorded
for a single wavelength. This suggests that ERISM can be used as a screening technique
(e.g. for cancer cells) if a significant difference in cell forces or force pattern exists between
the cells of interest. In addition, we showed that ERISM can investigate the influence of a
gene/protein knock-out on the forces involved in cell migration for a large number of cells.
Investigations of highly complex systems such as gene expression pathways which lead to
certain cell forces or migration patterns might benefit from ERISM measurements which
can provide a high number of measurement points to reveal whether a gene knock-out leads
to a specific phenotype.

We are currently working in our lab on a combination of ERISM and Brillouin-
Spectroscopy, a method based on detecting photon-phonon scattering to measure spatially
resolved the stiffness of different structures, e.g. cells. The combination of the two tech-
niques is likely to lead to very interesting results as it will be possible to relate the changes
of cellular forces to local stiffness changes. For example, AFM measurements have shown

that the different domains? of neural growth cones have different stiffness[208], however,

2The growth cone domains are: P domain, covers filopodia and lamellipodium; C domain, microtubule rich
region at transition to axon; T domain, between P and C domain, consists of actin arcs close to the P domain.
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probing the stiffness with AFM influences growth cone behaviour because of the applied
force. The combination of Brillouin-Spectroscopy as a non-contact method and ERISM is a
promising approach to investigate the link between stiffness changes and force generation

during growth cone migration.
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Appendix A

Main Parts of the Optical Setup

* microscope: Eclipse Ti, Nikon

* monochromator: CM110, Spectral Products
* xy-stage: H117P2TE, Prior

e z-drive: H112, Prior

e LED: MWWHLS3, Thorlabs

e sCMOS camera: Zyla 5.5, Andor

e CMOS camera: Icube NS4133BU, NET-GmbH






Appendix B

Refractive Index of the Elastomer

Elastomer samples of four different thicknesses were spin-coated on silicone substrates
by Andrew Meek. Measurements were performed with a variable angle spectroscopy ellip-
someter (J.A. Woollam Co.) at 45, 55, 65, 75 degrees over a wavelength range of 400-1500 nm
by Laura Tropf. Sample thickness and refractive index n(A) were fitted assuming a Cauchy

Model with:

B C
n(A) =A+ ﬁ + F
A=1.3978 +0.0005
B =(3.97£0.05) x 103 pum?

C=(3.1+£0.8) x 10> pm*

by Philipp Liehm.
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Figure B.1: Refractive index of the elastomer used for the fabrication of the ERISM micro-
cavities.



Appendix C
Protocol for Antibody Staining

Protocol provided by Dr. Hélene O.B. Gautier (Cambridge).
1. Fix cells in 4% paraformaldehyde (PFA) in PBS, 10 min.
2. 4x 10 min PBS wash.

3. Blocking and permeabilisation: Bovine Serum Albumin 1 wt/v%, 0.1vol% triton X-100

in PBS, 1h.

4. Remove block and replace by primary antibody, just dilute in PBS. GFAP, 1:200; CD11b,
1:100.

5. Incubate overnight in fridge, or for 1 h at room temperature.

6. 4x 10 min PBS wash.

7. Secondary antibody: 1:1000 in PBS 1 h. Protect from light from now on.
8. 1x 10 min PBS wash.

9. 1x10min Hoechst 33342, e.g. 2mM 10 pL per 1 ml PBS.

10. 2x 10 min PBS.
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