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Abstract

This thesis presents how mechanical measurements with atomic force microscopy in

combination with finite element analysis were used to increase our understanding of the

functioning of sub-cellular biological assemblies.

Clathrin proteins are known for their ability to form curved lattices that play an essential

role in the bending of, and transport across, the cell membrane. Force spectroscopy ex-

periments on isolated and reconstituted model systems revealed that the lattice mechanics

can be regulated by several binding factors. This finding suggests that besides chemical

signals, mechanical regulation can play an important role in biological processes.

The cell nucleus is a complex structure consisting of DNA and various proteins enclosed

in the nuclear membrane. Although there is evidence that mechanical stimuli affect gene

expression it remains largely unclear how forces are transduced through the nucleus.

Micro-rheology measurements showed a non-homogeneous distribution of elasticity and

viscosity in the nucleus which provides an explanation why some nuclear regions are more

active in gene transcription than others.

Besides the biological findings, this work describes multiple technological advances that

were essential to perform the measurements. These include methods to calibrate the

stiffness of atomic force microscopy cantilevers with interferometry, to perform high-

bandwidth micro-rheology while staining the nucleus, and to perform 3D image recon-

struction with optical microscopy during mechanical measurements.
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1
General introduction

"Defining is more complex than we think, if not more complex than we can believe.

Moreover, it turns out that any complex problem - if it is treated with the utmost scruple -

continues to gain in complexity", Elgozy [1].

1.1 Biomechanics: a mechanical approach to biology

The experimental research presented in this thesis is best defined by biomechanics on

a small length-scale. Now, what does biomechanics refer to? Its two elements, "bio"

and "mechanics" accurately point towards the investigation of mechanical properties of

biological systems. In a nutshell, nanoscale biomechanics borrows bottom-up strategies

from physics which implies dissecting complex biological entities into simple sub-ones

and adding complexities along the way to understand the initial phenomenon. In biology,

a contrario, top-down approaches are generally favoured and the complete system is

observed for changes while altering one single component at a time.

Although biomechanics is certainly not a new avocation as to some extend it can be dated

back to the beginning of the 20th century [2], the recent advent of specific and powerful

tools to study the role of mechanics on a single cell level has triggered a boom in the field.

Since 1975 the number of articles including "biomechanics" or "biomechanical" has grown

exponentially [2] and the emergence of scanning probe microscopy (SPM) techniques is

one of the responsible breakthroughs. For example, atomic force microscopy (AFM), a

SPM technique that uses mechanical interaction with the sample as feedback signal and

developed in the 1980s [3], was successfully implicated ten years later in the discovery

of porosome [4], a small structure in the membrane of eukaryotic cells responsible for its

secretory properties. Previously, the porosome was invisible by conventional microscopy

techniques because of its tininess and thus left completely unknown. Eventually, such

events lead to the birth of a new research field, the nano cell biology [5].

1



1. General introduction

1.2 Introducing clathrin and the cell nucleus

The biological building block of all living organisms is the cell. It provides their structure,

produces the energy required for their good functioning and contains all machinery and

the genetic code to allow their own replication.

This complex system is not a hermetic enclosure. Indeed, it massively relies on external

inputs to survive but also needs to export materials and to generate signals to its surround-

ings. In fact, the membrane of a cell is a very active area where tons of exchanges between

the outside world and the inside are settled simultaneously. Many of these exchanges are

regulated by clathrin, a customs officer at the entry pathway of cells.

1.2.1 Clathrin

The invagination of foreign bodies into the cell is called endocytosis [6]. In 1964, Rosen-

bluth andWissig [7] discovered that it involves the formation of coated vesicles, decorated

lipid bilayers rolled-up into spherical shells, that encapsulate the external cargoes. This

discovery was possible thanks to the scanning electron microscopy (SEM) study of the

uptake into neurons of ferrite nanoparticles, which were found to be contained by baskets.

It initiated much other research as a tremendous number of questions arose: "How can

ferrite be coated?", "Do different coatings exist?", "Do all cargoes have to be coated?".

Work done by Pearse [8] in 1976 presented the clathrin-mediated endocytosis (CME) as

the main pathway to bring cargo into a cell, see Figure 1.1.

Figure 1.1: Schematic of the clathrin-mediated endocytosis: the uptake of external

cargoes into a eukaryotic cell using clathrin polyhedra. Step 1: External cargo binds

the cell membrane while clathrin is recruited. Step 2: Creation of clathrin-coat. Step 3:

Scission and liberation of the clathrin-coat. Step 4: Disassembly of the clathrin-coat.

2



1. General introduction

She found that cargoes are coated by a cage made of clathrin proteins that were char-

acterised by electrophoresis. These natural baskets consist of regular pentagons and

hexagons that form an almost perfect natural polyhedron. Their basic sub-unit is called a

triskelion because of its trimer conformation: three clathrin heavy chains (one chain being

approximately 190kDa) each associated with a light chain (approximately 25kDa) [9],

as shown in Figure 1.2a. A clathrin leg is divided in three main domains: the proximal

domain, where the light chains bind and which forms the rib of a pentagon or hexagon,

the distal domain that is flexible and extends in the interior of the basket, and the terminal

domain that serves as binding site for accessory proteins such as Epsin or AP180 [10].

More recently, the architecture of clathrin-coated-vesicles (CCVs) was investigated with

subnanometre resolution via cryo-electron microscopy. Fotin et al. [11] identified in their

structure, the position of bound proteins as well as their binding site, and reconstructed

three main assemblies of different sizes (the cage diameter is believed to be cargo depen-

dent [12]). The last are made of at least 12 regular pentagons and multiple hexagons all

having approximately 17.5nm rib length (measured by AFM [13]), see Figure 1.2b:

• the truncated triakis tetrahedron of approximately 62nm diameter and 4 hexagons,

• the hexagonal barrel of approximately 70nm diameter and 8 hexagons,

• the truncated icosahedron of approximately 80nm diameter and 20 hexagons.

Figure 1.2: Clathrin triskelion and polyhedron architecture. (a) A clathrin triskelion is

composed of 3 heavy chains (CHCs) connected by a hub. Each CHC can be divided into

three parts: the proximal domain, the distal domain and the terminal domain. "Distal"

and "proximal" refer to the distance from the threefold centre (knee) of the triskelion. A

light chain is bound to each CHC proximal domain. (b) In physiological conditions, the

triskelia are bound together to form hexagons and pentagons which compose a complete

and almost perfect biological polyhedron.
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1. General introduction

Proteins of the Epsin protein family belong to the so-called adaptor proteins connecting

the clathrin structure to the cell membrane and have been shown to be a notable promoter

of the CCV formation. Strictly speaking, if Espin function is disrupted the polymerisation

of clathrin-trimers is blocked and no CCVs are formed. Furthermore, Epsin has been

found to induce membrane curvature thanks to its insertion in the cell membrane and the

forced rearrangement of the lipid heads [14]. These insertions reduce the required energy

to induce vesicle formation, which facilitates the formation of CCV. The clathrin cage is

then thought to be a structure that does not have a strong mechanical impact on the bending

of the membrane. Hypothesis which is further confirmed by Nossal [15] who showed that

clathrin cages should lack the ability to bend the membrane due to their softness. However,

this is challenged by the work of Dannhauser and Ungewickell [16] who proved that also

without this adaptor clathrin alone is capable of bending the cell membrane.

This controversial role of clathrin in bending themembrane is difficult to study as CCVs are

less than 120nm in height and their assembly and disassembly is a very dynamic process

[17]. The answer should also ideally come from a direct measurement of their mechanical

properties in vivo but frommyknowledge nomicroscopy/spectroscopy techniques exist that

would allow researchers to investigate such properties under these conditions. Eventually,

I have initiated the settlement of this debate by investigating CCV and its derivatives in

vitro using AFM force spectroscopy and finite element analysis.

1.2.2 Cell nucleus

Besides my interest for the CME mechanics, I have also focused on quantifying how the

hereditary genetic code of single cell nuclei responds to external forces. In eukaryotic

cells, cells with a nucleus which differ from prokaryotic cells like bacteria that do not

possess one, the nucleus houses the hereditary genetic code in the form of DNA-protein

complexes named chromatin. It also stocks the necessary machinery for the replication of

the chromosomes, chromatin packaged into thread-like structures, and the expression of

the information contained in the genes. It is, by far, the largest organelle of a eukaryotic

cell, around 10µm in diameter, 2 orders of magnitude bigger than clathrin polyhedra.

Figure 1.3 shows a typical representation of a nucleus.

The nucleus is surrounded by a double membrane called nuclear envelope. The inner

membrane is covered by the lamina, a dense fibrillary network that mechanically supports

the nucleus structure. The external surface, on the other hand, is connected to the

4



1. General introduction

Figure 1.3: Representation of a nucleus. A nucleus encloses the chromatin inside

a nuclear envelope containing nuclear pores. The ribosomes are synthesised in the

nucleolus and routed later towards the endoplasmic reticulum.

endoplasmic reticulumwhere ribosomes, one of the most complex molecular machineries,

synthesise proteins. The ribosomes are assembled in the nucleolus which is a compact

region of the nucleus rich of condensed chromatin. The internal and external membranes

are fused in a regular manner leading to the formation of nuclear pores that, despite their

littleness, approximately 120nm in diameter and approximately 50nm in height, allow

vital exchanges between the nucleus and the cell. Similarly to clathrin, nuclear pores are

considered as gatekeepers.

The nucleus’ size and shape get modified during growth, differentiation and migration of

the cell while experiencing forces from the cell itself and the surrounding environment

[18]. Even though there is evidence that such mechanical signals are used to control

gene expression [19, 20, 21, 22], it remains ambiguous how mechanics are transduced

through the nucleus. To better understand its behaviour under stress, I have employed

AFM micro-rheology, finite element analysis and fluorescence microscopy to accurately

quantify the mechanical properties of individual isolated cell nuclei.

1.3 Biophysical techniques in this thesis

In this section, I will succinctly present the different biophysical techniques that I have

employed to characterise the mechanical properties of clathrin cages and cell nuclei. Since

AFM plays a crucial role in all investigations and is a rather complex technique, it also

has a dedicated chapter, see chapter 2. Most of the other techniques described here are

standard but they were often modified and adapted to my needs.

5



1. General introduction

1.3.1 Michelson interferometer

During my second year, I had the opportunity to join SmarAct GmbH, a German company

based in Oldenburg, to work on a novel system for the calibration of AFM cantilevers.

To this end, I have developed with Dr. Iwan A.T Schaap a raster-scanning vibrom-

eter based on an existing compact Michelson interferometer (http://www.smaract.com/

picoline/picoscan/, patent pending).

A Michelson interferometer, invented in 1887 by Michelson and Morley [23], is an op-

tical system capable of quantifying the changes in distance separating two surfaces. In

a minimalist configuration, it only consists of a light source, a beam splitter, a reference

mirror and a detector, a simplified version being displayed in Figure 1.4. The incident

light goes through a beam splitter which divides the incoming beam into two new ones

that are either reflected off a reference mirror or off the sample. Both reflected beams

pass back through the beam splitter which combines their intensity and where interference

(constructive or destructive) takes place. In an aligned set up, the combined intensity

measured, I, is related to the distance the light had travelled, ∆d, by I ∝ cos(2 ·π ·∆d/λ)

with λ the wavelength of the incident beam.

An interferometer can also be used to precisely measure the amplitude of oscillations of

a mechanical system down to the picometre range. To this end, many commercial instru-

ments use a Fourier transformation of the changes in distance measured while the system

Figure 1.4: Compact Michelson interferometer. The system includes laser source, a

beam splitter (BS) which is used to divide the incident beam into two beams that are

reflected off the reference mirror (Ref.) and off the sample. The reflected beam that

combines the intensities is routed to a photodetector (PD).

6
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1. General introduction

is thermally or actively excited. In our case we have chosen to benefit from a digital lock-in

amplifier which is a component capable of extracting a signal with a known carrier from

a noisy environment [24]. It consists of a demodulator that multiplies the input signal

with a reference carrier followed by a combination of low-pass filters to isolate a specific

frequency component and thus to extract the amplitude and phase of vibrations on-the-fly.

1.3.2 Atomic force microscopy

Atomic force microscopy, developed in 1986 by Binnig et al. [3], is a powerful but

rather complex technique that employs a probe to scan a surface. It reveals topography

far beyond the maximum resolution of optical microscopy techniques while being also

capable to extract other physical properties of a sample without altering its integrity.

A meaningful metaphor to explain this technique is to compare its working principle with

how blind people "feel" their environment. Both use a probe, a micrometre lever or a white

cane, that is put in motion in a raster fashion to sense the surrounding. If no obstacles are

felt, the probe is moved towards the unknown. However, if the displacement is blocked,

which indicates that an object had been found, adjustments are done in consequence

to overcome this barrier while keeping the probe at vicinity of the surface. Knowing

constantly the position of the probe during the scan meshes precisely the world the probe

had been put in. In the case of AFM single atom resolution can be achieved [25, 26].

In practise, the motion of the AFM probe is monitored with optics, see Figure 1.5.

Figure 1.5: Working principle of an AFM. A laser is focused on the probe, then reflected

on a quadrant photodiode (QPD) to measure the deflection of the lever. In dynamic

imaging mode, the probe is actively oscillated and raster-scanned thanks to the xy-piezo

stage. The signal from the QPD is fed to a lock-in amplifier that extracts the amplitude

and the phase. It also controls the feedback loop operating the z-piezo.

7



1. General introduction

A laser is focused on the free end of the probe and reflected on a four-section segmented

photodiode. The latter converts the bending (lateral and normal) of the cantilever into an

electrical potential. This signal can be used as feedback input to allow an active adjustment

of the position of the probe with respect to the surface while scanning.

Besides its obvious advantage over optics regarding sensitivity and achievable resolution,

AFM can also be used to reveal electrical, magnetic and mechanical properties of a sample

in air, vacuum and liquid. Aqueous media allow to investigate biological systems in a

native-like environment which, in the case of this thesis, has been intensively used.

1.3.3 AFM combined with fluorescence microscopy

Fluorescence is a property of certain molecules to emit light after absorption of photons

of higher energy/shorter wavelength. This red-shift, also called Stokes shift, is caused by

a partial loss of the original energy during inelastic collisions between incident photons

and surrounding molecules [27]. In fluorescence microscopy, the Stokes shift is exploited

to selectively collect the emitted light from the sample while blocking the excitation light

with optical filters. If the sample itself is not fluorescent by nature, as for clathrin and the

cell nucleus, chemical dyes are bound to allow fluorescence investigations.

Special fluorescence microscopy techniques can be employed to overcome the theoretical

maximum resolution limits of conventional optical microscopy, on the order of the wave-

length of the incident beam (usually between 350 and 800nm), such as TIRF [28], FRET

[29, 30], PALM [31], STORM [32], STED [33] and fPALM [34]. These techniques allow

resolution down to the nanometre-scale. Nonetheless, none of them competes yet with the

atomic resolution of AFM.

For this thesis work, fluorescence was used to identify molecules and boundaries by se-

lective staining which allowed me to properly quantify the initial contact area between

the nuclei and the supporting surface prior to the AFM experiments. This is one among

multiple corrections that was applied to the common Hertz contact mechanics model [35]

to improve the accuracy of the extracted nuclei mechanics, see chapter 6. Here, I combined

AFM with a fluorescence microscope which allowed me to align precisely the position

of the AFM probe with the centre of the camera field of view and conduct AFM mea-

surements while recording fluorescence images. However, simply mounting an AFM on

top of a conventional inverted optical microscope leads to unacceptable high noises (from

camera, which has an integrated fan to cool the CCD chip) and temperature gradients

8



1. General introduction

levels (from laser source) that would limit the resolution of AFM imaging. To overcome

this, the AFM and scanner were affixed on a custom made inverted microscope that can

be operated in epifluorescence [36] or total internal reflection fluorescence [28] (not used)

and to prevent transmission from mechanical and thermal noise, the cooled EM-CCD

camera and the laser source were decoupled from the AFM, as shown in Figure 1.6.

The excitation of the fluorescent dyes was performed by laser light coupled into the optical

path. Focusing took place with an objective z–piezo element operated in open-loop to

avoid vibrations caused by a close-loop operation. A galvo mirror, used to select the

angle of illumination, was placed in a conjugate plane of the focal plane of the objective.

To properly select the emitted light from the fluorescent dyes, an optical band pass filter

specific to the chemical dye in used was integrated within the optical path of the camera.

The image acquisition of the camera also triggered the galvo mirror to switch off the

illumination between frames which helped to reduce the photobleaching of the fluorescent

dyes.

Figure 1.6: Combined atomic force microscopy and fluorescence microscopy. The AFM

is affixed on top of a custom inverted optical microscope. The laser source and EM CCD

camera are mechanically decoupled from the microscopes to reduce parasitic noise.
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1. General introduction

1.3.4 Finite element analysis

Finite element analysis (FEA) is a method for the modelling of physical systems in a virtual

environment in order to numerically solve complex physical models. Nowadays, computer

performances are such that computation time has drastically reduced, from several days

[37] to a couple of hours for similar models, which allows scientists to easily perform

preliminary simulation experiments before actually testing a set-up and/or to compute

analytical models to describe multiphysics problems with complex constrains.

Previously, FEA has been successfully implemented to extract valuable information re-

garding the behaviour of microtubules, tubular structures present in cells, under stresses

[37]. In the case of this thesis, it was employed to mimic AFM mechanical measurements

on clathrin cages and nuclei, as discussed in chapter 4, chapter 5 and chapter 6. During

FEA, polyhedral meshes of the tip and the samples were generated and the non-linear load

from the modelled probe was calculated at each of the nodes.

Examples of FEA on a clathrin cage, in 3D, and on a nucleus, in 2D, are shown in Fig-

ure 1.7a and Figure 1.7b respectively. In Figure 1.7a, the modelled parabolic tip is lowered

to deform the polyhedron while the resulting stress is monitored (colour gradient). In Fig-

ure 1.7b, symmetries such as mirror symmetry and radial symmetry are used to reduce

the size of the model and thus the computation time. The tipless cantilever modelled as a

plate is lowered to compress the sphere. The triangular mesh is optimised to increase the

accuracy at the boundary of the sphere while keeping a computation time low by reducing

the mesh resolution at the sphere core.

Figure 1.7: Example of finite element models. 3D FEA on clathrin hexagonal barrel

and 2D FEA on cell nucleus shown in (a) and (b) respectively.
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1. General introduction

1.4 Thesis motivation

My research has been aimed at the successful application of atomic force microscopy and

the development of new AFM-based biomechanical methods to measure the mechanical

properties of soft biological samples.

More specifically, I chose to investigate clathrin and the cell nucleus not only because

these two samples are closely related to the work of the hosting laboratory [13, 38] but

also because important questions regarding their mechanics are still pending, as stated in

subsection 1.2.1 and subsection 1.2.2, due to the complexity they offer but also because of

the lack of proper methods and models to accurately measure and describe their behaviour

under stress.

On one hand, a deeper understanding of the entry pathway of a cell is of prime interest to

get a better insight of the process itself and thus its potential malfunctioning. For instance,

viruses such as Ebola can hijack this pathway to infect the cell [39]. As a result, having

a clearer description of the CME could potentially lead to the development of new drugs

and bio-inspired delivery vehicles to inhibit or enhance the invagination of foreign bodies.

On the other hand, a comprehensive description of how forces are transduced into single

cell nuclei from various cell lines would conceivably give rise to new techniques to

identify defective cells. Indeed, being able to establish a common behaviour among nuclei

mechanics would allow to use them as mechano-sensor while investigating whole cells:

by simply looking at (and quantifying) the deformation of the nucleus, the forces that act

on it can be deduced. Finally, the quantification of the response under stress of various

nuclei may lead to the development of new medicines based on the nucleus mechanical

alteration.

1.5 Outline of this thesis

This thesis is organised as follow:

In chapter 2, the working principle of atomic force microscopy briefly presented in

subsection 1.3.2 is described in more details. First I will focus on the van der Waals

interactions that affect the AFM probe behaviour while being close to a surface. Then,

the tapping imaging mode, which was exclusively used during all experimental works,

is detailed. Finally, AFM force spectroscopy that allowed me to extract the mechanical

properties of clathrin polyhedra and cell nuclei is explained.
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1. General introduction

In chapter 3, a new technique to calibrate the force constants of AFM cantilevers is

introduced. It is based on a novel raster-scanning interferometer as described in subsec-

tion 1.3.1. Unlike the common calibration method described in chapter 2 that requires

to perform a force curve on a hard surface to calibrate the sensitivity of the system and

thus possibly affect the tip geometry, this approach does not need any physical contact.

Furthermore, besides being used for calibration, raster-scanning interferometry can be

employed to study the bending modes of cantilevers that have more complex shapes than

that of a common and well-theorised rectangular one. Without taking into account the

development of the instrument itself, this chapter represents a 3 months project.

In chapter 4, AFM in liquid is used to study the mechanical properties of clathrin polyhe-

dra. The amplitude modulated imaging mode as described in chapter 2 is now employed

to generate topographies of various types of clathrin assemblies at unprecedented reso-

lution. While local force spectroscopy is performed in a raster-scan fashion to allow the

mapping of the mechanical properties of the cages, FEA is used in parallel to overcome

the current lack of physical models to characterise inhomogeneous polyhedral structures.

This 1.5 year project was performed as a collaboration between the groups of Dr. Iwan

A.T Schaap and Dr. Philip Dannhauser from University College of London (London,

United-Kingdom).

In chapter 5, additional experiments on clathrin using low-force AFM in liquid are pre-

sented. I investigate the effect of light chain isoforms, with and without neuronal inserts,

and accessory proteins (Epsin, AP180 and Auxilin) on the mechanical properties of re-

constituted clathrin cages. In addition, I measure the impact of calcium, a promising agent

in altering the structural property of the clathrin triskelion hub, on the cages mechanics.

This 3 months project is the outcome of a collaboration between the groups of Dr. Iwan

A.T Schaap and Dr. Philip Dannhauser from University College of London (London,

United-Kingdom).

In chapter 6, I combine AFM spectroscopy and fluorescence microscopy to extract the

complex viscoelastic properties of nuclei from different cell lines. Tricks to overcome

the limitations of the AFM Z-scanner are employed to perform localised AFM force mea-

surement at the apex of the nuclei, which heights exceed the scanner range, using tipless

cantilevers. The force spectroscopy includes a dwell time integrating multiple sinusoids

12



1. General introduction

with increasing oscillatory frequency to measure the frequency dependency of the me-

chanical response of the nuclei. The measurements are performed at multiple indentation

depths to map structural differences within the nuclei. FEA is also used to support the

measurements. This 9 months project arises from a collaboration between the groups

of Dr. Iwan A.T Schaap group and Dr. Chris Toseland from the University of Kent

(Canterbury, United-Kingdom).

Due to the variety of biological constructs that are addressed in this thesis each chapter

contains an individual conclusion to put the biomechanical findings in the correct context.
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2
Atomic Force Microscopy

This chapter aims to provide sufficient physical understanding of amplitude modulated

(tapping) imaging mode and force spectroscopy techniques which were used in this expe-

rimental work. For a detailed derivation of each of the equations presented and an extended

description of the AFM itself, the relevant references are included.

2.1 Introduction

In atomic force microscopy, all things that matter are the interactions between the tip,

located at the free end of a flexible cantilever, and the sample. Depending on the distance

separating them, thematerial of the tip aswell as the one of the sample, and the surrounding

medium, multiple forces can be felt that will affect the cantilever behaviour. The list

includes magnetic and electrostatic forces, chemical bonding, surface charge screening

and many more but I will only introduce the van der Waals interactions which often

dominate the response [40].

Van der Waals forces are weak electrical interactions that become prevalent when the

AFM probe is relatively close to the sample surface (1 < z < 10nm, with z the distance

tip-surface) [41, 42]. They are included in the Buckingham potential [43] which states

that the tip will first be sensitive to the van der Waals long-range attractive forces and

then short-range repulsive ones caused by the Pauli repulsion. The latter is the necessary

condition to overcome possible overlapping of electronic orbitals between atoms from the

tip and the sample. Analytically, the Buckingham potential, UB(z), as function of the

tip-sample distance, z, is proportional to [43]:

UB(z) ∝ e−
z
z0 −

(
z0
z

)6
(2.1)
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2. Atomic Force Microscopy

Figure 2.1: Electrostatic interactions arising when the probe of an atomic force micro-

scope is in vicinity of a surface. They are described by the Buckingham potential, solid

line, which is the combination of long-range attractive forces, dashed-dotted line, and

short-range repulsive forces, dashed line, due to van der Waals’ interactions and Pauli’s

repulsion respectively. The potential is normalised, with ε the depth of minimum energy.

where z0 is the interatomic distance at equilibrium, z−6 denotes the van derWaals attraction

while the exponential term reflects the Pauli repulsion, shown in Figure 2.1.

In fact, besides defining the tip-sample interaction, this potential can also be used to

describe the different AFM imaging modes in air [44, 45]. Static modes are employed in

the Pauli region (dUB(z)/dz < 0, in dark grey in Figure 2.1) while dynamic modes refer

to the van der Waals region (dUB(z)/dz > 0, bright grey in Figure 2.1).

2.2 Amplitude modulated (tapping) imaging mode

In static imaging mode the tip is permanently in contact while being raster-scanned.

Eventually, this may lead to a deterioration of the sample due to high lateral forces and/or

possible detachment and drag of the sample if these lateral forces exceed the attractive

forces that keep the sample in a steady state. This makes the static imaging mode

unsuitable for the study of biological nano-objects that are fragile and not firmly attached

to the substrate.

In dynamic imaging mode, on the other hand, the cantilever is actively oscillated and the

probe either only intermittently touches the sample (tapping mode, repulsive interactions)
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2. Atomic Force Microscopy

or remains far enough to avoid any possible contact (non-contact amplitude modulated

mode, attractive interactions) [46]. This greatly reduces the applied forces and the above-

mentioned consequences. Because of this feature, it is usually preferred in biomechanics.

Among the different dynamic techniques, I exclusively employed tapping mode. The latter

requires to monitor the motion of the cantilever while having a feedback routine that keeps

the oscillation amplitude constant during imaging. This feedback routine controls the

z-piezo scanner that adjusts the distance between the cantilever and the sample.

2.2.1 Cantilever motion in air

• Bending modes of AFM cantilevers

In tapping mode, and actually in all dynamic imaging modes, the cantilever is actively

excited. The induced vibrations cause the lever to deflect with a shape that depends on its

geometry and the input frequency of excitation [47]. Usually the first resonance frequency

mode is favoured because it often has the sharpest resonance thus higher sensitivity when

compared to higher resonance modes as well as a lower effective spring constant which

helps to minimise sample damage. However, it is possible to drive the cantilever at higher

harmonics and since the cantilever has an infinite number of resonance modes, it also

has multiple ways to deflect, called bending modes, which gain in complexity when the

resonance mode increases [48].

The shapes of the bending modes, sn(x) with x the distance from the base of the cantilever

and n the nth bending mode, are analytically derived from the Euler-Bernoulli beam theory

[49] and, in the case of rectangular cantilever of length, L, are proportional to:

sn(x) ∝ cosh(βn · x)− cos(βn · x)+
(cos(βn · L)+ cosh(βn · L)) · (sin(βn · x)− sinh(βn · x))

sin(βn · L)+ sinh(βn · L)

(2.2)

where βn =
(
ρ ·w2

n/E · I
)1/4 with E the cantilever’s elastic modulus, I the second moment

of area of the cantilever’s cross section, ρ the cantilever’s mass per unit length and wn the

natural frequencies of the cantilever.

Eq.(2.2) has only non-trivial solutions if cosh(βn · L) · cos(βn · L) = 0. The roots of this

non-linear equation allow to express the natural frequencies with respect to the first natural

frequency w0. For example, the second natural frequency, w1, is defined as w1 ≈ 6.27 ·w0,

the third one as w2 ≈ 15.56 ·w0, etc.
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2. Atomic Force Microscopy

Figure 2.2: First two bending modes of a rectangular cantilever. 2D representation

of the deflection of a cantilever if driven at its first and second resonance frequencies as

derived from the Euler-Bernoulli beam theory. Insets: 3D deflection images of the first

bending mode and second bending modes of a RC150 biolever from Olympus (Tokyo,

Japan). Each image shows the maximum deflection with a phase shift of π. The images

were recorded by raster-scanning interferometry.

Figure 2.2 shows the shape of the induced first two bendingmodes calculatedwith Eq.(2.2).

To facilitate the visualisation of the motion of the cantilever 3D images of its deflection

are included. The latter were measured using our novel raster-scanning interferometer,

described in chapter 3. In this thesis, I exclusively employed tapping mode using the first

resonance frequency of the cantilevers.

• Influence of the Buckingham potential on the cantilever oscillation

The movement of a cantilever is commonly described by a driven damped harmonic

oscillator. It is characterised by a non-linear second order differential equation of motion

that, when the probe is far from sample, is written as [50]:

f ar⇒ Üz(t)+
w0
Q

· Ûz(t)+
kc

mc
· z(t) =

Fdrive(t)
mc

(2.3)

where z(t) is the tip-sample distance, the dots denote the differentiation with respect to the

time t, w0 is the undamped resonance frequency of the cantilever, Q the quality factor that

characterises the cantilever’s bandwidth relative to its centre frequency, kc the cantilever

force constant, mc its mass and Fdrive(t) the driving force of excitation. A schematic of a

harmonic oscillator is depicted in Figure 2.3.
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2. Atomic Force Microscopy

Figure 2.3: Cantilever nominal response. The cantilever can be seen as an almost perfect

harmonic oscillator described by a mass and an ideal spring. The amplitude, A, and the

phase, θ, of the oscillations are induced by the intrinsic properties of the cantilever. The

amplitude, phase and angular frequency are normalised.

When the tip is close to the surface of the sample, during scanning for example, it also

encounters the Buckingham potential described earlier. Eq.(2.3) gains then an additional

term, kts(z) = −∂Fts/∂z |z=z0 (which is positive in the van der Waals region and negative

in the Pauli region), describing the tip-surface force and treated as an additional damper:

close⇒ Üz(t)+
w0
Q

· Ûz(t)+
(kc − kts)

mc
· z(t) =

Fdrive(t)
mc

(2.4)

Eq.(2.4) has a similar form as Eq.(2.3). The only difference arises from that the effective

force constant of the cantilever, k = kc − kts, depends now on the tip-sample interaction,

thus the distance separating them. The general solutions have the sinusoidal oscillation

form of:

z(t) = A · cos(w · t − θ) (2.5)

where

A = Adrive ·
w′2√

(w′2−w2)2+ (w · w′Q )
2

(2.6)
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and

θ = arctan
( w · w′Q

w′2−w2

)
(2.7)

with Adrive the driving amplitude and w′ the damped angular resonance frequency.

Assuming that |kts | � kc, then w′ = w0 · (1− kts/(2 · kc)) with w0 = 2 ·π · f0 the undamped

angular resonance frequency. The resonance frequency of the cantilever while in vicinity

of a surface is then shifted by:

∆ f =
w′−w0

2 ·π
= −

f0 · kts(z)
2 · kc

(2.8)

In the case of van der Waals’ forces, kts > 0 and thus ∆ f < 0 while for repulsive potential,

kts < 0 and ∆ f > 0. In other words, the resonance curve of the cantilever at equilibrium is

either shifted to the left or to the right of its resonance frequency, as shown in Figure 2.4.

Thus, when the probe is close to a surface, the interaction tip-sample induces a reduction of

the oscillation amplitude of the AFM lever which can be monitored and used as feedback

parameter. In a different imaging mode, namely the frequency modulation AFM, the

frequency shift is used as feedback parameter instead [51].

Figure 2.4: Influence of the Buckingham potential on the oscillations of the cantilever.

The amplitude and the phase are influenced by the type of interactions, whether attractive

from the van der Waals forces (A, plain line), or repulsive from the Pauli repulsion (R,

dashed line). The amplitude, phase and angular frequency are normalised.
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2.2.2 Cantilever immersed in liquid

In liquid the cantilever is also affected by hydrodynamic forces. These forces are related

to the viscous behaviour of the fluid as well as squeeze forces, which are drag forces

occurring when the cantilever is oscillating close to a surface, when imaging in tapping

mode for example. They have a significant impact on the effective mechanical properties

of the cantilever and thus its general behaviour.

• Mechanical properties

The resonance frequency of a cantilever in air, fair , is written as:

fair ∝

√
E · I

b · ρc · h
(2.9)

with E the Young’s modulus of the cantilever, I the second moment of area of the

cantilever’s cross section, b the width of the cantilever, h its thickness and ρc its density.

In liquid however, the resonance frequency, f f , is expressed as [52]:

f f ∝

√
E · I

b · ρc · h+ ρa
(2.10)

Here, ρa is an additional mass density due to the fact that when the cantilever oscillates,

a fraction of the surrounding liquid moves as well, increasing the effective mass of the

system. Since ρa is positive and non-zero when the cantilever is immersed in liquid, the

resonance of the cantilever unavoidably decreases.

Additionally, the total quality factor Qtotal equals [52]:

Q−1
total =Q−1

c +Q−1
f (2.11)

Generally, the quality factor of cantilevers, Qc, is much higher than the one of the sur-

rounding fluid, Q f , and the above equation can be reduced to:

Qtot ≈Q f (2.12)

The surrounding liquid broadens the resonance peak of the cantilever up to two orders of

magnitude. It results in an effective cantilever that has a lower quality factor which makes

the AFM imaging in liquid less sensitive to a change in amplitude than in air. On the

other hand, it suggests that the stored energy of the cantilever is rather small and allows
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to gently touch the sample instead of hammering it. A fact which is obviously welcomed

when imaging soft biological samples such as clathrin.

However, while both the resonance frequency and the quality factor are affected by the

liquid environment, it should be noted that the stiffness of an immersed cantilever is nearly

identical to the one in air [53].

• Cantilever motion

The hydrodynamic force consists of the viscous friction of the liquid, Fv(t), and the squeeze

force mentioned earlier, Fs(t), such as [54]:

Fh(t) = Fv(t)+Fs(t) (2.13)

with

Fv(t) = −ρa · Üz(t) (2.14)

Fs(t) = −ca · Ûz(t) (2.15)

where z(t) is the tip-sample distance over time, the dots denote the differentiation with

respect to the time t, ρa is the additional mass density previously introduced and ca an

additional damping coefficient due to the presence of the liquid.

The additional damping coefficient, ca, has two components: one when the tip is far

from the surface and thus the squeeze force is small but homogenous along the cantilever,

c∞, and an other which depends on the transient distance between the cantilever and the

surface, cs, such as ca = c∞ + cs. Far from the surface, cs can be neglected and the total

force exerted on the tip, Ftotal(t), can be written as:

f ar⇒ Ftotal(t) = Fdrive(t)+Fv(t)+Fs(t) = Fdrive(t)− ρa · Üz(t)− c∞ · Ûz(t) (2.16)

with Fdrive(t) the drive force bringing the cantilever holding the tip into oscillation.

When the tip is close to a surface, cs is no longer negligible and must be included. In

addition, and as previously mentioned in subsection 2.2.1, the tip is now sensitive to the

tip-sample interaction, Fts(t). Thus, Eq.(2.16) when close to a surface gains in complexity

and is now written as:

close⇒ Ftotal(t) = Fdrive(t)− ρa · Üz(t)− (cs + c∞) · Ûz(t)+Fts(t) (2.17)

21



2. Atomic Force Microscopy

Despite their simple appearance, both Eq.(2.16) and Eq.(2.17) are rather complex, espe-

cially because I reduced their definition to the force exerted on the tip, omitting the overall

behaviour of the whole cantilever, but analytical solutions of the Bernouilli-Euler equation

taking into account the hydrodynamic forces can be derived using the modal analysis for

a continuous beam model [55].

In chapter 6, I directly measured the hydrodynamic forces exerted on a cantilever prior

to investigate the mechanical properties of the cell nuclei. This was an important step as

this damping depends on the driving frequency of oscillations and influences the accurate

extraction of the cell nucleus mechanics.

2.2.3 Optical read-out system

The deflection of the cantilever is commonly measured with optics with a laser beam being

focused on the reflective back side of the free end of the cantilever [56]. The reflected

laser beam is mirrored onto a segmented quadrant photodiode that translates the laser

spot into normal and lateral signals corresponding to the bending and the torsion of the

cantilever respectively, see Figure 2.5. The electrical potential measured is then converted

into length units with the photodiode sensitivity, see chapter 3 for more details.

In dynamic imaging mode, the cantilever is actively excited and the oscillation amplitude

and phase are extracted after feeding the deflection signal into a dual-phase lock-in amplifier

[57]. In tapping imaging, the amplitude is used as feedback input [58] to keep the amplitude

constant. The feedback loop adjusts the position of the z-piezo scanner in consequence.

Figure 2.5: Optical read-out system principle. A laser is focused on the free end of the

cantilever. It is reflected onto a quadrant photodiode (QPD) that converts the reflection

angle into an electrical signal. The QPD sensitivity is used to convert the potential

measured into length units.
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Figure 2.6: Case study of AFM resolution on modelled clathrin hexagonal barrel. The

cage is 42nm wide but appears bigger when probed: 75nm and 45nm with a probe radius

of 20nm and 2nm respectively.

2.2.4 Lateral resolution

In AFM, the maximum achievable lateral resolution depends heavily on the radius of the

probe [59] rather than on the scanner efficiency which has nowadays picometre resolution.

As a rule of thumb, the sharper the tip is the more details the AFM can resolve and less

pronounced are the tip-sample convolution [60], as shown in Figure 2.6.

2.3 Force spectroscopy

An AFM is not only capable of imaging, it can also be used as spectroscope to extract

valuable information such as mechanical, electrical and magnetic properties of a sample.

In this thesis I exclusively focus on the mechanical properties.

In AFM, when referring to mechanical properties, we mostly speak about the way a

system is deformed under normal load and usually employ the terms stiffness and Young’s

modulus:

• The stiffness of an object is its capacity of handling deformation. This is a structural

property which is described by Hooke’s law and written as:

F = k · ®x (2.18)
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where F is the applied force on the object, k the stiffness or spring constant and ®x

the displacement induced by the force.

• The Young’s modulus, E , corresponds to the elastic resistance to extension/com-

pression under an applied load of an object. This is a material property that be

described by:

E =
F/A
∆L/L0

(2.19)

where A is the area of the cross-section perpendicular to the applied force F, ∆L is

the deformation normalised by the original length of the sample L0.

2.3.1 Calibration of the cantilever

To measure the mechanics of a sample, the deflection in length unit of the cantilever has

to be converted into forces. The last are deduced from Hooke’s law via F = −kc · d where

kc is the spring constant of the cantilever and d the measured deflection. The spring

constant of a cantilever is provided by the cantilevers’ manufacturers. In practise however,

the actual value can differ significantly from the one given and for an accurate conversion,

each cantilever has to be calibrated. To this end, the Sader method [61] and the thermal

noise method [62] are usually applied, both providing a relative error less than 10% [63].

I will focus on the thermal noise method developed by Hutter and Bechhoefer [62] which

is again based on the study of a harmonic oscillator in equilibrium.

The haphazard motion of the molecules from the surrounding medium, called Brownian

motion, imparts random impulses to the cantilever which in turn starts to resonate. Based

on the equipartition theorem, the potential energy equals the thermal energy and the spring

constant of the cantilever can be written as:

kc =
kB ·T
〈d2〉

(2.20)

where kB is the Boltzmann constant, T the temperature and 〈d2〉 the mean square thermal

deflection of the cantilever.

The thermal deflection is usually deduced from the Fourier transformation of the sampled

thermal oscillations and the integration of the resonance peak of the first bendingmode. An

example is given in Figure 2.7where the thermal deflection of a cantilever is experimentally

measured using interferometry, see chapter 3 for more details.
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Figure 2.7: Calibration of a cantilever spring constant using the thermal noise method.

The Brownian motion of a RC150VB cantilever measured by interferometry. The stiffness

of the cantilever is calculated after integrating the resonance peak. The visible slope from

the background noise represents the contribution of white and pink noise.

2.3.2 Indentation of a sample

Once the cantilever spring constant is known, the mechanical properties of the sample can

be obtained by analysing force versus z-piezo curves, also called "force curves", [64, 65]

that relate the localised deformation of the sample and the forces exerted on the cantilever.

In practice, force curves result from the lowering of the tip until it reaches a specific in-

dentation depth. Then the probe is lifted from the surface and brought back to its original

position. The indentation is obtained by subtracting the bending of the cantilever from the

z-piezo displacement.

Force curves are divided into three parts [66]: the trace, which corresponds to the down-

ward movement of the probe towards the surface of the sample, an optional dwell and

finally the retrace, the upwardmovement of the tip. In most basic AFM force spectroscopy,

no dwell time is set and the tip is instantly retracted as in Figure 2.8. However, it is possible

to perform more complex force curves that incorporate a specific dwell function to reveal

time-depend mechanical properties of the sample, as discussed in chapter 6.

Force curves provide thus a local measurement of the mechanical properties of a sample

but similarly to imaging, they can be performed in a raster-scanned fashion to spatially

map the sample response to stimuli. This specific scan mode is called force mapping and

generates forcemaps.
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Figure 2.8: Typical force curve obtained after indenting a sample. Monitoring the force

while lowering and retracting the AFM probe results in a force versus indentation curve.

In this example, the probe was indenting a very stiff reference substrate such that the force

increases very rapidly at minimal indentation. Inset: the sphere represents the AFM probe

that is penetrating the material with an applied force, F, up to an indentation depth of δ.

2.3.3 Mechanical analysis

• Deducing the stiffness.

The clathrin cages investigated in chapter 4 and in chapter 5 are considered as hollow

spheres indented with a point force. Since the contact area between tip and sample

remains constant during the measurement, the sample deformation scales linearly with the

applied force. This simplifies the analysis of the force curve because the system (tip and

sample) can be seen as two springs in series [67] and the resulting spring constant is:

k−1
system = k−1

c + k−1
sample (2.21)

In this scenario, the force felt by the cantilever while indenting clathrin, F(δ), is:

F(δ) = ksystem ·δ (2.22)

with δ the indentation depth.

Thus the stiffness of the sample can be easily extracted from the slope of the indentation

region (region above the 30pN AFM noise threshold for bio-cantilever [68]) since ksystem

and the stiffness of the cantilever kc are measured.
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• Deducing the Young’s modulus.

Multiple contact mechanics models can be applied to extract the mechanical properties

of a sample if the aforementioned conditions are not met or if the material property of

the sample instead of its structural property is of interest. Among the mechanics models,

Hertz’s one is widely used.

Hertz [35] described the elastic and frictionless contact mechanics between two spheres in

interaction that can be extended to a sphere, such as the AFM tip, indenting a half-space,

a given sample. The force applied, F(δ), by a sphere of radius R onto a half-space can be

written as:

F(δ) = K ·
√

R ·δ3 (2.23)

with δ the indentation depth, and K the effective elastic modulus:

K−1 =
3
4

·
(
1− ν2

s

Es
+

1− ν2
t

Et

)
(2.24)

where νt , νs and Et , Es are the Poisson’s ratios and the Young’s moduli of the sphere and

the half-space respectively.

Similarly to deducing the stiffness, the Young’s modulus from a sample is extracted by

fitting the indentation region of a force curve with Eq.(2.23). However, Hertz’s model is an

over simplified model when describing the mechanical properties of cell nuclei. Indeed,

the latter are not purely elastic and the contact boundary conditions during the experiments

do not match the above-mentioned requirements. Thus, a more complex model has to be

applied as explained in chapter 6.
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3
Direct calibration of atomic force

microscopy cantilevers using a

raster-scanning Michelson

interferometer

3.1 Abstract

Calibration of the stiffness of atomic force microscopy cantilevers is of great importance

to accurately determine the mechanical properties of a sample. While common methods

provide an accurate measurement of the cantilevers force constant, they require to either

define precisely the dimensions of the cantilevers or to perform a spectroscopy curve on a

stiff reference surface to evaluate the sensitivity of the detection system. However, uncer-

tainties on the cantilevers geometry will induce calibration errors while the spectroscopy

curve will potentially damage and contaminate the tip.

Here, Dr. Iwan A.T. Schaap and I have developed a raster-scanning interferometer based

on theMichelson principle tomeasure the thermal vibrations of cantilevers down to several

hundreds of femtometre. Because the interferometric measurements provide an output that

depends on the wavelength of the used laser source, the measurements show directly the

cantilever vibrations in length units and the thermal noise method can straightforwardly

be applied. This removes the need to calibrate the sensitivity of the photodetector which

is required in conventional AFM optical beam deflection measurement schemes and thus

greatly reduces the potential damage and contamination of the AFM probe.
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3.2 Introduction

The working principle of AFM force spectroscopy is based on knowing the mechanical

properties of the probe, theAFMcantilever, to extract themechanics of a sample. However,

the properties of a given cantilever are usually not constant among members of the same

family as disparities caused by themanufacturing process are unavoidable. Each cantilever

is unique. This is the reason why manufacturers only provide an average value of the

cantilever spring constant and its resonance frequency as these can vary up to a factor of

2 [69]. As a consequence, every cantilever has to be calibrated prior to any AFM force

spectroscopy measurement. To this end, two methods are widely used: the Sader method

[61] and the thermal noise method [62].

According to Sader’s method [61], the spring constant of a rectangular cantilever, kSader ,

is defined as:

kSader = 0.1906 · L · b2 · ρair ·Qair ·Γi · (2 ·π · fair)
2 (3.1)

where L and b are the length and width of the cantilever respectively, ρair is the density

of the air, Qair is the quality factor of the resonance peak in air, Γi relates to the imaginary

component of the hydrodynamic function of the surrounding medium (which depends on

the cantilever cross section shape and the Reynold number [70]), and fair the resonance

frequency in air. In practice fair andQair are found by analysing the power spectral density

in [V2] of the vibrations. Corrections on Eq.(3.1) for more complex cantilever shapes were

derived [71].

As shown in Eq.(3.1), the Sader method relies on knowing precisely the dimensions,

length and width, of the cantilever. Manufacturers usually record them after imaging the

cantilevers with a scanning electron microscopy (SEM) that offers nanometre resolution.

However, since every cantilever is unique, this routine should ideally be repeated for

each individual probe. Because this is time consuming and this would potentially either

contaminate or in the worst case deteriorate the tip, both manufacturers and AFM users

stick to the average values from a given set of reference cantilevers. These geometrical

uncertainties lead to an error of approximately 10% in the calibration [63, 72].

The alternative approach is the thermal noise method. According to the analysis of an

ideal simple harmonic oscillator, which is only excited by the Brownian motion of the

surrounding medium and thermal motion from within the cantilever [50, 62], the spring
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constant of cantilever, kthermal , can be written as:

kthermal =
0.97 · kB ·T
〈d2(m)〉

=
0.97 · kB ·T

invOLS · 〈d2(V)〉
(3.2)

where the prefactor 0.97 corrects from the fact that the cantilever cannot be regarded as

an ideal simple harmonic oscillator [50], kB is the Boltzmann constant (in [Nm/K]), T the

temperature (in [K]), 〈d2(m)〉 and 〈d2(V)〉 the power spectral densities of the resonance

peak in [m2] and [V2] respectively, and invOLS the sensitivity of the photodetector that

measures the cantilever deflection (in [V/m]). The term "invOLS" stands for inverse

optical lever sensitivity [73, 74]. The combination "optical lever sensitivity" is the result

of using optical read-out to measure the vibration of the cantilever (IR laser beam reflected

off the free end of the cantilever and mirrored onto a photodiode [56]) while "inverse" is

the consequence of defining the actual cantilever sensitivity in [m/V].

As shown in Eq.(3.2), the thermal noise method preliminary requires to define the pho-

todetector sensitivity in order to convert the measured potential from the read-out system

into displacement. It is done by pushing the cantilever against a stiff reference surface

using a pre-calibrated z-piezo. From the slope of the curve, corresponding to the invOLS,

the measured deflection in volt can be directly converted into meter [74]. However, AFM

tips are fragile and easily contaminated/damaged [75] and performing such a calibration

proceduremay negatively affect the following experiments. Indeed, a damaged tip, its apex

being flattened for example, reduces the image quality and the achievable resolution while

a contaminated tip drags artefacts and instabilities all along the measurements. These as-

pects are particularly pronounced when investigating biological samples in physiological

environments. In the case of this thesis where the thermal noise method was chosen for

calibration, multiple AFM cantilevers were binned right after the calibration routine as

the tips appeared contaminated. Besides a waste of time it is also a waste of money with

a single cantilever costing 10 to 30 GBP. Nonetheless, since the thermal method does not

require a precise knowledge of the cantilever dimension, it is usually favoured.

Here, to optimise the calibration process of AFM cantilevers, I was involved in the deve-

lopment of a raster-scanning interferometer based on the Michelson principle, also called

"vibrometer". This instrument allows to directly measure vibrations in meter thus remov-

ing the need of pre-calibration of the invOLS of the photodetector. The performance of

this device was estimated by comparing the calibration results according to both of the

above-mentioned methods with vibrometry.
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3.3 Methods

3.3.1 Power spectral density analysis

All analysis were done in LabVIEW 2015 (National Instruments, Austin, USA).

The power spectral density peaks were fitted with [76]:

〈d2(m)〉 =
a0
f
+ a1+

a2

( f − a3)2+ a4
(3.3)

where f is the frequency, a0 is the pink noise coefficient, a1 the white noise floor, and a2,

a3 and a4 coefficients describing the shape of the Lorentzian peak.

I used non-linear regression based on the Levenberg–Marquardt algorithm with iterative

least square minimisation to estimate the coefficients. The goodness of fit parameter was

computed as the adjusted chi-square value. The initial guesses for the different coefficients

were calculated for each cantilever according to:

a0 =
d PSD( f )

df
(3.4)

a1 =PSD( f ) (3.5)

a2 = df 2 ·
(
max

(
PSD( f )

)
−PSD( f )

)
(3.6)

a3 = f
(
max

(
PSD( f )

) )
(3.7)

a4 = a3− f
(
max

(
PSD( f )

)
√

2

)
(3.8)

where PSD( f ) is the power spectral density, PSD( f ) the mean value of the PSD( f ) and

df is the frequency step.

The coefficients are related to the mechanical properties of the cantilever following:

f0 = a3 (3.9)

Q0 =
a3

2 ·√a4
(3.10)

k =
kB ·T ·√a4

π ·a2
(3.11)

where Q0 is the quality factor of the resonance peak centred at f0, kB is the Boltzmann

constant and T is the temperature (20 ◦C during experiments).
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3.3.2 Calibration methods

• Vibrometer method

The cantilevers were initially imaged in their packaging using the interferometric IR beam

of the instrument. The IR beamwas then moved onto the free end of the cantilevers and the

thermal vibrations were recorded and averaged (minimum of 10 time series, each lasting

1 sec with 10MHz sampling frequency) to reduce the noise level. The resulting thermal

spectra were fitted with Eq.(3.3) and the force constants determined from Eq.(3.11).

It should be noted that the vibrometer method is actually the thermal noise method, only

the way how the displacements are measured is different.

I thank Dr. Florian Rehfeldt from Goettingen University (Goettingen, Germany) for

calibrating the cantilevers using the standard Sader method and thermal noise method.

• Sader’s method

I preliminary measured the cantilever dimensions using scanning electron microscopy,

see below. Then the cantilevers were successively mounted on a MFP-3D AFM (Asylum

Research, Santa Barbara, USA) and the power spectral densities of the vibrations at their

free end were recorded. The thermal peaks of the first bending mode were fitted with

Eq.(3.3) to extract the quality factors and resonance frequencies. Finally, these fitting

results were incorporated in Eq.(3.1) to extract the spring constants, Γi being determined

by a look-up table [61].

• Thermal noise method

In the case of the thermal noise method, the invOLS was determined after performing

a spectroscopy curve on a glass substrate. It was used to convert the measured power

spectrum recorded in [V2] into [m2]. The thermal peaks of the first bending mode were

fitted with Eq.(3.3) to extract the quality factors and resonance frequencies. Then, Eq.(3.2)

was further corrected to take into account the tilt of the cantilever (10 ◦) (due to the AFM

cantilever holder) [77] and the fact that the AFM optical read-out measures in reality the

cantilever inclination rather than the deflection [78]:

kthermalcorrected = 0.82 · cos (10) · kthermal (3.12)

These corrections do not apply to the vibrometry method, since the last measures directly

the deflection, but also because the cantilever is not titled during the measurements.

32



3. Direct calibration of AFM cantilevers using a raster scanned interferometer

3.3.3 Scanning electron microscopy imaging

The cantilevers were fixed on a scanning electron microscopy sample holder with vacuum

grease (Apiezon H, Neuss, Germany). This allowed me to easily unfix the cantilevers.

They were imaged with a Vega3 electron microscope (Tescan, Brno, Czech Republic) at

30kV. SEM pictures were analysed using the open source software ImageJ.

3.3.4 Atomic force microscopy

All experiments were performed on an MFP-3D AFM (Asylum Research, CA, USA) at

room temperature. The reference substrate for the calibration of the invOLS was a glass

coverslip.

3.4 Results and discussion

3.4.1 Raster-scanning interferometer

The raster-scanning interferometer developed combines two distinct sub-instruments: an

interferometer, to measure the displacements of the cantilever and to extract the amplitude

and the phase of the vibrations, and a scanning unit, to move an interferometric sensor

head over the sample as depicted in Figure 3.1.

Figure 3.1: Raster-scanning Michelson interferometer working principle. The system

includes a controller unit and a measurement head connected to each other by an optical

fibre. In the measurement head, a beam splitter is used to divide the incident beam into

two beams. In the controller unit, a circulator routes the reflected beam to a photodetector

(QPD). A complete XYZ scanner unit holds the measurement head.
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• Interferometer

The vibrometer is based on an existing interferometer with picometre resolution. It con-

tains i) a controller unit that hosts a 1550nm laser source, a detector as well as a powerful

Field-Programmable-Gate-Array (FPGA), and ii) an interferometric sensor head which

is connected to the controller via a single mode optical fibre. The wavelength of the

laser source is deliberately chosen to allow the investigation of cantilevers through various

packaging materials (plastic, silicon etc).

The interferometric sensor head is made very compact by combining all optical compo-

nents directly at the end of the fibre: a primary lens that collimates the emitted laser beam

followed by a beam splitter to split the collimated beam in a measurement and a reference

arm. One of the beams is reflected off the reference mirror which is directly attached to the

beam splitter while the other goes through an additional lens that focuses the beam on the

sample (the beam radius at focus is 5µmwith the current optics). Then, the reflected beam

passes back through the beam splitter where it is combined with the reflected reference

light, thus forming an interferometric signal. This combined beam is routed back through

the optical fibre and coupled out in the controller using an optical circulator after which it

reaches a photodetector.

The signal received by the detector is digitised at 10MHz and analysed in the FPGA. At

first the changes in distance separating the surface from the reference mirror are calculated.

Then the distance signal is sent to a digital dual phase lock-in amplifier that extracts the

amplitude and phase of the vibrations [79]. It should be noted that the FPGA sampling

rate allows the investigation of oscillations up to 5MHz (Nyquist frequency) which is high

enough to precisely study most AFM cantilevers.

• Scanning unit

The IR laser is invisible for human eyes and complicates the positioning of the beam

on the sample (cantilevers are only a few tens of micrometres wide). To overcome this

limitation, the interferometric head is scanned over the region of interest in a raster fashion

and the intensity of the reflected beam is recorded at the same time as the amplitude and

phase of the vibrations. Thus by creating an intensity map it is possible to precisely move

the IR beam to a specific location as both are intrinsically aligned. The head is put in

motion thanks to 3 closed loop linear positioners forming a complete XYZ scanner with

nanometre accuracy and a working range of 20mm. The XYZ scanner is controlled by an

additional controller that is synchronised with the data acquisition of the interferometer.
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3.4.2 Calibration comparison

In this experimental work, I characterised 10 BL-RC150VB biolevers (Olympus, Tokyo,

Japan) by vibrometry while 5 of them were additionally calibrated using the Sader method

and the thermal noise method on a commercial AFM. These cantilevers have a nominal

resonance frequency of 37kHz and 0.03N/m nominal spring constant.

At first, I calibrated the cantilevers using raster-scanning interferometry because this

method is non-invasive. To do so, I initially performed a 5 × 5mm with 1 megapixel scan

over the whole chip to clearly identify the location of the cantilevers. Then, I centred

the scan on top of them and reduced the area by a factor of 10 with 500 × 500 pixels,

minimising thus the recording time from approximately 20min to approximately 4min.

Figure 3.2 shows an example of reflection images acquired by vibrometry.

Taking advantage of the closed loop positioner accuracy, I positioned the laser beam at

the free end of the cantilever, near the tip location, and recorded multiple time series

of the local thermal vibrations. The Fourier transformation of the averaged time series

revealed the resonance, as shown in Figure 3.3, which is then analysed to extract the

mechanical properties of the cantilever. The first chip allowedme to optimise the technique.

Afterwards, the other cantilevers were investigated with a much faster routine by directly

centring the scan on top of the cantilevers and reducing the scan resolution. All vibrometry

images, raw amplitude spectra along with the fitting coefficients and goodness of fits, can

be found in Appendix I.

Then, I measured the dimensions of each cantilever using scanning electron microscopy

for their calibrations according to Sader’s method.

Figure 3.2: Vibrometry images. After locating the cantilevers, the laser beam is moved

to one of them (dot). Scale bars: 1mm and 100nm left and right respectively.
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Figure 3.3: Vibrometry calibration. The measured noise is shown in black while the

theoretical Brownian noise, plus its pink and white noises, is displayed in grey. Fitting

the peak of the first resonance frequency allows the extraction of the cantilever spring

constant.

Figure 3.4: Dimensions definition. The width and the length, important parameters for

Sader’s method, of each cantilever were defined after their imaging with SEM. In this

example, the cantilever is 29.39µm wide and 57.70µm long.

Figure 3.4 shows how the dimensions were extracted from the SEM images. All SEM

images can be found in Appendix II. The thermal noise method was applied last as it

requires to perform a force curve on a stiff surface and potentially alters the mechanical

properties of the cantilever. For these two methods, a Lorentzian fit near the resonances

from the AFM power spectral densities allowed me to extract the parameters needed for

the calibrations.
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Table 3.1: Mechanical properties of various bioLevers. Each chip (A to E) contains two

identical cantilevers (1 and 2). The resonance frequency, f0, the quality factor, Q0, and

the spring constant according to the method chosen, kmethod , are displayed. The average

value, mean, as well as the standard deviation, std, are added.

AFM Vibrometer
Cantilever f0 Q0 kSader kthermal f0 Q0 kvibrometer

[kHz] [pN/nm] [pN/nm] [kHz] [pN/nm]

A1 / / / / 37.35 27.16 31.50
A2 40.67 27.85 32.4 30.3 38.15 26.59 38.99
B1 / / / / 37.96 19.27 37.33
B2 39.02 24.46 39.0 31.4 37.46 19.01 35.01
C1 / / / / 40.27 27.18 33.90
C2 42.04 27.39 32.5 33.5 42.47 28.66 30.36
D1 / / / / 38.40 26.26 32.76
D2 36.97 24.79 35.1 29.4 37.32 26.28 27.16
E1 / / / / 40.10 26.73 42.17
E2 39.48 26.69 35.2 32.1 39.51 26.11 28.49

mean 39.64 26.24 34.9 31.4 38.90 25.32 33.77
std 1.69 1.34 2.4 1.4 1.58 3.02 4.28

The calibration results of the cantilevers are summarised in Table 3.1. The biolevers were

found to be 34.9 ± 2.4pN/nm (mean±std, n = 5), 31.4 ± 1.4pN/nm (mean±std, n = 5)

and 33.8 ± 4.3pN/nm (mean±std, n = 10) according to Sader’s method, thermal noise

method and vibrometery respectively. A Student’s t test assuming equal variance lead

to a p value of 0.50 and 0.78 when comparing the stiffness extracted from vibrometery

analysis to the one of either the Sader method or the thermal noise one respectively. The

agreement between the three methods shows that all methods yield comparable results.

3.5 Conclusion

I have determined the force constants of multiple AFM cantilevers using either the Sader

method, the thermal noise method or with a raster-scanning vibrometer. While the first

two are now standard methods in the field, they have drawbacks that affect the accuracy

of the AFM measurements and the post-analysis of the acquired data.

In the case of the Sader method, the invOLS is not important for the calibration of the

cantilever but is later necessary for the conversion of the quadrant photodiode potential

into proper displacement. Thus, in both thermal noise and Sader’s method, a force
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spectroscopy curve on a stiff surface is unavoidable. It potentially leads to damages and

contaminations of the AFM probe. Nowadays, researchers combine Sader’s method and

the thermal noise method to first determine the spring constant of the cantilever and then

estimate the invOLS from the thermal noise [80]. It represents an appealing strategy

but suffers from geometrical uncertainties. Alternatively, raster-scanning interferometry

can be employed instead of the Sader method to first define the invOLS and reduce the

calibration errors. However, because the vibrometer method reports the spring constant at

the exact position of the laser spot it is important to position the beam exactly where the

AFM tip is mounted.

38



3. Direct calibration of AFM cantilevers using a raster scanned interferometer

Appendix I: Vibrometry data

Figure 3.5: Brownian noise fitting. The resonance peak from the thermal noise (black)

measured by interferometry is fitted with a Lorentzian function (grey). Insets: Vibrometry

images, scale bars: 100nm. The dots indicate the beam position during the recording.

Table 3.2: Fitting results. The spring constant, kvibrometer , quality factor, Q0, reso-

nance frequency, f0, and adjusted chi-square, χ2, are displayed along with their standard

deviation calculated from the non linear regression.

Cantilever kvibrometer ±std [pN/m] Q0±std f0±std [kHz] χ2

A1 31.50 ± 2.46 27.16 ± 0.06 37.35 ± 0.85 0.94
A2 38.99 ± 2.81 26.59 ± 0.07 38.15 ± 1.13 0.91
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Figure 3.6: Brownian noise fitting. The resonance peak from the thermal noise (black)

measured by interferometry is fitted with a Lorentzian function (grey). Insets: Vibrometry

images, scale bars: 100nm. The dots indicate the beam position during the recording.

Table 3.3: Fitting results. The spring constant, kvibrometer , quality factor, Q0, reso-

nance frequency, f0, and adjusted chi-square, χ2, are displayed along with their standard

deviation calculated from the non linear regression.

Cantilever kvibrometer ±std [pN/m] Q0±std f0±std [kHz] χ2

B1 37.33 ± 1.16 19.27 ± 0.05 37.96 ± 1.52 0.92
B2 35.01 ± 1.15 19.01 ± 0.05 37.46 ± 1.51 0.91
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Figure 3.7: Brownian noise fitting. The resonance peak from the thermal noise (black)

measured by interferometry is fitted with a Lorentzian function (grey). Insets: Vibrometry

images, scale bars: 100nm. The dots indicate the beam position during the recording.

Table 3.4: Fitting results. The spring constant, kvibrometer , quality factor, Q0, reso-

nance frequency, f0, and adjusted chi-square, χ2, are displayed along with their standard

deviation calculated from the non linear regression.

Cantilever kvibrometer ±std [pN/m] Q0±std f0±std [kHz] χ2

C1 33.90 ± 2.18 27.18 ± 0.06 40.27 ± 1.05 0.92
C2 30.36 ± 2.35 28.66 ± 0.07 42.47 ± 1.06 0.93
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Figure 3.8: Brownian noise fitting. The resonance peak from the thermal noise (black)

measured by interferometry is fitted with a Lorentzian function (grey). Insets: Vibrometry

images, scale bars: 100nm. The dots indicate the beam position during the recording.

Table 3.5: Fitting results. The spring constant, kvibrometer , quality factor, Q0, reso-

nance frequency, f0, and adjusted chi-square, χ2, are displayed along with their standard

deviation calculated from the non linear regression.

Cantilever kvibrometer ±std [pN/m] Q0±std f0±std [kHz] χ2

D1 32.76 ± 2.68 26.26 ± 0.07 38.40 ± 1.17 0.92
D2 27.16 ± 2.69 26.28 ± 0.07 37.32 ± 1.06 0.92
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Figure 3.9: Brownian noise fitting. The resonance peak from the thermal noise (black)

measured by interferometry is fitted with a Lorentzian function (grey). Insets: Vibrometry

images, scale bars: 100nm. The dots indicate the beam position during the recording.

Table 3.6: Fitting results. The spring constant, kvibrometer , quality factor, Q0, reso-

nance frequency, f0, and adjusted chi-square, χ2, are displayed along with their standard

deviation calculated from the non linear regression.

Cantilever kvibrometer ±std [pN/m] Q0±std f0±std [kHz] χ2

E1 42.17 ± 2.19 26.73 ± 0.06 40.10 ± 1.08 0.92
E2 28.49 ± 2.33 26.11 ± 0.07 39.51 ± 1.15 0.93
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Appendix II: SEM images

Figure 3.10: SEM images. They were used to determine the dimensions of each cantilever.

Table 3.7: Cantilevers dimensions by SEM. The dimensions, width (W) and length (L),

are given in µm.

A1 A2 B1 B2 C1 C2 D1 D2 E1 E2

W 28.73 29.08 28.76 27.80 28.64 28.89 28.92 28.79 29.39 29.16
L 57.86 57.82 58.25 58.08 57.21 57.27 57.97 57.25 57.70 57.15
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4
Clathrin coat rigidity is dynamically

regulated

4.1 Abstract

Half a century after the discovery of clathrin, a cage forming protein complex, its roles in

mitosis, uptake of pathogens, and vesicle formation in eukaryotic cells, have been inten-

sively investigated. The majority of experiments addressing membrane bending during

clathrin-mediated vesicle formation are based on imaging techniques. However, still re-

markably little is known about the actual mechanics of the clathrin-coat which represent a

key aspect in understanding howmolecular forces drive this conserved eukaryotic process.

Here, I have employed atomic force microscopy to probe the structure and nano-mechanics

of native clathrin vesicle coats. Variants of well-defined compositions were also recon-

structed and studied. I found that clathrin coats are surprisingly compliant and have a

similar softness as the vesicles they enclose. In addition, I present evidence that the coat

properties can be regulated through the clathrin light chains and I show a novel role of the

major membrane adaptor protein AP2 in modulating the coat rigidity during its forma-

tion. My results depict a mechanically dynamic structure that undergoes distinct phases

to achieve vesicle formation.
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4.2 Introduction

Membrane trafficking regulates extracellular uptake and facilitates transport between cel-

lular compartments. As such, packaging of cargo into transport vesicles enables nutrient

uptake, regulation of receptor signalling as well as the uptake of pathogens [81]. A ma-

jor pathway for vesicular trafficking in eukaryotes is clathrin-mediated endocytosis [82].

During this process, see Figure 4.1, clathrin-coated vesicles (CCVs) are formed, usually

triggered by the binding of cargo molecules to trans-membrane receptor proteins that are

recognised on the cytosolic side of the membrane by so-called adaptor proteins.

These adaptors recruit clathrin, a trimeric complex (the triskelion) composed of three

clathrin heavy chains (CHCs) and three associated clathrin light chains (CLCs), to the

plasma membrane. The triskelia self-assemble into polyhedral coats upon adaptor recruit-

Figure 4.1: Clahtrin mediated endocytosis schematic. Clathrin is recruited to the

plasma membrane by adaptor protein 2 (AP2), which in turn is bound and activated

by phosphoinositides and cargo receptors. Continuous recruitment of clathrin to the

membrane leads to its deformation of the membrane as well as the formation a clathrin-

coated pit (step 1) and finally to the formation of a deeply invaginated clathrin-coated

bud (step 2). The narrow membrane neck of the bud is cleaved by the mechano-GTPase

dynamin, yielding a clathrin-coated vesicle (CCV) (step 3) which in the next step will shed

its clathrin/ adaptor coat aided by the ATPase Hsc70 and it co-chaperone Auxilin (step 4).
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ment, thereby inducing local membrane curvature and trapping cargo molecules into a

clathrin-coated pit that maturates into a clathrin-coated bud. Finally, CCVs are released

from the donor membrane via scission of the buds by the mechano-GTPase dynamin

[82, 83]. After release, the chaperone Hsc70 in conjunction with its co-chaperone Auxilin

binds the vesicle in an ATP dependent process, removing the clathrin coat so that the

vesicles can be routed to, and fused with, target organelles within the cell [82, 84].

Clathrin-mediated vesicle formation is a clear example of a mechanically driven biological

process. Essentially planar membranes are deformed into vesicle shape, requiring approx-

imately 400 kBT [85]. In comparison, the hydrolysis of one ATP molecule, consumed

for example by the uncoating reaction, will produce just approximately 20 kBT per ATP,

showing that bud formation is an energetically costly process.

Previously, the rigidity of clathrin coat has been estimated to be similar to the rigidity of

the vesicle it encloses [86]. Nevertheless, it was found that also other proteins, such as

Epsin, can produce membrane curvature even in absence of clathrin [87, 88]. As result

clathrin’s function in CCV formation has also been discussed as merely helping to organise

and concentrate protein factors on the membrane to drive its curvature by protein crowding

[13].

On the other hand, the structural design of the coats suggests a mechanical role for

the coats. Their pronounced polyhedral cage-like structure, as observed in electron mi-

crographs, shows similarities with the tensegrity-based Buckminster Fuller architecture

[89, 90] which is able to holds up heavy loads with a minimal amount of material. This

implies that clathrin may play an important mechanical role in the formation of membrane

vesicles. Previous investigations have shown that membranes can also be bent by the

mechanical action of the clathrin coat alone [83] and that the membrane bending ability

of clathrin lattices is dependent on their rigidity [91]. Additional experiments have shown

that clathrin assembly is essential for membrane bending and can drive vesicle formation

directly, probably by acting as scaffold and/or Brownian ratchet [83, 92, 93].

As throughout its life cycle the functionality of the clathrin coat is continuously adjusted,

it is conceivable that its mechanical properties change as well. The stiffening or softening

of the clathrin lattice at the right moments could facilitate membrane bud formation and

coat disassembly. A similar phenomenon has been observed in protein coats of enveloped

viruses that soften before fusion with the target membrane can occur [94]. Indeed, se-

veral observations point to the possibility of mechanical modulation of the clathrin lattice.

For example, cryo-electron microscopy reconstruction has shown that the structure of the
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clathrin triskelion can be altered by CLCs that modify the CHC knee conformation [95].

The finding that CLCs affect clathrin lattice assembly and enhance Auxilin activity im-

plies that CLCs may play a role in clathrin coat rigidity [96, 97]. Further support for

the mechanical effect of CLC on the clathrin lattice comes from a recent observation that

CLC stiffens planar lattices against flattening [91] which is consistent with an alteration

of CHC knee conformation by CLCs [95].

Because of the small size and the transient nature of CCVs, it is impossible to directly

characterise their mechanics within the living cell. However, testing of isolated CCVs,

reconstituted coats and membrane vesicles is in principle possible with atomic force

microscopy (AFM) operated in liquid. AFM imaging has been employed to study the

mechanical structure of CCVs in an indirect fashion [15]. From imaging at different

forces the stiffness could be estimated and compared with the values of the bending rigid-

ity of lipid bilayers from the literature, which gave a first clue that clathrin coats might

actually be fairly soft [15, 98]. Beyond imaging, AFM can be used to measure localised

nano-mechanics of biological protein shells via force spectroscopy [99, 100].

Here, this strategy was further refined to measure the mechanical response of individual

clathrin coats that represented different stages in the clathrin life-cycle. In addition, I mo-

delled the different polyhedra with finite element method [100] to identify the mechanical

function of the different cage constituents. To elucidate possible regulation of the clathrin

coat rigidity I compared native coats that were purified from tissue with coats that were

reconstructed from purified components. The native coats were chosen as the reference

whereas the reconstituted coats allowed me to evaluate the influence of CLCs and adaptor

proteins.

4.3 Methods

The clathrin coats were prepared at University College of London (London, United-

Kingdom) by Dr. Dannhauser’s group while I conducted the AFM measurements, their

analysis and the mechanical modelling at Heriot-Watt University. To make this distinction

clear, this method section is divided into two subsections.
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4.3.1 Biochemical sample preparation (Dannhauser’s group)

• Protein purification

The various clathrin-coated vesicles (CCVs) are extracted from pig brains. They were

purified following previously published protocols on clathrin purification [16, 101, 102].

Triton-treated clathrin-coated vesicles (T-CCVs) were produced out of the CCVs by incu-

bating them in a solution containing 1% Triton in buffer A (100mM 2-(N-morpholino)-

ethanesulfonic acid (MES), 1mM ethylenediaminetetraacetic acid, 0.5mM MgCl2 and

2mM CaCl2, 0.02% (w/v) NaN3, pH 6.4) during 2h while kept on ice. The T-CCVs

were collected by centrifugation (109g for 30min at 4 ◦C). Finally they were resuspended

in buffer A for storage. Figure 4.2 confirms that the treatment did not modify the coat

composition.

Clathrin proteins and the adaptor proteins AP2 were purified from pig brain as described

earlier [102, 103]. The clathrin was stored as reconstructed cages, see the subsequent

section, in buffer A and kept on ice. AP2 was stored in 0.5M Tris, 20% (w/v) glycerol

pH 7.4 at −80 ◦C. Light chain-free clathrin coats (CHCs) were purified as described

previously [97, 104].

Figure 4.2: SDS-PAGE identification of CCVs and T-CCVs (Dannhauser’s group). The

protein composition of both CCV and T-CCV is largely the same. No clathrin or adaptor

proteins are lost. Ratio CHC/AP: approximately 3.3 (CCV) and 3.5 (T-CCV). µ, α, β are

AP2 adaptins.

• Clathrin assembly

Clathrin coats were assembled from isolated clathrin or clathrin heavy chains at 0.5−

1mg/mL in 0.5M Tris, 2mM Ethyleneditetracetetic acid (EDTA) at pH 8 and dialysed
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into buffer A (100mM 2-(N-morpholino)-ethanesulfonic acid, 1mM ethylenediaminete-

traacetic acid, 0.5mMMgCl2 and 2mM CaCl2, 0.02% (w/v) NaN3, pH 6.4) over night.

• Adapator binding

In order to coassemble adaptor protein AP2 and CHC+CLCs / CHCs coats, clathrin

triskelia and AP2 were mixed in a ratio of 3:1 (w/w) (molar ratio 1.5:1) prior to dialysis

in 1L buffer A.

The binding of AP2 to pre-assembled CHC+CLCs or CHCs coats was performed by

mixing the components in a ratio of 3:1 (w/w) in buffer A followed incubation on ice

during 1h. The AP2+CHC+CLCs and AP2+CLCs coats were recovered by centrifugation

(109g for 30min at 4 ◦C) and again suspended in buffer A.

• Electron microscopy sample preparation

Freshly glow-discharged carbon-coated formvar grids were used for negative staining of

the cages investigated with SEM. To this end, 5 to 10µL were deposited onto to the grids

and left for 1min to allow adsorption of the cages. The remaining mobile cages from the

solution were removed by rincing the surface with buffer A. Then, the cages were fixed

with 3% (w/v) of glutaraldehyde (diluted in buffer A) for 5min, after which they were

washed with 100mMMES, 1mMEDTA and 0.5mMMgCl2, at pH 6.4. Finally the cages

were stained with 2% (w/v) uranyl acetate for 1min.

For the ultrathin sectioning of the cages, they were pelleted at 109g , immobilised with

3% (w/v) glutaraldehyde (diluted in buffer A) and further processed for embedding in

Epon and staining as described previously [16]. The samples were imaged with a Tecnai

spirit (FEI, Waltham, USA) electron microscope at 120kV.

4.3.2 AFM, modelling and data analysis (my contribution)

• Atomic force microscopy sample preparation

The substrate used during all experiments wasHighlyOriented Pyrolytic Graphite (HOPG,

Micromasch, Sofia, Bulgaria). It was plasma cleaned for 2min and a solution of 0.02M

cages in 20µL of buffer A was left for 1min for absorption. The surface was then

washed with 100µL of buffer A to remove any unbound cages. Next, 0.05% (w/v) of

glutaraldehyde (diluted in buffer A) was added for 10min after which the surface was

rinsed again with buffer A. For experiments with AP2 attached to the cages, I added the

protein at 1:1 ratio (AP2:heavy chains) to the cages solution for 10min before the cages

were adsorped to the HOPG.
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Figure 4.3: SDS-PAGE identification of co-assembly of AP2 and clathrin

(Dannhauser’s group). The cage complexes are present in the pellet (P) while AP2

remain in the supernatant (S). Ratio CHC/AP2: approximately 2.9 (in pellet Clathrin +

AP2).

This incubation time allowed AP2 to bind onto the cages, see Figure 4.3.

• Atomic force microscopy operation

All experiments were performed on a MFP-3D AFM (Asylum Research, Santa Barbara,

USA) at room temperature. I used RC150VB cantilevers (Olympus, Tokyo, Japan) which

resonate in liquid at approximately 4kHz. Their force constant was calibrated with the

built-in thermal noise method [62] (0.031 ± 0.001N/m, mean±sem, n = 42). The AFM

images presented were taken in amplitude modulation (tapping) mode (approximately

7nm amplitude) at a scan rate of 1Hz. In this configuration the images were recorded

in 5min approximately. The forcemaps were recorded over a 300 × 300nm area divided

in 24 × 24 individual curves (500nm displacement; 2µm/s velocity, approximately 5min

total recording time per forcemap).

• Estimation of the size of clathrin-coats via AFM and SEM

The geometrical dimensions of the coats probed by AFM were extracted from the

forcemaps. Height maps were calculated at 30pN which is the AFM noise threshold

in aqueous environment for low force constant cantilevers [68]. On the other hand, I man-

ually measured the diameter of the cages with ImageJ from SEM images for comparison.

• Force curves analysis

The force curves analysis is based on the routine described in [105]. The only difference
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is that the program was rewritten and optimised in MATLAB 2016 (MathWorks, Natick,

USA). In a nutshell, the spectroscopy curves from a forcemap belonging to a 20nm radius

circle and centred on the apex of the cage were first interpolated and then aligned before

they were averaged. The slope of the indentation region, which gives the local stiffness

of the sample according to Hooke’s law, of the average force curve was extracted with a

linear fit and the standard error of the fit was computed. An exhaustive example of the

fitting routine is shown in Appendix I. All fits with a Pearson’s chi-squared test result

below 0.95 were rejected. The measurements were not considered satisfying enough to

accurately describe the mechanical properties of the sample. In some scenarios, up to 40%

of the total population was rejected which is explained by substantial tip contamination

that softened the measured response and removed the linear behaviour of the indentation.

I found that the stiffness and the height of clathrin samples are sometimes related. In this

situation, calculating an average stiffness and performing common statistical analysis such

as a t-test would be influenced by the height distribution of the cages, which I found to

differ between different cage types. To overcome this problem, all stiffness versus height

curves were fitted with a power law function inspired by the thin shell theory and defined

as k(r) ∝ rα where r denotes the cage radius and α a dimensionless exponent describing

the correlation between the height and the stiffness [106]. I used a non-linear regression

method where the coefficients were estimated using iterative least squares minimisation.

Finally, the stiffness of a 80nm shell was chosen to allow comparison among the various

coats investigated. The errors due to the regression provided the mean absolute error

(MAE). I also computed the adjusted χ2 for each stiffness versus height fit.

• Finite Element Analysis

I employed Comsol 5.2a (Comsol, Stockholm, Sweden) to model the different clathrin

polyhedra. The ribs of the cages were modelled as circular beam objects which were

rigidly connected at the nodes. In order to mimic AFM experiments and the fact that the

clathrin cages were kept immobile by electrostatic forces thanks to the plasma cleaning

of the substrate, the edges in contact with the supporting surface were constrained in

all 3 directions. The applied load from the tip was exerted normal to the polyhedron

surface and computed with the contact-penalty method [107]. All mechanical properties

of the modelled structures were kept constant for proper comparison of their responses:

Poisson’s ratio of 0.45, rib diameter of 7nm, rib length of 17.5nm [13] and Young’s

modulus of 100MPa which is a common value for proteins albeit at the low side (100s of

MPa [37, 106]). The parabolic tip was positioned 10nm above the apex of the polyhedra
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and then lowered by steps between 0.1 to 0.25nm during the simulation until the force felt

by the cages reached 150pN. For more details, see Appendix II.

• Averaging of EM clathrin lattices

The EM reconstruction was performed with data acquired and presented in previous

experimental research [13]. In a nutshell, EM images of 2D clathrin lattice were divided in

multiple sub-images each containing a central hexagon encircled by 6 adjacent hexagons.

Then, these fragments were aligned according to a random sub-picture reference by

translation and rotation until the cross-correlation was maximised. This procedure was

iterated with respect to the obtained averaged image until the cross-correlation did not

further increase.

• Estimation of the bending rigidity of clathrin coats

To give a rough estimate of the bending rigidity of the cages I assumed that they could be

described to some extend by the thin shell theory [108]. This theory relates the stiffness,

k, of a shell to the inverse of its radius, r , following:

k = b · E ·
t2

r
(4.1)

with b is a prescaler, E the Young’s modulus and t the thickness of the shell.

On the other hand, the bending rigidity, kb, is defined as:

kb =
E · t3

α · (1− ν2)
(4.2)

where ν is the Poisson’s ratio and α a prescaler.

Incorporating Eq.(4.1) into Eq.(4.2) gives:

kb = r · k · t ·c (4.3)

where c is equal to (b ·α · (1− ν2))−1 and thus constant. I deduced c = 0.0598 from earlier

measurements on Egg PC liposomes [105]. Finally the bending rigidity of an 80nm cage

can be simplified, assuming clathrin has a similar thickness than liposome, t = 4.5nm

[105], to:

kb80nm = 10.764 ·10−18 · k80nm (4.4)
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4.4 Results and discussions

4.4.1 Probing clathrin coats with AFM

In order to precisely measure the clathrin-coat mechanics, I first had to ensure that the

process of imaging by AFM, necessary to locate the sample at first due to their small

dimensions, preserved the integrity of the samples. To minimise the forces exerted by the

AFM tip, the samples were imaged in buffer using soft cantilevers (k ≈ 0.03N/m) at an

oscillation amplitude of approximately 7nm. As a result, the applied forces were only sev-

eral tens of pN, close to the lowest force limit of AFM [109]. As preliminary test I imaged

native CCVs isolated from pig brain. Figure 4.4 shows that successive scans on the same

CCVs did not lead to changes in their structure. Indeed, the typical pentagon/hexagon

pattern as well as the dimensions of the coats remained identical.

In addition, to validate that the clathrin coats withstand the AFM sample preparation with-

out major deformation I compared the heights measured with AFM with the diameter as

measured from standard electron microscopy (SEM) images of clathrin structures [37, 68].

For this comparison clathrin coats were reconstituted in vitro from purified components,

either from clathrin composed of clathrin heavy chains and light chains (CHC + CLCs)

or from clathrin heavy chains alone (CHCs). The electron micrographs of the CHC +

CLCs and CHCs revealing the typical polyhedral structure are shown in Figure 4.5a and

Figure 4.5b.

Figure 4.4: Imaging of clathrin cages by AFM: validating the technique. Successive

imaging scans on clathrin coats show no changes in their appearance, scale bar: 150nm.

The dashed lines show the location of the height profiles shown at the right. The height

remains nearly constant with a reduction of only 1.3 ± 0.5% (n = 8).
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Figure 4.5: Electron microscopy images from reconstituted clathrin coats. (a) Full

clathrin coats (CHC+CLCs) and (b) clathrin heavy-chains (CHCs), from Dannhauser’s

group, scale bar: 200nm. (c) For clathrin cages the mean size ± std is 78.4 ± 2.7nm

(bright grey) for AFM and 92.6 ± 2.0nm for EM (dark grey) whereas in (d) CHC cages are

67.9 ± 2.1nm for AFM (bright grey) and 79.3 ± 1.4nm for EM (dark grey). The number

of bins for each histogram is chosen according to Sturges’s rule [110].

I found that for both sample preparations the heights measured by AFM were on average

about 15% smaller than the diameter measured in EM, see Figure 4.5c and Figure 4.5d.

This variation is coherent with previous research [101] and can be explained by the dif-

ferent imaging techniques. EM staining also visualised exposed peptide loops on the cage

exterior that may remain invisible in AFM scans due to their mobile nature. Furthermore,

the immobilisation of the coats on a substrate and the application of low forces, approxi-

mately 30pN, during imaging may lead to some initial flattening of the coats.

After a clathrin coat was imaged with AFM, identified by its characteristic polyhedral

pattern, as shown in Figure 4.6a, I probed its mechanical properties by performing AFM

force spectroscopy measurements, Figure 4.6b: an array of force spectroscopy curves,
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Figure 4.6: Imaging and force measurements of clathrin cages by AFM. (a) AFM scan

over multiple clathrin coats. It shows three clearly distinguishable structures: (1) a triakis

tetrahedron, (2) a truncated icosahedron and (3) a hexagonal barrel, scale bar: 50nm.

(b) The scan area is downsampled and a single force versus indentation curve is performed

at each pixel, (c). The indentation region [2.1 : 5.6] is linearly fitted (grey dashed line)

to extract its slope, the stiffness. (d) Example of a stiffness map, scale bar: 50nm. Each

pixel of the map represents a slope of a single force versus indentation curve.

Figure 4.6c, over the complete coat. From each force curve I defined the contact point

and measured the slope of the indentation region to compute height and stiffness maps

respectively, that spatially described the mechanical properties of the sample, Figure 4.6d.

All the measurements were performed within the elastic deformation regime of the coats.

As a control, I carried out three successive force measurements with increasing forces

(150pN, 200pN and 250pN) and extracted the corresponding height maps, see Fig-

ure 4.7a. The profile and the mechanical response of the cage, shown in Figure 4.7b

and Figure 4.7c, remained similar after the force measurements proving that the AFM

investigations did not lead to any alteration of the structures.
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Figure 4.7: Force measurements of clathrin cages by AFM: validating the technique.

(a) Height maps extracted after three successivemechanical measurements with increasing

force on the same CHC-CLC cage, scale bar: 50nm. Profiles at 30pN, shown in a), after

performing a force map at 150pN, at 200pN and at 250pN are plotted in plain, dashed

and semi-dashed respectively in (b). The averaged force curves of each forcemap are

shown in (c).

To chemically stabilise the samples against depolymerisation during the AFM measure-

ments that could last 1h, I added to all samples the same low concentration, 0.05% (w/v),

of glutaraldehyde, a cross-linking reagent. To determine the effect of glutaraldehyde on

my measurements I tested the change in stiffness of clathrin coats when treated with

increasing concentrations of the cross-linker. For each individual cage the stiffness was

measured and plotted versus its height and the resulting stiffness versus height curve was

fitted with a power law function inspired by the thin shell theory, see section 4.3. The

stiffness of the coats were 0.017 ± 0.004N/m (n = 23), 0.025 ± 0.004N/m (n = 28), and

0.028 ± 0.007N/m (n = 22), at 0.00% (w/v), 0.05% (w/v) and 0.80% (w/v) respectively.
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Figure 4.8: Effect of the glutaraldehyde on the mechanical properties of clathrin coats.

Three different concentrations had been investigated: 0.00% (w/v) in empty black circles,

0.05% (w/v) in grey filled circles, and 0.80% (w/v) in grey empty circles.

Table 4.1: Statistical analysis of the stiffness measurements. The probabilities were

calculated after performing a Student’s t test assuming equal variance on the fitted mean

stiffness after log-transformation (5e−2 level), see Appendix IV.

Samples compared p value

Clathrin + 0.05% glutaraldehyde versus Clathrin + 0.00% glutaraldehyde 7.20e−5
Clathrin + 0.05% glutaraldehyde versus Clathrin + 0.80% glutaraldehyde 6.07e−7

I found that the coats are only moderately affected, see Figure 4.8 and Table 4.1. At

a glutaraldehyde concentration of 0.05% (w/v) the stiffness increases by 47%, which

is less than the stiffness variations that result from the different cage compositions that

are reported in the next sections. Even at 0.80% (w/v) glutaraldehyde concentration the

stiffness of the coats increases by just 65%.

All clathrin were investigated in pH 6.4. At this pH, clathrin triskelia self-assemble into

clathrin coats but, on the other hand, this pH is non physiological. As a result, I verified

that the pH itself did not influence the mechanical properties of the coats. Figure 4.9 shows

that a change of pH from 6.4 to 7.2 did not affect the measured stiffness: the Student’s t

test gave a p value of 5.58e−1 when comparing the two populations.

Having established that I can study the clathrin coats with AFM at minimal deformation I

continued with a systematic investigation of their mechanical properties.
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Figure 4.9: Effect of the buffer pH on the mechanical properties of the clathrin coats.

The stiffness of the cages at pH 6.4 (grey, filled) is 0.022 ± 0.009N/m (n = 32), and at pH

7.2 (black, empty) 0.018 ± 0.007N/m (n = 36).

4.4.2 Coupling between clathrin coat and lipid bilayer vesicle

First, I investigated the stiffness of tissue extracted CCVs composed mainly of CHCs and

CLCs, adaptor proteins, membrane vesicles and cargo proteins. Electron micrographs

confirming the presence of the membrane vesicles are displayed in Figure 4.10.

Figure 4.10: Electron micrographs of CCVs and reconstituted cages (Dannhauser’s

group). EM of ultra-thin sections from (a) Clathrin-coated vesicles (CCV), purified from

porcine brain containing membrane vesicles (arrows) and (b) Clathrin cages reassembled

from isolated clathrin triskelia, lacking membrane. Scale bars: 200nm.
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Figure 4.11: Mechanical properties of clathrin-coated vesicles. Stiffness versus height

plot to compare the mechanics of EggPC liposome (black, empty) and CCVs (grey, filled).

Inset: AFM image of CCVs, scale bar: 150nm. The cages are well defined and the

polyhedral structure is visible.

While scanning in tapping mode, I found well-defined polyhedra with heights between 40

and 90nm as display in the inset of Figure 4.11. I could resolve different coat structures

such as the truncated triakis tetrahedra and truncated icosahedra. For each individual cage

the stiffness was measured and plotted versus its height, see Figure 4.11. Details regarding

the fits can be found in Appendix III. For comparison, I have added the stiffness of small

liposomes reconstituted from egg PC (data from [105] but reanalysed by myself).

Although the lipid composition of egg PC may vary from that of the vesicles enclosed

by CCV, the effects of a different composition on the stiffness will be within a factor of

two [111]. The CCVs were found to be 0.031 ± 0.008N/m (n = 57) stiff, approximately

4 times stiffer than the liposomes (0.007 ± 0.001N/m; n = 43). The Student’s t test gave

a p value of 6.10e− 25 when comparing the two populations, so they are statistically

different. For both samples the smaller objects are slightly stiffer than the larger ones,

which is a predicted trend of thin shells of which the stiffness is a function of the inverse of

the radius [105]. Even though CCVs are clearly stiffer than the liposomes it is interesting

to compare their stiffness with that of proteinaceous viruses as both are protein coats of
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similar dimensions. Typical stiffness of viral protein capsids is approximately 0.4N/m

[112] - an order of magnitude higher than that of CCV. This is a first indicator that clathrin

coats have not evolved to reach maximum rigidity as their stiffness is much closer to that

of the liposomes than to that of viral protein capsids.

In order to dissect the contribution of the clathrin coat and the enclosed membrane vesicle

to the measured stiffness of the CCV, I measured the stiffness of clathrin coats free

from vesicles. To this end, the purified CCVs were triton-treated to remove the hosted

vesicles. The resulting empty coats, shown in the inset of Figure 4.12, are referred to

as T-CCVs (in literature also referred to as "TCV" [106]). Their shapes and sizes were

similar to complete CCVs indicating that their integrity is preserved by triton extraction, as

previously reported [106]. Figure 4.12 shows a stiffness for T-CCVs of 0.025 ± 0.004N/m

(n = 28). Interestingly, the CCV stiffness is almost the sum of the T-CCV and the liposome

stiffness, which means that they can be treated as a mechanical system of two springs in

parallel. This directly shows the absence of a strong coupling between the clathrin coat

and vesicle, which would have been visible as a stiffness that is much more than the sum

of clathrin coat and vesicle, about an order of magnitude stiffer.

Figure 4.12: Mechanical properties of triton treated clathrin-coated vesicles. Stiffness

versus height plot of T-CCVs (grey, empty). The fits of the liposome data (dashed) and

CCVs (plain) are added for comparison. Inset: AFM image of T-CCVs, scale bar: 150nm.
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Table 4.2: Statistical analysis of the stiffness measurements. The probabilities were

calculated after performing a Student’s t test assuming equal variance on the fitted mean

stiffness after log-transformation (5e−2 level), see Appendix IV.

Samples compared p value

CCV versus Liposome 6.10e−25
CCV versus T-CCV 1.16e−8

T-CCV versus Liposome 3.24e−14

Table 4.2 resumes the different p values when comparing the populations. From a statistic

point of view, all the samples are clearly different.

I have converted the measured stiffness of clathrin coats into bending rigidities to allow

comparison with reported values from lipid bilayers. However, this conversion is only a

rough estimation since the precise coupling between the vesicle and the clathrin coat as

well as the thickness of each of the layers, including the intermediate layer, is unknown.

Furthermore, the clathrin coat is a polyhedral structure which is not a continuous shell. It

was previously estimated that the bending rigidity of egg-PC lipid bilayers is approximately

12 kBT [101]. If I assume a similar effective thickness for a clathrin coat, as stated before

[98], this results in 44 kBT for the T-CCVs. On the other hand, assuming that the effective

thickness is only doubled in the case of the CCVs, thus not considering any intermediate

layer, their bending rigidity is estimated to be 112 kBT . The question remains however to

which extend the intermediate layer contributes to the bending rigidity of the coat.

4.4.3 Regulating the stiffness of clathrin coats

• Effect of the light chains

I hypothesised that the stiffness of the clathrin coat is variable during its life-cycle to

regulate the formation of the lipid bilayer vesicle: from a high bending rigidity during the

budding-off stage when the lipid bilayer needs to be bent to a lower rigidity after the vesicle

is formed and the clathrin coat can be recycled. To test this hypothesis, I compared the

stiffness of T-CCV, which still contains various adaptor proteins, with the stiffness of re-

constituted clathrin coats, only made of CHCs and CLCs (CHC+CLC cages). Figure 4.13

shows that the stiffness of reconstituted clathrin coats is with 0.022 ± 0.007N/m (n = 32)

identical to that of T-CCV (p value of 6.84e−1). This finding suggests that the clathrin

coat rigidity is mainly defined by the clathrin cage and the additional proteins attached to

the clathrin coat, as on T-CCV, do not significantly affect the mechanics of the coat.
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Figure 4.13: Mechanical properties of reconstituted clathrin cages. The stiffness of

the CHC+CLC cages (grey, filled) is identical to that of T-CCVs. The fit of the T-CCVs

(semi dashed) is added for comparison. Inset: AFM image of reconstituted clathrin cages

(CHC+CLCs cages), scale bar: 150nm. The average height of the measured CHC+CLC

cages is approximately 1.25 higher than that of the CCVs. In the inset image a double tip

effect is visible, which however did not affect the mechanical measurements.

It was previously shown, that the presence of CLCs increases the stiffness of planar clathrin

lattices against flattening as compared to planar CHC lattices [91]. By averaging EM im-

ages [91] of such planar clathrin lattices and CHC lattices (lacking CLCs) it becomes

apparent that the structure of the lattice nodes, corresponding to clathrin trimerisation

domains, is indeed different in the presence of CLC, Figure 4.14a. To demonstrate the

importance of the node rigidity for the mechanical stiffness of a clathrin cage I modelled

the various polyhedral clathrin coats being compressed by the AFM tip with finite element

analysis (FEA, see also Appendix II). As example, Figure 4.14b shows the deformation

of a hexagonal barrel [113], a structure which had been probed many times in the AFM

images. The highest structural stress, indicated by bright colours, is always concentrated

in the nodes. In line with the previous statement, I have modelled a polyhedron with low

rigidity nodes which resulted in a very soft structure (data not shown). It confirms that the

structural rigidity of the nodes is strongly related to the stiffness of the clathrin coats.
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Figure 4.14: Light chains affect structure and mechanics of clathrin-coats. (a) Left:

Average pictures of 2D clathrin lattice imaged by EM. Right: Average pictures after binary

transformation to enhance the visualisation of the distribution of electron density which is

a measure for the protein density. Scale bars: 10nm. (b) FEA simulation of a hexagonal

barrel being indented by a parabolic tip. The stress within the structure is described by

the colour gradient, dark is low and white is high.

If the light chains affect the structure of the nodes this is expected to have a large influence

on the stiffness of the clathrin coats.

To test this simulation result, CHC coats were reconstituted on which I performed AFM

imaging and force measurements. Figure 4.15 shows that the CHC coats are with

0.040 ± 0.013N/m (n = 44) almost 2 times stiffer than the earlier tested clathrin coats.

Furthermore, I found that the effect of CLC absence is reversible: if CLC is added to

pre-assembled CHC cage (CHC coats + CLCs), these coats recover the low stiffness that

was found for the clathrin coats, 0.023 ± 0.006N/m (n = 18). This shows that CLC can

directly change the cage stiffness but does not lead to irreversible structural changes during

assembly. Table 4.3 resumes the p values from the Student’s t tests.

Yet, it was previously reported that CLC increases the rigidity of planar clathrin lattices

[91]. This apparent contradiction with my findings that the stiffness of coats decreases in

the presence of CLC can be explained by the different modes of deformation of the planar

and spherical clathrin assemblies. For the coats I identified the rigidity of the nodes as key

factor for their rigidity. The planar lattices on the other hand, owe their resistance against

flattening largely to the rigidity of the proximal triskelion legs on which the lattice rests.
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Figure 4.15: Effect of the light chains on the mechanical properties of the cages.

Stiffness versus height plot of CHC cages (grey, filled). The data of CHC+CLC cages

(black, empty) is added for comparison. Inset: AFM image of CHCs, scale bar: 150nm.

As expected they resemble the CHC+CLC coats.

Table 4.3: Statistical analysis of the stiffness measurements. The probabilities were

calculated after performing a Student’s t test assuming equal variance on the fitted mean

stiffness after log-transformation (5e−2 level), see Appendix IV.

Samples compared p value

CHC + CLC versus CHC 6.96e−10
CHC versus CHC cage + CLC 1.04e−6

CHC + CLC versus CHC cage + CLC 9.50e−1

Thus, it is possible that CLC reinforces the proximal triskelion leg but at the same time

weakens the structure of the node. The observation that CLCs also chemically weaken

the coats was made previously in the context of enzymatic uncoating by Hsc70 and its

co-chaperon Auxilin under consumption of ATP [97]. In absence of CLCs, the CHC-CHC

interaction appears to be strengthened, decreasing the efficacy of enzymatic uncoating.

I therefore speculate that the softening effect as induced by CLCs may serve to enable

efficient uncoating at the final stages of the clathrin coat life-cycle.
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Nevertheless, in cells, CLCs are tightly bound to triskelia [114, 115] which makes it

unlikely that their dissociation and association represents a regulatory process for the

stiffness of clathrin coats in vivo. Instead, their interaction with the triskelia may be

regulated by additional factors such as adaptor proteins.

• Influence of adaptor proteins AP2

The influence of adaptor proteins on the ability of clathrin coats to bend membranes

have been discussed before and mechanisms such as crowding have been proposed and

studied [13, 104]. I therefore investigated the mechanical influence of adaptor proteins

on reconstituted clathrin cages. Here, I focus on the membrane-clathrin adaptor AP2

which is, after clathrin, the main constituent of clathrin coats at the plasma membrane

and previously shown to be able to support clathrin-mediated membrane bending in vitro

[16, 116]. Figure 4.16 shows that the stiffness of clathrin coats is increased when AP2 is

present during assembly (0.037 ± 0.012N/m, n = 16) to a level similar to that of CHC

coats.

Interestingly this is not the case when AP2 was added after assembly (0.017 ± 0.004N/m,

n = 16). A control experiment in which AP2 was added during the assembly of CHC coats

did not lead to a further increase in stiffness (0.050 ± 0.015N/m; n = 26) which suggests

a common mechanism for the effects of light chains and AP2. These results show that

AP2 does increase clathrin cage rigidity during coat assembly, possibly by counteracting

or preventing the effect of CLC on the cage nodes. Interestingly I did not observe the same

stiffness for CCVs or T-CCVs, although during the formation of these native coats AP2

was present. I speculate that during the final stage of CCV formation, the rigidity built

up under influence of AP2 is released by a yet unknown mechanism, which is not present

when isolated clathrin and AP2 are co-assembled.

Table 4.4: Statistical analysis of the stiffness measurements. The probabilities were

calculated after performing a Student’s t test assuming equal variance on the fitted mean

stiffness after log-transformation (5e−2 level), see Appendix IV.

Samples compared p value

CHC versus AP2 + CHC 5.29e−2
CHC versus AP2 + CHC + CLC 9.32e−1

AP2 + CHC versus AP2 + CHC + CLC 7.66e−2

CHC + CLC versus CHC + CLC cage + AP2 8.74e−2
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Figure 4.16: Effect of adaptor protein AP2 on the mechanical properties of the cages.

AFM images of AP2+CHC+CLC cages and AP2+CHC cages, left and right respectively.

Scale bar: 150nm. Stiffness versus height plot to compare the mechanical effect of the

AP2 when added during assembly of the clathrin cages, AP2+CHC+CLC (grey, empty),

or after assembly of the clathrin cages, CHC+CLC cages + AP2 (black, empty) and during

assembly of CHC cages, AP2+CHC cages (grey, filled). The fits of the CHC+CLC (dots)

and CHC cages (dashed) are added for comparison.

4.5 Conclusion

In this experimental work, I have performed a systematic study of the mechanical pro-

perties of clathrin-coated vesicles to answer the question whether mechanical regulation

could play a role during vesicle transportation in eukaryotic cells. I used low force AFM in

liquid to ensure non-damaging imaging and performed direct mechanical characterisation
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of single coats by localised force measurements. I discovered that CCVs and their native

clathrin-coats are surprisingly soft when compared to structures like virus particles. This

indicates that the final stage of the clathrin coat has not evolved towards maximum rigi-

dity. At first sight, this seems to contradict the role of clathrin coats to bend membranes

containing potentially rigid cargo into vesicle shape. However, because the clathrin coats

are still about four times more rigid than the membranes they enclose, this might suffice to

bend membranes into shape. Interestingly, the stiffness of the clathrin coat can be further

up-regulated by the light chains. When light chains are absent or when AP2 is present the

cage stiffness is doubled. Because this stiffening is reversible and because the quantitative

effects of CLC absence or AP2 presence are nearly identical I speculate that the stiffness

is regulated through the light chain conformation and can be used to dynamically regulate

the stiffness of the clathrin lattice in order to facilitate vesicle formation.

Whether and how adaptor proteins like AP2, which lack the autonomous ability to bend

membranes, contribute to membrane bending during CCV formation is a long standing

question in the field of vesicle trafficking. Yet the only conceivable contribution described

is the crowding effect. However, this was shown for a fragment of the adaptor Epsin when

recruited in unphysiological large amounts in model membranes [117]. The ability to

directly regulate the stiffness of clathrin coats is a novel role that I discovered for AP2,

which is the main adaptor in all clathrin coated pits at the plasma membrane. This feature

of AP2, which was speculated upon before [98], may help to generate more force on the

underlying membrane. Since I did not observe an elevated stiffness in the final stage of

native CCVs (T-CCVs), I hypothesise that the effect of AP2 occurs in living cells at earlier

stages of CCV formation. Especially during these early stages, a high coat rigidity might

be essential to be able bend the lipid bilayer into a vesicle. At the final stage, when the

mature CCV prepares for uncoating, the rigidity lowers again. A possible explanation

for this could be a change in CLC conformation as demonstrated in Wilbur et al. [96]

mediating the release of cage stiffness built up by co-assembly with AP2. Thus, after

the vesicle is formed, CLC overcome the influence of the adaptor protein weakening the

nodes, preparing the coat for disassembly [97].
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Appendix I: Comprehensive data analysis

To analyse the forcemaps obtained during the AFM experiments I have developed a

complete MATLAB graphical user interface (GUI) that was written for the MFP3D AFM

from Asylum Research, different AFMs would require an adaptation of my program. The

forcemaps are stored as a folder containing all individual force curves as Igor binary waves,

Igor being the platform used by Asylum Research to operate the AFM.

At first, each force curve is converted in aMATLAB readable format, thanks to the function

IBWread provided by Jakub Bialek, and stored in a matrix of cells (this part is not ideal

as it suggests storing a huge number of data, making the loading process rather slow, but

it makes the future analysis and the corresponding code simpler). A cell contains two

vectors: the z-piezo displacement, z, in meter and the deflection of the cantilever, d, in

meter as well. Both vectors need to be converted into indentation, δ, and force, F, thanks

to:

δ = z− d (4.5)

F = d · kc (4.6)

with kc the spring constant of the cantilever preliminary calibrated and which value is

stored in the headers of the binary wave files.

As soon as all files are loaded and converted, I calculate for each curve:

• the contact point, defined as the position at which the force reaches 30pN, and

• the local stiffness, defined as the slope from the indentation region and extracted

using the function polyfit which performs a linear fit.

From the contact points and the different stiffness, it is possible to compute a preliminary

height map (height at 30pN) and stiffness map respectively. The initial height map is

shown in Figure 4.17a.

This height map however suffers at that point from artefacts such as: thermal drift of

the z-piezo scanner (the upward movement of the scanner does not necessarily match the

downward movement), that the position of the scanner is not set to 0 prior force mapping

(there is thus an offset in the height map) and potential real tilt of the substrate. I have

written two functions to correct for these artefacts. At first, I performed a custom planefit

on the height image by selecting manually 3 pixels from the substrate which positions

are used to calculate the equation of plane that is later subtracted from the image, Fig-

69



4. Clathrin coat rigidity is dynamically regulated

Figure 4.17: Height maps of a clathrin cage, more likely a truncated icosahedron.

(a) raw image: the cage is visible but the image needs further processing to extract the

real height. (b) Detrend image of the cage after fitting a plane on the raw image. (c)

Final height map after the correction of the AFM scan mode. The cage is found to be

83.75 ± 6.61nm (mean ± standard deviation). Scale bars: 100nm.

ure 4.17b. Then, I further correct the image from the thermal drift of the piezo scanner. I

select successively two even substrate lines and two odd substrate lines and averaged each

set. The two averaged even and odd lines are subtracted from the even and odd lines of the

height map respectively, Figure 4.17c. Such procedure allows me to significantly enhance

the quality of the height map and facilitates the finding of the apex of the sample, defined

as the centre of mass of the positions from the 6 highest points of the height map.

When the apex is found, all curves belonging to a 20nm radius circle are automatically

selected (based on the force map resolution, it results in a maximum of 9 curves). The

selected curves are checked individually and corrupted curves are manually removed.

Curves are considered corrupted when they clearly show a different behaviour than the

other curves, due to local tip contamination for example. In the meantime, 9 curves from

the substrate are also stored. These curves are automatically selected by finding the posi-

tion of maximum stiffness from the initial stiffness map. Each set of curves (one for the

sample, one for the substrate) is averaged: since the individual curves do not necessarily

have the same number of points, they are linearly interpolated using a newly defined inden-

tation vector with 0.1nm step size. From there, the curves are aligned thanks to a custom

subroutine which minimises the least square error between the distances from a fixed ref-

erence curve (randomly chosen). The curves are averaged, aligned according to the mean

curve and averaged again, see Figure 4.18a and Figure 4.18b. This step is crucial to opti-

mise the alignment procedure and is inspired by particle averaging routines from cryo-EM.
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Figure 4.18: Selection and average of characteristic sample and substrate curves. (a)

Left: height map showing the location of the 9 selected curves from the substrate (white

dots). Scale bar: 100nm. Right: the 9 selected curves are shown in the inset while the

result of the alignment procedure is shown in themain graph. (b) Left: height map showing

the location of 9 selected curves from the sample (black crosses) within a 20nm radius

circle centred on the centre of mass of the 6 highest point. Scale bar: 100nm. Right:

the 9 selected curves are shown in the inset while the result of the alignment procedure is

shown in the main graph.

The final averaged curves are displayed in Figure 4.19a. Then, the averaged curve from the

sample is further corrected from potential contaminations of the tip. A contamination is

visible when the indentation region of the averaged substrate curve is not almost perfectly

straight (the substrate being very stiff as compared to the stiffness of the cantilever, the last

should not be able to indent the substrate) as shown in Figure 4.19b. This final correction

is done by removing the slope of the indentation region of the averaged substrate curve

from the averaged curve from the sample.
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Figure 4.19: Final results. (a) The average curves of the substrate and the cage as well

as their standard deviation are presented in blue and grey respectively. (b) Correction of

the slope to remove any corrupted calibration. The corrected curves are in plain. (c) The

linear fit of the indentation region from the corrected averaged sample curve is displayed

in black. The deduced stiffness is 0.02012 ± 0.00034N/m (value ± standard error of the

fit). The χ2 equals 0.98767.

Finally, the indentation region of the sample averaged curve is linearly fitted using the

polyfit function from MATLAB, Figure 4.19c. The standard error of the fit, as well as the

Pearson’s chi-squared test are computed, which concludes the analysis.

Time wise, a complete analysis takes approximately 10min per cage.
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Appendix II: Finite element analysis on clathrin cages

The main motivation of using finite element analysis (FEA) in this experimental work

was to confirm i) the observed absence of a clear relationship between the height of the

clathrin coats and their stiffness and ii) to explain their softness. To address this issue

I developed 3D mechanical models of each polyhedron seen during AFM imaging with

COMSOLMultiphysics (Comsol, Stockholm, Sweden), see Figure 4.20. In these models,

the cages were modelled with circular cross-section beams that can be bent, stretched and

compressed. The radial compression of the ribs was not included.

In earlier work, the rib length of the building pentagons and hexagons of the coats was

found to be approximately 17.5nm (measured by AFM [13]). This value was used as a

reference in all generated geometries. However, the rib diameter and the exact Young’s

modulus are still unknown. I thus tested multiple combinations of these two parameters

until the results best matched the experimental data. The rib diameter was set to 7nm

while the Young’s modulus was 100MPa which is a common value for proteins albeit at

the low side (100s MPa – 1GPa [37, 106]). Their Poisson’s ratio was arbitrarily set to

0.45.

Both the dodecahedron and the truncated icosahedron were made of regular pentagons

and hexagons of 17.5nm rib length. However it is geometrically impossible to generate a

truncated triakis tetrahedron and a hexagonal barrel with such regular polygons. Indeed,

Figure 4.20: 3D models of clathrin coat. From left to right: dodecahedron, 48nm high;

truncated triakis tetrahedron also called minicoat, 62nm high; hexagon barrel, 70nm

high; truncated icosahedron also called soccer ball, 85nm high. The beam radius was

reduced to better visualise the structures.
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while the truncated triakis tetrahedron needed planar irregular pentagons (edges of different

length), the hexagonal barrel required the 6 side-hexagons to be non-planar (vertices not

in the same plane). Mechanically speaking, it infers that the legs of their building clathrin

triskelia are initially bent or slightly stretched. This can probably lead to some difficulties

in generating such coats in vivo. Yet, this is a point which was not seen in my investigation

and suggests that the necessary forces to pre-deform the triskelion are rather low and not

energetically demanding. This also goes in line with the fact that clathrin cages are fairly

soft and thus easily deformed.

To simulate the adhesion of the clathrin coats onto the HOPG substrate by electrostatic

forces, which is the result of the plasma cleaning prior investigation, the edges of a

complete hexagon (or a complete pentagon, depending on the polyhedron) in contact

with the supporting plane were constrained in all three directions. The AFM probe was

modelled as a parabolic tip that was compressing the upper boundary of the polyhedron

and linearly lowered in small steps that did not exceed 1nm. The loads applied, P, were

described by a custom contact-penalty method [107] which can be resumed as follow: at

each new position of the tip, the gap between its surface and the one of the polyhedron

was calculated and a specific force was exerted accordingly:

• if the gap was large, the force applied was null,

• if the gap was small but positive, the force applied was described by an exponential

function to mimic the Pauli repulsion,

• if the gap was negative, a much higher force was applied that scales linearly with

the gap-value.

The above-mentioned statement was written using an if case:

P(∆d) = i f
(
∆d < 0, ∆d · (tn− en), tn ·e

−∆d ·en
tn

)
(4.7)

where ∆d is the gap distance, tn and en are the contact penalty method parameters chosen

to be 3.25 ·105 Pa and 5.00 ·1015 Pa/m respectively to best match the AFM experiments

and to provide high enough stability during the computation of the FEA.

Since the tip was considered as a full 3D object, the lateral distance, Γ, from the loading

centre had to be defined to calculate the forces applied by its edges:

Γ =

√
(y+ ν− ytip)

2+ (x+u− xtip)
2 (4.8)
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where y and x are the original coordinates of the cage, u and v the deformation in the x

and y direction respectively, and xtip and ytip are the tip original positions.

The direction of the applied force was perpendicular to the surface of the parabolic tip and

was derived from the derivative, υ, of the parametric equation that describes the tip shape

and the above-mentioned lateral distance:

υ = z |δ=0− δ+
Γ2

2 ·rtip
(4.9)

where z |δ=0 is the original tip position in the z axis, δ the parametric variable that was

used to lower the tip and rtip the tip radius.

The contribution of the applied force was divided in the x, y and z components according

to:

zload = −P · cos
(
atan(υ)

)
(4.10)

yload = −P · sin
(
atan(υ)

)
·
(y+ ν− ytip)

2

Γ2 · sign(y+ ν− ytip) (4.11)

xload = −P · sin
(
atan(υ)

)
·
(x+u− xtip)

2

Γ2 · sign(x+u− xtip) (4.12)

where sign is a function to determine the sign of its argument.

In AFM, the normal force exerted by the probe onto the sample is measured. To reproduce

such condition, it was calculated by integrating the z-component of the total applied load

over the whole structure at each new position of the tip with:

Fn =
∑

zload ·rribs (4.13)

where rribs is the radius of the beams.

Two stop conditions were implemented to constrain the movement of the tip:

• the force felt by the cage should not exceed 150pN to reproduce the AFM spec-

troscopy curve and reduce the computation time, and

• the tip should not be lowered below a fictive z = 0nm plane. Ideally this plane should

have been considered during the computation but it inferred increasing unnecessarily

the mesh that describes the model and thus the computation time. For this reason,

it was omitted.

Figure 4.21 shows two single spectroscopy curves on a hexagonal barrel from AFM

experiments (plain) and from the FEA (dashed). A linear fit on the indentation region
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reveals that the coat is 0.038N/m and 0.024N/m if measured byAFMor FEA respectively.

While the stiffness of the cages probed differs due to different structural properties and

measurement location, both curves show a similar linear response to the applied force

which attested the custom contact penalty method and the parameters chosen for the FEA.

The ability to reproduce single AFM spectroscopy curve also opened the way to simulate

complete forcemaps. To achieve this, a region containing the complete polyhedron was

spatially discretised in steps of 6.25nm (twice the AFM experimental condition) and the

above-mentioned FEA was repeated at each pixel. A MATLAB routine was developed

to automatically analyse the resulting force curves and extract their height and stiffness

(slope of the indentation region [30 : 150]pN). Since the simulations did not include noise

sources (from thermal drift, liquid environment, electronical noise, tip contamination etc),

the stiffness of the whole polyhedron was directly calculated by averaging the pixels values

belonging to a 20nm radius circle centred in the apex of the cage.

Finally, I calculated the height maps at different applied force, 30pN to reproduce AFM

images, and 100pN, to visualise the induced deformation.

The FEA results of a dodecahedron, a mini coat and a hexagonal barrel models are shown

in Figure 4.22a, Figure 4.22b and Figure 4.22c respectively. The data regarding the

truncated icosahedron is not shown as the resulting images were containing many unstable

force curves especially at the edges of the coat.

Figure 4.21: Comparison of a random single force curve from the AFM study (plain

line) to one computed (dashed line). Both curves show similar behaviour which confirms

the model developed and the parameters chosen.
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Figure 4.22: FEA of the various tested polyhedra. A 20nm radius white circle is added

to the stiffness maps to emphasise the region taken to calculate the mean stiffness of each

cage. The region scanned was a 150 × 150nm area discretised in 24 × 24 pixels with

6.25nm steps. Scale bars: 50nm.

Table 4.5: Average stiffness of the different structures scanned sorted by size from FEA.

The values are mean±std. The standard deviations mentioned are from averaging the

stiffness from the pixels within the centred circle.

Polyhedron Height [nm] Stiffness [N/m]

Dodecahedron 40.05 ± 1.28 0.025 ± 0.006
Hexagonal barrel 55.94 ± 0.89 0.017 ± 0.003

Truncated triakis tetrahedron 58.16 ± 1.84 0.030 ± 0.006
Truncated icosahedron 77.48 ± 0.81 0.012 ± 0.002

Surprisingly, the structures appear more defined at high force as their lattices are better

visible than at low force. Table 4.5 summarises the stiffness of the different geometries

investigated. Interestingly, there is a weak apparent inverse relationship between the

stiffness of the polyhedra and their heights. The bigger the structure is, the softer it

appears. Nonetheless, the truncated triakis tetrahedron stands out from this statement as
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it is the stiffest sample while being only 58nm (not the smallest). This discovered mild

correlationwas not seen in the AFMdata andmay have beenmasked by experimental noise

or defects in the polyhedral structures. Furthermore, the FEA assumes perfect polyhedra

and omits many molecular aspects. However, the found correlation goes in line with the

idea that the cages can, even if they are built from ribs, partly be described by the thin

spherical shell theory.

To further validate the simulation, I calculated the apparent tip radius, rtip, from the height

map at 30pN following the lateral dimension equation of a spherical sample scannedwith a

tip of similar radius, resulting in a tip-sample convolution, as explained in subsection 2.2.4

from chapter 2:

rtip =
(rdilated

2

)2
·
1
r

(4.14)

with rdilated the dilated radius of the polyhedron, rtip the radius of the probe, r the radius

of the cages.

As far as the hexagonal barrel is concerned, rdilated = 78.24nm and r = 60.00nm. The

calculated tip radius was then 25.51nm while I effectively modelled an AFM probe of

25nm radius (RC150VB, Olympus, Tokyo, Japan) which further confirms my 3D models.

Tomyknowledge, this is the first time thatAFM forcemapping experimentswere simulated

with FEA. Surprisingly, it also revealed that the resolution of the images increases at higher

forces. This goes actually against most of the AFM imaging rules which state to image

sample with the lowest exerted force possible. On the other hand, this is not devoid

from logic: by applying a higher force, the AFM probe compresses or pushes aside all

soft components of the sample and probes the details of its "skeleton" at the risk of

damaging the sample. In addition, the high resolution mapping of the coats revealed

that even in the stiffness map the pentagons and hexagons were clearly visible. This fact

was not seen in the AFM forcemaps probably because of the additional noises from the

experimental set up itself but also because the spatial resolution was twice the one used in

the FEA. Unfortunately, these findings were not further addressed in this thesis because

of experimental limitations. Reducing the resolution of the forcemaps, from 12.5nm

to 6.25nm, would multiply the recording time by 4 (thus from approximately 5min to

20min). Because of the thermal drift, this would lead to artefacts that will complicate the

interpretation of the acquired data.
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Appendix III: Detailed fitting results

I recall that the stiffness, k, is extracted from the linear fit of the indentation region of the

averaged force versus indentation curve over the apex of a cage. The standard error, ste,

of the fit is shown. All linear fits resulting in a χ2 value below 0.95 were rejected.

The stiffness versus height data is fitted using non-linear regression with k(r)= a ·rb where

a and b are coefficients determined during iterative least square minimisation. The mean

absolute error (MAE) and the adjusted χ2 as goodness-of-fit parameters are included in

all plots.

Figure 4.23: CCVs and T-CCVs comparison. 8% of the CCVs raw stiffness were

rejected (ntotal = 62), adjusted χ2 = 0.64. 3% of the T-CCVs raw stiffness were rejected

(ntotal = 29), adjusted χ2 = 0.83.
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Figure 4.24: CHC+CLC cages, CHC cages and CHC cages + CLC comparison. 6% of

the CHC+CLC cages raw stiffness were rejected (ntotal = 34), adjusted χ2 = 0.83. 17%

of the CHC cages raw stiffness were rejected (ntotal = 53), adjusted χ2 = 0.62. No raw

stiffness were rejected regarding CHC cages + CLC (ntotal = 18), adjusted χ2 = 0.83.
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Figure 4.25: AP2+CHC+CLC cages, CHC+CLC cages + AP2 and AP2+CHC cages

comparison. 40% of the AP2+CHC+CLC cages raw stiffness were rejected (ntotal = 27),

adjusted χ2 = 0.80. 11% of the CHC+CLC cages + AP2 cages raw stiffness were rejected

(ntotal = 18), adjusted χ2 = 0.89. 7% of the CHC+CLC cages + AP2 cages raw stiffness

were rejected (ntotal = 28), adjusted χ2 = 0.65.
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Figure 4.26: Comparison between mechanics of T-CCVs in different glutaraldehyde

concentration. No raw stiffness were rejected (ntotal = 23) regarding T-CCVs at 0.00%,

adjusted χ2 = 0.84. 3% of the T-CCVs at 0.05% raw stiffness were rejected (ntotal = 29),

adjusted χ2 = 0.83. 27% of the T-CCVs at 0.80% raw stiffness were rejected (ntotal = 22),

adjusted χ2 = 0.88.
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Figure 4.27: Effect of the buffer pH on the mechanical properties of the clathrin coats.

6% of the CHC+CLC cages at pH 6.4 raw stiffness were rejected (ntotal = 34), adjusted

χ2 = 0.83. 8% of the CHC+CLC cages at pH 7.2 raw stiffness were rejected (ntotal = 39),

adjusted χ2 = 0.70.
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Appendix IV: Stiffness distribution

The stiffness data are log-normal distributed in most cases (data not shown), which

indicates that after log-transformation they present a normal distribution. Figure 4.28 to

Figure 4.32 show the log-transformed stiffness (in [mN/m]) distributions from the various

clathrin assemblies. The number of bins per histogram was chosen according to Sturges’s

rule [110]. The histograms were tested for normality and for each test, the mean log-

transformed stiffness, µ, and its standard deviation, σ, were extracted.

The normal distribution describes well the log-transformed stiffness but deviances can be

seen due to a low number of cages measured for the specific population. Nonetheless, I

decided to systematically apply the Student’s t test, which requires normality, to evaluate

whether cages from two different populations share similar mechanical properties.

Figure 4.28: CCVs and T-CCVs stiffness distribution. Probability density parameters:

µ = 3.37 and σ = 0.35; µ = 3.05 and σ = 0.30 for the CCVs and the T-CCVs respectively.
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Figure 4.29: CHC+CLC cages, CHC cages and CHC cages + CLC stiffness distribution.

Probability density parameters: µ = 3.00 and σ = 0.39; µ = 3.83 and σ = 0.40; µ = 3.09

and σ = 0.33 for the CHC+CLC cages, CHC cages and CHC cages + CLC respectively.
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Figure 4.30: AP2+CHC+CLC cages, CHC+CLC cages + AP2 and AP2+CHC cages

stiffness distribution. Probability density parameters: µ = 3.85 and σ = 0.34; µ = 2.84

and σ = 0.27; µ = 4.02 and σ = 0.43 for the AP2+CHC+CLC cages, CHC+CLC cages

+ AP2 and AP2+CHC cages respectively.
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Figure 4.31: Distribution of T-CCVs stiffness in different glutaraldehyde concentration.

Probability density parameters: µ = 2.67 and σ = 0.35; µ = 3.05 and σ = 0.30; µ = 3.59

and σ = 0.25 for the T-CCVs at 0.00%, 0.05% and 0.80% glutaraldehyde concentration

respectively.
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Figure 4.32: Distribution of clathrin coats stiffness in different pH. Probability density

parameters: µ = 3.00 and σ = 0.39; µ = 3.05 and σ = 0.44 for the CHC + CLC cages at

pH 6.4 and pH 7.2 respectively.
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More experiments on clathrin

5.1 Motivation

In chapter 4, I found that the clathrin (CLCs) have a large effect on the mechanical

properties of the clathrin coats. I also discovered that the adaptor AP2 appears to inhibit

the softening effect of the CLCs.

However, there are many more proteins than only CLCs and AP2 present on the coats.

One can cite the accessory proteins Epsin, Auxilin or AP180 and even CLCs have multiple

isoforms. I hypothesised that they may influence the mechanics of the clathrin coats as

well and perhaps in a different manner.

Furthermore, it had been previously shown that the CLCs have a specific binding site

for calcium that may affect the structure of the triskelion hub [118]. Thus, calcium

concentration may be the key to trigger the change of mechanical properties seen in my

measurements.

5.2 Measuring the impact of light chains isoforms on the

mechanical properties of the clathrin coat

In most eukaryotic cells, two different isoforms of clathrin light chains are expressed,

namely the light chains a (CLCa) and light chains b (CLCb) [111, 119, 120, 121]. CLCa

and CLCb are 60% identical in sequence: they share a similar CHCs binding domain,

calcium and calmodulin binding sites and binding sites for the endocytic accessory proteins

Hip1 and Hip1R [122, 123, 124]. The latter can bind actin so can connect clathrin to

the cytoskeleton which seems to regulate the clathrin cage dimensions [125, 126, 127].

However, CLCa has a heat shock cognate protein 70 (Hsc7) binding site [128] while

CLCb has a casein kinase 2 (CK2) one [127]. In earlier work, it had been shown that
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CLCa is predominant in lymphoid tissues while it coexists with CLCb in nonlymphoid

ones. From this observation, it was concluded that both isoforms influence cargo selection

differently, perhaps mechanically [129]. In addition, each light chain isoform exists in

two higher-molecular weight forms with neuron-specific inserts in their sequences [130].

The neuronal insert introduces a short hydrophobic stretch that might be used to control

clathrin polymerisation [123].

According tomy previous analysis and the findings that CLCs, which consisted of amixture

of CLCa and CLCb both neuronal and non-neuronal randomly distributed, regulate the

stiffness of the coats, it is plausible that these isoforms, with or without the neuronal

inserts, impact the coat mechanics differently. To test this hypothesis, I have measured

the stiffness of nCLCa, uCLCa, nCLCb and uCLCb cages ("n" denotes neuronal CLCs

while "u" denotes the absence of neuronal inserts). Besides the AFM force spectroscopy

measurements, the novelty of this study is the ability of Dannhauser’s group to isolate

each isoform and generate coats with a specific light chain composition, see Figure 5.1.

Figure 5.2 and Figure 5.3 display the stiffness of the different cages versus their height.

Figure 5.1: SDS-PAGE identification of clathrin light chains isoforms (Dannhauser’s

group). From left to right: MW: Marker. Native P: Pelleted fraction of a native clathrin

coat. The dark upper band shows the heavy chains and the two lower bands both types

of light chains. uCLCa-S: supernatant fraction of the uCLCa sample, only one type of

light chain is visible. uCLCa-P: the pellet shows both CHC and the CLCa. uCLCb:

the supernatant and pellet fractions appear similar as the uCLCa sample. nCLCa and

nCLCb: the neuronal insert leads to a slightly larger light chain which caused the shift of

the band.
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Figure 5.2: Mechanical properties of reconstituted clathrin coat from various non-

neuronal and neuronal CLCa and CLCb. 8% of the CHC+uCLCa raw stiffness were

rejected (ntotal = 23), adjusted χ2 = 0.89. 31% of the CHC+nCLCa cages raw stiffness

were rejected (ntotal = 26), adjusted χ2 = 0.90. No raw stiffness were rejected (ntotal = 19)

regarding CHC+uCLCb, adjusted χ2 = 0.84.
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Figure 5.3: Mechanics of reconstituted clathrin coat from neuronal CLCb. 17% of the

CHC+nCLCb cages raw stiffness were rejected (ntotal = 18), adjusted χ2 = 0.82.

Table 5.1: Statistical analysis of the stiffness measurements. The probabilities were

calculated after performing a Student’s t test assuming equal variance on the fitted mean

stiffness after log-transformation (5e−2 level), see Appendix I.

Samples compared p value

CHC+uCLCa versus CHC+nCLCa 2.52e−1
CHC+uCLCb versus CHC+nCLCb 8.17e−2
CHC+uCLCa versus CHC+uCLCb 1.99e−1
CHC+nCLCa versus CHC+nCLCb 1.91e−1

Similar to the previously investigated CHC+CLCs, there is no clear relationship between

height and stiffness. The CHC+uCLCa cages are 0.019 ± 0.004N/m (n = 21) while the

CHC+nCLCa cages are 0.024 ± 0.003N/m (n = 8). On the other hand, CHC+uCLCb

cages are 0.025 ± 0.006N/m (n = 19) and CHC+nCLCb cages are 0.024 ± 0.008N/m

(n = 15).

In conclusion, while the isoforms tested have a different composition, they do not provide

the coats with different mechanical properties, see Table 5.1. Although the neuronal

inserts have been speculated to affect clathrin polymerisation [123], such a regulation

does not rely on the alteration of the mechanical properties. Furthermore, the presence

of a binding site for Hsc7 on CLCa and for CK2 on CLCb do not modify the mechanics

neither. However, it cannot be excluded that binding of these or other ligands is required

to mediate a conformational change of the CLCs that could trigger a mechanical transition

in the coat.
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5.3 Measuring the impact of accessory protein Epsin,

AP180, and Auxilin on the mechanics of clathrin

During the formation of clathrin coated vesicles, clathrin mainly binds to AP2. The last

controls the clathrin polymerisation into lattices [131] and, as shown previously, also

influences the clathrin light chains mechanics. However, not all external entities going to

be invaginated interact with AP2 [132, 133, 134]. This is for example the case of influenza

viruses that interact with a different accessory protein called Epsin [135].

Although Epsin and AP2 have comparable functionality they have different structure,

since Epsin is for example not a protein complex. Both bind to the terminal domain of the

clathrin heavy chains (CHCs) but Epsin does not share the same clathrin binding site with

AP2 [136, 137]. Furthermore, Epsin is less potent in stimulating triskelia polymerisation

than AP2 [138]. A unique feature of Epsin is that it is able alone to induce membrane

curvature and the formation of highly curved clathrin coats [139]. AP2 alone lacks this

ability and requires the recruitment of clathrin and AP180 to achieve the same goal [140].

AP180 is an additional clathrin assembly protein which, similarly to Epsin and AP2,

binds to the terminal domain of the CHCs and impacts the formation of CCVs. Indeed,

AP180 has been found to regulate their dimension: they are 60 -70nm in diameter in

presence ofAP180while they are approximately 50% bigger inAP180 depletedmembrane

[141, 142, 143]. Furthermore, AP180 recruits clathrin triskelia on the membrane which

initiates their polymerisation [142, 143, 144], being 4 times more effective than AP2

in promoting assembly of clathrin coats [145]. However, unlike Epsin, AP180 alone is

not capable of inducing membrane curvature and requires the presence AP2 to initiate

clathrin-decorated buds [140].

Another particularly interesting accessory protein is Auxilin. Auxilin is involved in the

dismantling of clathrin coats and thus the release of the enclosed external cargo into the cell

[84, 146, 147]. It is not recruited during the triskelia polymerisation and their formation

in lattice but only called upon during the bud scission from the membrane [148, 149]. To

this end, it recruits heat shock protein 70 (Hsp70, also present on the clathrin triskelia) to

disassemble the coats [150, 151]. Furthermore, it forms a protein layer between the hosted

vesicle and the clathrin coat by binding to the terminal domain of the CHCs [152, 153].

Actually, the above-mentioned proteins are all related to clear biomechanical processes

(membrane bending, size regulation, bud scission) and eventually may impact the clathrin
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coat mechanics in a similar manner than AP2. Earlier, I showed that the stiffness of

purified clathrin coats (containing multiple different accessory proteins) was identical to

that of reconstituted ones that contained only CHCs and CLCs but considerably softer

than reconstituted coats to which AP2 was added. This suggests that while AP2 stiffens

the structure, the general contribution of accessory proteins is null. If the system can be

considered as linear, mechanically, an idea that is supported by the fact that the stiffness of

CCVs is the sum of the one from T-CCVs and enclosed vesicles, it potentially infers that

some accessory proteins, a contrario, may soften considerably the coats to compensate.

Here I have investigated reconstituted clathrin cages (CHC+CLCs) to which Epsin, AP180

and Auxilin were bound at 1:1 ratio (protein:CHCs) to mimic the in vivo concentration

[142, 152], see Figure 5.4. The protocol to bind the proteins on the coats was identical to

Figure 5.4: SDS-PAGE identification of accessory proteins (Dannhauser’s group).

From left to right: Marker. AP180-S: supernatant fraction showingAP180 and no clathrin.

AP180-P: Pelleted fraction showing both AP180 and clathrin. Epsin-S: supernatant

fraction showing Epsin and no clathrin. Epsin-P: Pelleted fraction showing both Epsin

and clathrin. Auxilin-S: supernatant fraction showing Auxilin and no clathrin. Auxilin-

P: Pelleted fraction showing both Auxilin and clathrin. Protein-S: supernatant fraction

showing all accessory proteins and no clathrin. Protein-P: pellet fraction showing no

clathrin proteins nor accessory proteins. Clathrin-S: supernatant fraction of the native

clathrin coat. Clathrin-P: Pelleted fraction of a native clathrin coat. The dark upper band

shows the heavy chains and the two lower bands both types of light chains.
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the one used to bind AP2 onto reconstituted cages.

Figure 5.5 and Figure 5.6 show the result of the mechanical mapping on the various

CHC+CLCcages. The largest effectwas seen for Epsin, but even this stiffens the composite

structure by only 46%, 0.032 ± 0.007N/m (n = 18), while the addition of AP180 or

Auxilin does not significantly alter the original mechanical properties, 36% increase,

0.030 ± 0.008N/m (n = 13), and 32% increase, 0.029 ± 0.014N/m (n = 22) respectively.

The Student’s t test reveals that only the CHC+CLC cages with Epsin are statistically

different from the CHC+CLC cages, see Table 5.2.

Figure 5.5: Effect of accessory proteins on CHC+CLC cages. 35% (ntotal = 20, adjusted

χ2 = 0.82), 18% (ntotal = 22, adjusted χ2 = 0.84) of the raw stiffness from AP180, Auxilin

respectively were rejected. The cages were, mean±s.e.m, 70.53 ± 3.41nm, 79.47 ±

3.17nm in height for cages with AP180, Auxilin respectively.
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Figure 5.6: Effect of accessory proteins on CHC+CLC cages. 14% (ntotal = 22, adjusted

χ2 = 0.68) of the raw stiffness from Epsin were rejected. The cages were, mean±s.e.m,

78.33 ± 2.54nm in height for cages with Epsin.

Table 5.2: Statistical analysis of the stiffness measurements. The probabilities were

calculated after performing a Student’s t test assuming equal variance on the fitted mean

stiffness after log-transformation (5e−2 level), see Appendix I.

Samples compared p value

CHC+CLC versus CHC+CLC + AP180 9.69e−2
CHC+CLC versus CHC+CLC + Auxilin 7.52e−2
CHC+CLC versus CHC+CLC + Epsin 5.40e−4

An overall conclusion is that the accessory proteins added to the reconstituted cages after

self-assembly do not particularly affect their mechanical properties, as compared to AP2.

This is interesting as Auxilin forms an additional layer within the cage by binding to the

heavy chains. The thickness of the coat effectively increases and according to the shell

theory it should influence the stiffness accordingly. Indeed, assuming that Auxilin has a

similar thickness as clathrin then I expected the stiffness to increase by a factor of 4 (k ∝ t2)

instead of 1.32 as seen in my measurements. In addition, while it had been shown that

Auxilin changes the clathrin triskelion geometry [152, 153] and also binds to the terminal

domain as well as the distal domain of the CHCs, thus closer to the triskelion knee than

the other adaptor proteins investigated, this only has a mild effect on their mechanics.

AP180, which resembles AP2, does neither affect significantly the cages properties nor

their dimensions (the cages were found 10% smaller than the others). However, Epsin
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appears to stiffen a little the coat by 40%, reaching almost the stiffness of clathrin coats

hosting vesicles, which may help to further induce membrane curvature on top of Epsin

ability to bend the membrane in absence of clathrin [139].

Nonetheless, it is too early at this stage to give real biological outcomes that can be related

to a state in vivo of the clathrin coats. Actually, due to the large MAEs and the many

possible protein combinations much more measurements are required to come to a clear

conclusion. Indeed, the fact that AP180 and Epsin were added after self-assembly is non-

biological and my previous investigation regarding AP2 is a clear example that dynamics

are important. Indeed, AP2 inhibits the light chains softening only if it is mixed in the

pool of CHCs and CLCs prior to promote assembly. Epsin and AP180 more likely follow

the same trend. Especially AP180 which is supposed to regulate the size of CCVs, aspect

which was hardly visible in mymeasurement (AP180 cages were only 10% smaller instead

of 50% as previously found [141, 142, 143]).

Furthermore, the three proteins investigated in this study bind to AP2 [154, 155]. The last

thus may trigger a change in their functions if bound and perhaps their ability to affect the

mechanical properties of the coats.

Finally, since the clathrin coat is found to be dynamically regulated it is not excluded that

the effect of a given protein cannot be enhanced during a specific event of the life cycle of

clathrin: binding of Auxilin, scission of the buds, ATPase of the coats etc.

5.4 Measuring the impact of calciumconcentration on the

mechanical properties of reconstituted clathrin coats

My previous measurements suggest that the clathrin coat properties may be regulated all

along its life cycle to achieve specific tasks. I hypothesised that the coat is initially stiff

to induce membrane bending and then it gets softer later to facilitate its disassembly by

the protein Auxilin and its cochaperon Hsc70. However, a question remains on how this

is done in vivo.

Previous work on clathrin light chains by Näthke et al. [118] enlightened the fact that CLCs

have a specific calcium binding site that can potentially affect the nodes of the clathrin

coat. Indeed, the authors found that a concentration of 3mM Ca2+ causes local structural

modifications of the light chains. Calcium appears thus as a promising agent to regulate

the light chains mechanical properties and thus the clathrin coat mechanics. To test this
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hypothesis I investigated reconstituted clathrin cages in an environment that was rich in

calcium ions: 0.1mM and 0.5mM of Ca2+ added in buffer G.

Figure 5.7 shows the relationship between the stiffness of the cages and their dimensions

when the cages are measured in different ionic conditions. The reconstituted cages in

0.1mM Ca2+ are 0.018 ± 0.010N/m (n = 26). At higher concentration, the cages are

0.021 ± 0.004N/m (n = 27). Table 5.3 resumes the p values from the Student’s t test and

shows that there is no difference between the CHC+CLC cages in medium with increasing

Ca2+ concentration from a statistic point of view.

Figure 5.7: Calcium effect on the coats mechanics. 3% of the CHC+CLC cages in

0.1mM of Ca2+ raw stiffness were rejected (ntotal = 27), adjusted χ2 = 0.68. 3% of the

CHC+CLC cages in 0.5mM of Ca2+ raw stiffness were rejected (ntotal = 28), adjusted

χ2 = 0.85.
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Table 5.3: Statistical analysis of the stiffness measurements. The probabilities were

calculated after performing a Student’s t test assuming equal variance on the fitted mean

stiffness after log-transformation (5e−2 level), see Appendix I.

Samples compared p value

CHC+CLC versus CHC+CLC + 0.1mM Ca2+ 4.54e−1
CHC+CLC versus CHC+CLC + 0.5mM Ca2+ 9.03e−1

I recall that the reconstituted cages in buffer G are initially 0.024 ± 0.019N/m stiff. The

addition of 0.1mMCa2+ in the buffer seems to have softened the coats by 25%. However,

increasing the calcium concentration by a factor of 5 did not decrease further the stiffness

of the cages. Actually, the cages at 0.5mM Ca2+ appear now 17% stiffer than the ones

at 0.1mM Ca2+ but still 12% softer than the initial cages. Therefore, calcium mildly

softens the cages, a behaviour which may enhance the efficiency of their disassembly as

already suggested by Näthke et al. [118]. However, the MAEs are too high to clearly dif-

ferentiate the mechanicals properties from clathrin in presence of calcium and much more

measurements would be required to come to a clear conclusion. Also, it may be possible

that smaller calcium concentration may trigger already a much significant softening of the

cages.
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Appendix I: Stiffness distribution

The stiffness data are log-normal distributed in most cases (data not shown), which

indicates that after log-transformation they present a normal distribution. Figure 5.8 to

Figure 5.11 show the log-transformed stiffness (in [mN/m]) distributions from the various

clathrin assemblies. The number of bins per histogram was chosen according to Sturges’s

rule [110]. The histograms were tested for normality and for each test, the mean log-

transformed stiffness, µ, and its standard deviation, σ, were extracted.

Figure 5.8: Distribution of reconstituted clathrin coat from non neuronal and neuronal

CLCa stiffness. Probability density parameters: µ = 2.87 and σ = 0.24; µ = 3.08 and

σ = 0.20 for the CHC+uCLCa cages and CHC+nCLCa cages respectively.
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Figure 5.9: Distribution of reconstituted clathrin coat from non neuronal and neuronal

CLCb stiffness. Probability density parameters: µ = 3.17 and σ = 0.29; µ = 3.24 and

σ = 0.39 for the CHC+uCLCb cages and CHC+nCLCb cages respectively.

101



5. More experiments on clathrin

Figure 5.10: Distribution of CHC+CLC cages stiffness on which accessory proteins

were added. Probability density parameters: µ = 3.21 and σ = 0.43; µ = 3.24 and

σ = 0.54; µ = 3.45 and σ = 0.31 for the CHC+CLC cages with AP180, Auxilin and Epsin

respectively.
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Figure 5.11: Distribution of CHC+CLC cages stiffness in different calcium concentra-

tion. Probability density parameters: µ = 3.06 and σ = 0.49; µ = 3.10 and σ = 0.25 for

the CHC+CLC cages with 0.1 and 0.5 mM of Ca2+ respectively.
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6
Dynamic force spectroscopy reveals

structural non-uniformities in isolated

nuclei

6.1 Abstract

The nucleus sees its size and shape modified during growth, differentiation and migration

of the cell while experiencing forces from the cell itself and the surrounding environment.

Even though there is evidence that these stimuli are used as signals to control the expres-

sion of genes, it remains largely unclear how forces are transduced through the nucleus.

In order to gain a better understanding, I performed sinusoidal nanoindentation experi-

ments between 1Hz and 700Hz to measure the compliance of chromatin within single

nuclei of various mammalian cell-lines. I found that i) the quantitative response varies

with more than one order of magnitude and ii) that it scales with the nucleus size. This

fact indicates that the chromatin density itself is not a critical parameter for its functioning.

The qualitative response was identical for different cell-lines: predominantly elastic and

following a power law with an exponent that increases around 100Hz. All the investigated

nuclei were found to be softer and more viscous in their peripheral region. The corre-

sponding looser, less cross-linked organisation of the chromatin, may play a key role in

enhancing gene transcription in this most active region of the nucleus.
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6.2 Introduction

In different cell types the nucleus can have strikingly different appearances indicating that

it is not merely a static gene transcription machinery only controlled by chemical signals.

Although the nucleus is often pictured as a large spherical organelle, both its size and

shape can be highly variable. An extreme case is the neutrophil of which the nucleus

has a shape consisting of multiple lobes [156]. Also, during the cell differentiation the

nucleus can be subjected to large changes in shape and size [18]. When cells migrate

through small openings their nuclei undergo considerable deformations that allow the cell

to squeeze through [157, 158]. For the highly motile neutrophils it is easy to argue that

their segmented nuclei are an adaptation that allows them to move through narrow gaps

in tissue; form follows function. On the scale of the whole cell, a similar reasoning is

used to explain why the reduced stiffness of cancer cells, as compared to their healthy

counterparts, increases their invasive potential [159]. The ability of melanoma cancer

cells to migrate through small pores could indeed be reduced by artificially stiffening

their nuclei [160]. Although the nuclei of cancer cells often have various morphologies

[161] the ambiguity whether also their stiffness is consistently decreased to improve their

invasiveness persists.

The nuclear lamina plays a key role in regulating the shape of the nucleus [19, 162]. Lo-

cated right under the nuclear envelope, it forms a dense fibrillar network of approximately

30 to 100nm thick of lamin proteins. The presence of lamins is not limited to the nuclear

lamina as they can be found throughout the chromatin inside the nucleus [19]. Because

the nuclear lamina is physically connected to the cytoskeleton, the shape of the nucleus

will depend on the forces generated by the cell [163, 164], which therefore strongly relies

on the mechanical interactions of the cell with its environment [20]. Besides changing

the shape of the nuclei, the mechanical signals play a role in regulating gene expression

[20, 21, 22]; function follows form. It has been shown that lamins can bind DNA which

may directly modulate the expression of genes [165, 166]. An additional mechanism to

affect gene transcription could be the deformation of chromatin itself.

Rates of gene transcription vary in the different regions of the nucleus. The highest rate

has been found in the outer layer of the nucleus, from about half the radius outward [167].

This indicates the presence of distinct functional regions within the chromatin. Histori-

cally, the chromatin is organised in heterochromatin and euchromatin, regions defined by

their different staining in electron microscopy observations. Heterochromatin is stained
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much more densely and it was originally thought that there is no gene transcription in

this region because of its high density. Yet, work done by Dechat et al. [168] showed

that gene transcription still occurs but is repressed by RNAi [168]. Heterochromatin is

found in discrete regions throughout the nucleus but is more abundant at the periphery of

the nucleus closely associated with the nuclear lamina, where it correlates with transcrip-

tionally inert areas at the outer edge of the nucleus [169]. The majority of the chromatin

appears as euchromatin, less densely stained in electron microscopy, and associated with

transcriptionally active regions. However, the observed spatial differences in transcription

point to yet unknown differences in organisation. It is safe to believe that transcription

is enhanced or inhibited because of functional differences within the euchromatin. Since

chromatin is a very dense fibrillar network, any change that alters its cross-linking will

also greatly impact its mechanical response.

The mechanics of whole cells have been thoroughly studied and generally show a vis-

coelastic behaviour that is not constant through the cell [170]. Basically, the measured

stiffness depends on how fast, time-scale, and howmuch, length-scale, the cell is deformed

[171]. However, such a well defined picture is still lacking for the nucleus, partially be-

cause of its small dimension along with difficulties to separate its response from that of

the cell in whole-cell studies. Nevertheless, research has indicated that the nuclear lamina

plays an important role [38, 172]. Measurements with optical tweezers on nuclei that

lack a lamina has shown that the chromatin has an elastic response (deformation <0.1µm)

[173]. On the other hand, micropipette experiments, which can induce deformations up to

the µm range, revealed that the chromatin exhibits viscoelastic and even plastic properties

[174].

In this work, I set out to quantify the viscoelastic response of the nucleus with the aim to

identify spatial differences in the chromatin structure. To locally measure the mechanical

response, I adapted an AFM micro-rheology method that was previously implemented to

investigate the dynamic response of cells [175, 176]. In the experiments, single nuclei

were squeezed between a tipless cantilever and the substrate and exposed to low amplitude

sinusoids from 1Hz to 700Hz. Their effective stiffness was obtained for each of the

measurement frequencies. To identify the distinct regions of the nucleus, I repeated the

measurements at different indentation depths that were mapped to different nuclear re-

gions with finite element analysis (FEA). Finally, I applied the above-mentioned dynamic

indentations on nuclei that were isolated from multiple cell lines to be able to distinguish

typical and conserved features in the mechanical response of nuclei.
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6.3 Methods

The nuclei preparation was done at the University of Kent (Canterbury, United-Kingdom)

by Dr. Toseland’s group while I conducted the AFM measurements at Heriot-Watt Uni-

versity. To easily associate each work that has been done by a specific group, the following

method section is divided in two subsections. It should be noted that the biochemical

sample preparation described below is directly taken from my article [177] for the sake of

clarity.

If not mentioned otherwise, all chemicals came from Sigma Aldrich (St. Louis, USA).

6.3.1 Biochemical sample preparation (Toseland’s group)

• Nuclei isolation

HeLa, MCF-7, IMR-5 and HEK293 Cell lines were cultured at 37 ◦C and 5% CO2, in

Gibco MEM Alpha medium with GlutaMAX (no nucleosides), supplemented with 10%

heat-inactivated Fetal Bovine Serum (Thermo scientific, Waltham, USA), 100units/mL

penicillin and 100µg/mL streptomycin (Thermo scientific, Waltham, USA).

The nuclei isolation protocol was adapted from theCollas Lab protocol [178]. Cells, plated

at 90% confluency, were trypsinised in 0.05% trypsin/EDTA (Invitrogen, Carlsbad, USA)

and harvested by centrifugation at 415g, at 4 ◦C. Cells were washed once with ice-

cold phosphate-buffered saline (PBS), re-suspended in ice-cold Hypotonic Buffer (10mM

Hepes pH 7.5, 2mM MgCl2, 25mM KCl supplemented with 1mM phenymethylsulfonyl

fluoride (PMSF), 1mM dithiothreitol (DTT) and 1 x Halt Protease Inhibitor Cocktail

(Thermo Fisher Scientific, Waltham, USA)) and harvested by centrifugation at 15g, at

4 ◦C. Cells were then re-suspended in ice-cold hypotonic buffer and incubated for 1h on

ice. Cells were then homogenised on ice with a glass Dounce homogeniser (Wheaton,

Millville, USA) by performing 100-150 strokes, until 90% lysis was achieved. Cell lysis

was assessed on the TC20 Automated Cell Counter (Bio-Rad, Hercules, USA). Cell lysate

was supplemented with 125µL of 2M sucrose solution per mL of lysate and mixed well

by inversion. The lysate was centrifuged at 4 ◦C at 184g using a swinging bucket rotor.

The pellet, which corresponded to isolated nuclei, was further cleaned by re-suspension

in ice-cold Hypotonic Buffer plus 250mM sucrose and further centrifugation at 4 ◦C at

184g. The nuclei pellet was re-suspended in freezing medium (Hypotonic Buffer plus

70% glycerol) before storage at −80 ◦C.
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• Immunofluorescence and imaging

Purified defrosted nucleiwere immobilised onPoly-D-lysine (MW70,000-150,000) coated

13mm glass coverslips (ThermoFisher, Waltham, USA). Immobilised nuclei were stained

for 10min at 37 ◦C with 1µg/mm Hoechst 33342 (ThermoFisher, Waltham, USA) in

Hypotonic Buffer. Stained nuclei were fixed in 4% (w/v) paraformaldehyde (PFA) and

residual PFA was quenched with 50mM ammonium chloride. Nuclei were permeabilised

and simultaneously blocked with 0.1% (v/v) Triton X-100 and 2% (w/v) BSA in Tris-

buffered saline (TBS). Nuclei were then immunostained against the endogenous lamin

B with the rabbit anti-Lamin B1 polyclonal antibody (Abcam, Cambridge, UK) and

subsequently the donkey anti-rabbit Alexa Fluor 555-conjugated antibody (1:500, Abcam,

Cambridge, UK), both diluted in 2% (w/v) BSA in TBS. Coverslips were mounted on

microscope slides with Mowiol (10% (w/v) Mowiol 4-88, 25% (w/v) glycerol, 0.2M

Tris-HCl, pH 8.5), supplemented with 2.5% (w/v) of the anti-fading reagent DABCO.

Nucleiwere visualised using anOlympus IX71microscopewith a PlanApo 100xOTIRFM-

SP 1.49 NA objective mounted on a PIFOC z-axis focus drive (Physik Instrumente,

Karlsruhe, Germany), and illuminated with an automated 300W Xenon light source

(Sutter, Novato, USA) with appropriate filters (Chroma, Bellows Falls, VT). Images were

acquired using a QuantEM (Photometrics, Tucson, USA) EMCCD camera, controlled by

the Metamorph software (Molecular Devices, San José, USA). The whole volume of the

nuclei was imaged by acquiring z-sections with a spacing of 200nm. Images presented

here correspond to a middle section of the nucleus. Images were deconvolved with the

Autoquant X software applying blind deconvolution and analysed by ImageJ. The nuclei

diameter and lamina thickness was calculated by plotting x and y intensity profiles across

the nuclei. Point-to-point distances were thenmeasured across the peaks and nuclear body.

The quoted values were calculated from the average of the x and y values.

• Immunoblot analysis

Nuclei lysates were prepared by direct lysis of 4.106 freshly defrosted nuclei in NuPAGE

sample buffer, followed by 5min sonication. The total protein concentration of the nuclei

fraction was determined by a Bradford Assay following the manufacturer’s instructions.

Nuclei were heat-denaturated and resolved by SDS-PAGE on an 8% acrylamide gel. Pro-

teins were transferred to 0.45µm PVDF membrane using semi dry Power Blot Cassette

(Thermo scientific, Waltham, USA). The membrane was blocked for 2h at room tempera-

ture with 5% (w/v) skimmed dried milk, 0.1% (v/v) TWEEN-20 in TBS and then probed
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against lamin B by incubation with the rabbit anti-Lamin B1 polyclonal antibody (Abcam,

Cambridge, UK) and subsequently a goat anti-rabbit antibody coupled to horseradish

peroxidase (Abcam, Cambridge, UK). The bands were visualised using the ECL Western

Blotting Detection Reagents (Invitrogen, Carlsbad, USA) and the images were taken using

Syngene GBox system. Images were processed in ImageJ.

6.3.2 AFM, modelling and data analysis (my contribution)

• AFM sample preparation

The nuclei were defrosted and diluted 100 times in hypotonic buffer. Then, a volume of

100µL was deposited onto a 25mm coverslip which was mounted in the AFM liquid cell.

The solution was left 5min for adsorption. The surface was rinsed with the same buffer

used for the dilution to remove any unbound nuclei. During fluorescence imaging, 1µL of

a 104 times diluted BODIPY 500/510 C4, C9 stock suspension (Thermofisher, Waltham,

USA; 2mM in dimethyl sulfoxide) was added to label the nuclear membrane.

• Optical microscopy

The bright field andfluorescence optical imageswere recordedwith an invertedmicroscope

located beneath the AFM. A detailed description of this combined instrument can be found

in [109]. I used an oil immersion objective (Nikon, Minato, Japan; 100 × 1.49 NA) to

measure the dimensions of the nuclei from brightfield imaging while I employed a water

immersion one (Nikon, Minato, Japan; 60 × 1.27 NA) for the fluorescence imaging. The

water immersion objective was important to have a constant focus quality throughout

the nucleus which facilitated their 3D reconstruction from the fluorescence z-stacks. I

used an EM-CCD camera (Luca S-659, Andor technology, Belfast, UK) to record the

images. The magnification achieved was 97.5nm/pixel for brightfield and 166nm/pixel

for fluorescence, calibrated with a reference grid surface.

• 3D image reconstruction from fluorescence microscopy images

The adhesive contact radius and the deformation prior to indent the nucleus were measured

optically. To this end, HeLa nuclei were fluorescently labelled (BODIPY 500/510 C4,

C9 stock suspension, Thermofisher, Waltham, USA) and a z-stack containing 150 images

spaced by 166nm was recorded for each individual nucleus. Fluorescence excitation was

performed with a 488nm laser (Nichia, Anan, Japan). The objective scanner (PIFOC,

Physik Instrumente, Karlsruhe, Germany) of the inverted optical microscope was con-

trolled by a custom routine developed in LabVIEW (National instruments, Austin, USA)
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that also triggered the image acquisition on the camera with a 50ms exposure time.

I used ImageJ and the DeconvolutionLab plugin [178] to process the z-stacks using a

3D deconvolution and a point spread function derived from the Born and Wolf model

[179]. The figures shown are the maximum intensity of the projection of the deconvolved

z-stacks. The adhesion radius was estimated by plotting a circle around the nucleus to

obtain the intersection with the substrate.

• Contact mechanics model

The indentation, δ, of a sphere that is compressed by two planes is described by the double

contact Hertz model [180] following:

δ(F) = 2 ·
(
3 · F · (1− ν2)

4 · E ·
√

Rn

) 2
3

(6.1)

where Rn is the radius of the nucleus, E its Young’s modulus and ν its Poisson’s ratio.

This model is further modified to include the adhesion observed in the optical images.

The resulting model is derived by Alcaraz et al. [179] and is written as:

δ(F) = 2 ·
(
3 · F · (1− ν2)

4 · E ·
√

Rn

) 2
3

+

(
3 · (1− ν2) ·

(
F +6 ·γ ·π · Rn+

√
12 ·γ ·π · Rn · F + (6 ·γ ·π · Rn)

2 )
4 · E ·

√
Rn

) 2
3

−

(
9 ·γ ·π · (1− ν2)

E

) 2
3

· R
1
3
n

(6.2)

where γ is the surface adhesion energy and depends on the adhesive contact radius, RC ,

according to:

γ(RC) =
R3

C · E

R2
n ·π ·9 · (1− ν2)

(6.3)

RC(b) =
√

Rn · b (6.4)

where b is the initial deformation which is induced by the adhesion of the nucleus on the

substrate. It is written as b = 2 · Rn · (1− r) where Rn is measured in the optical images

while r is the height/width ratio, see the subsequent section.

• Atomic force microscopy

I performed all the dynamic nanoindentation experiments on an MFP-3D AFM (Asylum

Research, Santa Barbara, USA). I used triangular tipless MLCT-O10 cantilevers (Bruker,

Billerica, USA) that resonate around 22kHz in liquid. Their force constantswere calibrated
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with the built-in thermal noise method, 0.069 ± 0.003N/m (mean±s.e.m, n = 11).

• AFM micro-rheology

Before any experiment, I measured the dimensions of the nucleus of interest. To this

end, I first recorded a brightfield image to extract its average width defined as the mean

of the short and long axis. Then, the height was deduced with AFM by performing two

force spectroscopy curves: one on the apex of the nucleus and one on the substrate. The

difference in piezo extension gave me the height. To overcome the 10µm z-scanner range

when the nucleus was higher, I manually readjusted the height of the AFM head.

During the measurement itself, the cantilever was lowered until it reached the desired

indentation depth. Then, after a dwell of 1s to reduce the creep of the material, the

cantilever was brought into oscillation. The last was defined by a discrete chirp with an

effective amplitude of 25nm and frequencies increasing from 1 to 700Hz in 7.5s. More

specifically, the frequencies investigated were [1; 3; 10; 30; 60; 100; 200; 250; 350;

400; 500; 600; 700]Hz, during [5.0000; 1.6667; 0.500; 0.1667; 0.0833; 0.0500; 0.0250;

0.0200; 0.0143; 0.0125; 0.0100; 0.0083; 0.0071]s respectively. This ensured at least 5

periods of each frequency which facilitated the analysis by reducing the background noise

during the Fourier analysis. Finally, the cantilever was moved back to its original position.

In practise, to achieve a constant amplitude of the chirp over the complete bandwidth I

had to drive the cantilever at an amplitude that progressively grew with respect to the

frequency, [25.00; 25.00; 25.00; 26.65; 32.00; 42.50; 75.00; 110.50; 135.00; 150.00;

200.00; 250.00; 325.00]nm. This was done to overcome the non-linear response of the

Asylum MFP-3D z-scanner.

For the analysis, the deflection curves of the cantilever were converted into the complex

stiffness of the nucleus with respect to the frequency of excitation. The complex stiffness

considers the viscous and elastic property of the sample and is latter used with Eq.(6.2)

and Eq.(6.4) to deduce the apparent Young’s modulus, E∗. Nevertheless, to accurately

extract the mechanics of the nucleus, I had to correct the deflection measured from the

drag of the surrounding liquid which unfortunately adds to the deflection of the cantilever

cantilever at higher frequencies.

• Stiffness of the nucleus and phase shift

The program to analyse the data was written in MATLAB (Mathworks, Natick, USA).

The deflection and piezo scanner position signals were Fourier transformed, d̂( f ) and

ẑ( f ) respectively, using a rectangular-window to extract their modulus and their argument.

Then, the apparent stiffness, K( fi), with respect to the frequency of oscillation fi, was
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calculated according to:

K( fi) =
|F̂( fi)|
δ( fi)

=
kc · |d̂( fi)|
| ẑ( fi)| − |d̂( fi)|

(6.5)

where kc is the cantilever spring constant, δ( fi) the sample deformation in response of the

exerted load, F( fi). The circumflex corresponds to the Fourier transformation.

The phase shift, ∆θ( fi), between z and d was deduced from:

∆θ( fi) = arg(d̂( fi))− arg(ẑ( fi)) (6.6)

where arg is the argument of the complex signal.

• Cantilever drag correction

As mentioned above, the apparent stiffness of the cantilever and the phase shift calculated

with Eq.(6.5) and Eq.(6.6) respectively needed to be corrected from the effect of the drag,

which induces a higher K and ∆θ. To this end, I used Eq.(4) from the work of Alcaraz

et al. [179] to isolate the response of the nucleus. In a nutshell, the dynamic oscillations

were performed at multiple positions away from the substrate free from the nuclei. The

deflection of the cantilever and the phase shift between the drive and response signal

resulted only from the hydrodynamic drag and the instrument electronics. They were

parametrised at each frequency and at each cantilever-substrate distance, see Appendix I.

Then, the derived values at a distance which corresponds to the height of the investigated

nucleus minus the indentation depth was subtracted from the measured deflection.

• Calculating E∗, E′ and E”

Since the nucleus presents a viscoelastic response, the calculated apparent stiffness cal-

culated also contains the unknown contribution of the viscosity and the elasticity. Yet,

the exact ratio can be estimated after converting the measured stiffness into an apparent

Young’s modulus, E∗, also referred as dynamic modulus. At first, I deduced the initial

contact radius with Eq.(6.4) prior to perform the dynamic indentation. Then after apply-

ing the drag correction I acquired the proper force and indentation amplitudes during the

measurements. The apparent Young’s modulus was numerically calculated after incorpo-

rating Eq.(6.4) into Eq.(6.2) and decomposed into the elastic modulus, E′, and the viscous

modulus, E”:

E∗( fi) = E′( fi)+ j · E”( fi) (6.7)

112



6. Dynamic AFM reveals structural non-uniformities in isolated nuclei

with E′( fi) = E∗( fi) · cos
(
∆θcorrected( fi)

)
and E”( fi) = E∗( fi) · sin

(
∆θcorrected( fi)

)
.

Ultimately, I also calculated the loss tangent which is defined as:

LossTangent( fi) =
E”( fi)
E′( fi)

= tan
(
∆θcorrected( fi)

)
(6.8)

• Fitting of E∗ with a power law

On a double logarithmic scale the dynamic modulus presents two distinct linear regions,

above and below 100Hz. Each region can be described by a power law function of

the form E∗( f ) ∝ f α, where α is the power law exponent and f the frequency. After

logarithmic transformation, this equation is written as log
(
E∗( f )

)
∝ α · log( f ). Thus, the

fitting routine can be simplified and reduced to a simple linear fit, instead of a non-linear

regression, to extract the power law coefficient of each region.

• Finite element analysis of nucleus deformation

All models were developed with Comsol Multiphysic 5.2a (Comsol, Stockholm, Sweden).

To mimic the nucleus geometry, I modelled a continuous sphere with a 5.5µm radius

(average values measured) lying on a fixed plane. Its mechanical properties were: a 2kPa

Young’s modulus and a Poisson’s ratio of 0.4 to be in line with the AFM experiments. To

best match the initial contact area due to adhesion seen with optical microscopy, I applied

a load over the lower boundary of the sphere which was adjusted until a contact radius

of 4.5µm was found. Eventually, the tipless cantilever, modelled by a 10 ◦ tilted plate,

was lowered in discrete steps to compress the sphere. The force field was implemented by

contact penalty method [107].

In the case of the computations in which the Young’s modulus is not homogeneous within

the sphere I developed 2D axisymmetric models to reduce the required computation time.

In these models, the plate was not titled but parallel to the surface (as I found the tilt

effect of the cantilever can be neglected) and the initial deformation was not included.

The variable Young’s modulus was implemented by a linear function with negative slope

from 0.3kPa at the outer region to 10kPa at the centre. A linear decrease is the simplest

assumption but this does not exclude that a non-linear function would give a better match.

I described the lamin layer by a 100nm thick coating with a Young’s modulus of 200kPa.

It resulted in a bulk modulus of 24mN/m, as previously reported [173]. The mechanical

response of this thin coat is dictated by in-plane stretching and not by bending. The exact

thickness of the lamin layer is then not critical as long as the bulk modulus is coherent.

113



6. Dynamic AFM reveals structural non-uniformities in isolated nuclei

6.4 Results and discussion

6.4.1 Contact mechanics

During the experiments, the nucleus was effectively compressed between the supporting

cover glass on one side and the tipless AFM cantilever on the other, Figure 6.1. Although

a simple analysis of the resulting force spectroscopy curve would allow me to convert the

measured stiffness of the nucleus into its elastic modulus, I first had to better understand

the geometrical constrains between the nucleus and both surfaces to accurately select the

contact model that best describes the experimental conditions. Indeed, if the nucleus

would behave like a simple homogeneous sphere bare from any initial deformation and

solely compressed between 2 parallel plates, basic Hertzian contact mechanics could be

used to extract its mechanical properties. However, if the system is more complex, the

above-mentioned model would lead to severe deviations of the measured mechanics.

Previously, AFM has been combined with confocal microscopy to observe the shape of

whole cells while they were deformed with a tipless cantilever [181]. Here, I used the

previously described combined fluorescence microscope with AFM [109] to visualise the

morphology of deformed nuclei during the measurements. The nuclear membrane was

labelled with a membrane dye and a stack of images was recorded with the fluorescence

microscope. The images were then combined into a 3D representation of the nucleus

which was used to estimate the experimental conditions, thus, the appropriate contact

mechanics model to use.

Figure 6.1: Defining the adhesive contact during the deformation of nuclei. Top-view

microscopy images of a single nucleus resting on the cover glass before and after lowering

the AFM cantilever, (a) and (b) respectively. Scale bars: 10µm.
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Figure 6.2: Defining the adhesive contact with fluorescence. Side-view projections

generated from a z-stack of fluorescence microscopy images before and after lowering the

AFM cantilever, (a) and (b) respectively. Scale bars: 10µm.

Figure 6.2 shows that the nucleus was already deformed before any mechanical measure-

ments as its bottom is flattened but also that the tipless cantilever is tilted by 10 ◦ with

respect to the substrate. As a result, I concluded that Hertz’s model is obviously not

sufficient to properly describe the compression of nuclei.

• Adhesive contact estimation

The 3D representation of the nucleus reconstructed from the fluorescence images were

also used to estimate the adhesive contact between the nucleus and the cover glass. I found

that the radius of this adhesive contact ranged from 3 and up to 6µm.

Nonetheless, labelling the nuclei to measure the initial contact may influence their mecha-

nical response to stimuli. To overcome this limitation, I developed an alternative strategy

to obtain the adhesive contact. Figure 6.2 shows that the adhesion of the nuclei onto the

substrate induced a reduction in height, assuming that the nuclei are spherical. Thus, it

is possible to estimate the adhesive contact radius from this aspect ratio. To this end, I

combined optical microscopy to assess the lateral dimensions of the nucleus with AFM

to measure its height. Then, I derived the initial deformation, b, from the ratio, r , of the

vertical and lateral dimension, b = 2 · Rn · (1− r) with Rn the nucleus radius. To appraise

the goodness of this new strategy I compared the deformations measured with and without

fluorescent labelling, see Figure 6.3. The calculated values were in good agreement with

the experimentally measured ones (within 15%) and allowed me to estimate the initial

deformation by only measuring the dimensions of the nuclei with optical microscopy,

which is non-invasive. This removed the need to perform force spectroscopy curves on

top of the nuclei and thus possible cantilever contamination or adhesion of the nuclei on

the cantilever, which happened many time and forced me to bin directly the cantilever.
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Figure 6.3: Defining the contact radius between nucleus and substrate. The adhesive

contact radii of five nuclei of different sizes as measured from fluorescence side-view

projections are described well by the height/width ratio calculation. Inset: principle of

the height/width ratio calculation.

Table 6.1: Dimensions of the nuclei studied in this research. The dimensions are

mean ± s.e.m. The height was measured with AFM while the width was estimated from

optical microscopy top-view images.

Cell line Height [µm] Width [µm] Height/width n

Hela 10.91 ± 0.59 12.73 ± 0.54 0.86 ± 0.03 23
IMR5 6.19 ± 0.35 8.32 ± 0.16 0.77 ± 0.02 21
HEK 8.31 ± 0.26 10.06 ± 0.18 0.83 ± 0.03 29
MCF7 15.95 ± 0.66 17.99 ± 0.51 0.88 ± 0.03 20

The above-mentioned strategy was used for all subsequent analysis to estimate the dimen-

sions of the nuclei, therefore their initial contact area, Table 6.1.

• Effect of the tilt of the cantilever

The other aspect to take into account was the contact area between the cantilever and the

nucleus, which depends on the tilting angle. At first, I set out to estimate this area by us-

ing different fluorescence side-view projections recorded at different compression forces.

Unfortunately, this resulted in unclear blurry reconstructions as the AFM cantilever was

insufficiently defined during the fluorescence measurements. Furthermore, it was very

challenging to keep the cantilever position constant during the image acquisition (data not

shown). I decided to find an alternative method.
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Because the cantilever was tilted by 10 ◦ with respect to the substrate, the total load from

the cantilever gains a lateral component that influences the measured mechanics. To

address the impact of this lateral force, I modelled a nucleus with an initial adhesive

contact area and being compressed by either a parallel or a 10 ◦ tilted plate. The FEA

resulted in a small discrepancy of approximately 10% between the two plate geometries

in the computed force spectroscopy curves, as shown in Figure 6.4. Thus, the tilting of the

tipless cantilever does not have a large impact on the measured mechanics, which is in line

with earlier experiments [179]. I compared the FEA computed force curveswith thewidely

used Hertz theoretical model, which accounts neither for the adhesive contact nor for the

tilt of the cantilever. As expected, the variation between both models is considerable,

approximately 40%, which indicates that the initial deformation of the nucleus has more

impact on the measured stiffness than the tilting of the cantilever. Recently, a modified

Hertz model that takes into account the adhesive contact area of spherical particles was

analytically derived [182]. For comparison, I included the model in Figure 6.4. Even if

it still predicts a response that is approximately 25% softer than the FEA, I chose this

model to quantify the nuclei mechanics in the subsequent experiments for the sake of

reproducibility by eventual follow-up experiments.

Figure 6.4: FEA simulation of the initial adhesion and the cantilever angle effects. I

computed the compression of a 2kPa sphere with adhesive contact by a horizontal (black

solid line) and 10 ◦ tilted plate (grey solid line). For comparison, I added two analytical

solutions according to the Hertzian theory (black dashed) and an extension of this model

that takes into account the adhesive contact [180] (grey dashed).
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6.4.2 Viscoelasticity is not homogeneous through the nucleus

• Measurement principle

After having established the experimental contact conditions and thus the appropriate

mechanical model to apply, I performed micro-rheology measurements, also called dy-

namic nanoindentation, to separate the viscous properties from the elastic properties of

the nuclei. Figure 6.5 shows the measurement principle: when the tip reached the desired

indentation depth the piezo-element holding the tipless cantilever was oscillated with a

sequence of sinusoids. As a result, the deflection of the cantilever with respect to the

oscillatory motion of the piezo-element reflects directly the viscoelastic properties of the

nucleus. Prior further investigation, I controlled whether successive dynamic oscillations

on a nucleus would affect the mechanical properties measured due to memory effects, see

Figure 6.6. Since the measured amplitude remained similar in all control experiments

it confirmed that the nucleus does not exhibit memory effects and that I could perform

multiple successive measurements without altering the nuclei behaviour.

Hereafter, I defined the measured modulus as the apparent Young’s modulus, E∗, which

is the sum of the elastic, E′, and viscous ,E”, moduli.

Figure 6.5: Dynamic nanoindentation principle. After reaching the desired indentation

depth, the piezo-element supporting the cantilever base was oscillated with successive

sinusoids of increasing frequencies but constant amplitude (black). In return, the cantilever

will follow this oscillation but with a reduced amplitude (grey). This damping is caused

by the compliance of the nucleus and the drag of the surrounding buffer.
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Figure 6.6: Memory effect experiments. (a) First frequency sequence (grey) and second

one (black) for 4 different nucleus from three different cell lines, HeLa, IMR5 and MCF7.

(b) The differences are mostly below 10% and do not show a systematic trend.

• Viscoelastic measurement

First, I focus on the viscoelastic properties of HeLa nuclei at low frequencies (1Hz) which

is a common velocity in typical AFM force spectroscopy experiment. As compared to

a cell, the nucleus has a more homogeneous structure mainly described by its nuclear

envelope and its chromatin contents. Thus, one may expect that its mechanical properties

should be relatively constant at increasing deformations as compared to cells that show

a response that is length-scale dependent [171]. To test this, I performed the dynamic

nanoindentation experiments at different indentation depths to identify the mechanics of

the nucleus regions. By changing the exerted force from 1 to 15nN I indented the nuclei

by 0.5 to 2.6µm.
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Figure 6.7: Viscoelastic response of HeLa nuclei. The apparent Young’s modulus

increases with respect to the frequency of oscillation and indentation depth and can be

described by two distinct power laws, below and above 100Hz (dashed black lines). The

power law coefficients, α, are included. The data shown is the mean±s.e.m of the log

transformed data (shaded area).

Figure 6.7 shows that the apparent Young’s modulus of the nucleus at 1Hz is however

not constant but increases at larger deformations: it grows nearly a 3-fold from 2kPa at

0.5µm to 6kPa at 2.6µm indentation depth. This aspect suggests the presence of spatial

differences in the arrangement of the nucleus.

When the nucleus mechanics is measured at higher frequencies, its apparent modulus

grows accordingly, as shown in Figure 6.7. In an interesting manner, this increase also

depends on the indentation depth. Indeed, the slope of the curves is not constant but

increases with the frequency at low indentation depth, whereas at high deformations it is

almost constant. Furthermore, the dynamic modulus presents two distinct linear regions,

above and below 100Hz, which is consistent with earlier reports [183, 184]. In Figure 6.7,

the curves are plotted on a double logarithmic scale to facilitate the reading. Then, a

constant slope indicates that the nucleus behaviour can be described by a power law

function with a constant exponent, α, such as: E∗( f ) ∝ f α, where f is the frequency.

At low deformation, 0.5µm, the power law exponent goes from 0.22 below 100Hz to

0.60 above 100Hz, a 172% increase, while remaining nearly constant around 0.30 at both

1.2µm and 2.6µm indentation depths (109% and 64% increase respectively). A high α

value indicates that the nucleus is more sensitive to changes in the deformation rate.
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Figure 6.8: Viscous contribution of HeLa nuclei. The apparent Young’s modulus can

be decomposed in its viscous and elastic components which are used to calculate the loss

tangent. The data is shown as the mean±s.e.m of the log transformed data (shaded area).

In order to assess the impact of the viscous properties in the measured dynamic response, I

calculated the loss tangent which is the ratio between viscous and elastic components of the

apparent Young’smodulus, see Figure 6.8. At large deformation the loss tangent equals 0.3

which indicates that the viscous contribution is small. Furthermore, it remains low along

the full frequency range. On the other hand, at low indentation depth, it increases up to

0.7 at higher frequencies showing a stronger viscous response. The change in viscosity at

different deformation further supports the presence of spatial variation within the nucleus.

To test my hypothesis that a variation in the organisation of the nucleus causes the observed

mechanical response, I modelled with FEA the nucleus as a continuous spherical body of

which the elastic modulus is a function of the distance to its centre, see Figure 6.9. First,

I confirmed that a constant Young’s modulus did not match the experimental behaviour,

even after adding an extra stiff layer to mimic the presence of the nuclear lamina. Then,

I computed the next simplest assumption which is that the Young’s modulus increases

linearly towards the centre of the nucleus, described by a linear function with negative

slope from 0.3kPa at the outer region to 10kPa at the centre. The computed Young’s

moduli followed the same trend than the experiments and confirmed my initial hypothesis

(the exact function to perfectly match the AFM data was not determined). This also

suggests that the chromatin is less dense packed and/or contains less cross-links towards

the outside.
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Figure 6.9: Using FEA to model the spatial differences. For comparison, the experi-

mental data at 1Hz is added.

6.4.3 The elasticity of the nucleus scales with its size

So far I used HeLa nuclei as my model system, however, nuclei from different cell types

have diverse morphologies, which may have a large effect on their mechanical properties.

Earlier work showed that all major lamin subtypes are determinants for nuclear shape

[159, 185]. As a result, I compared nuclei from 4 different cell lines, HeLa, IMR5, HEK

and MCF7 which lamins B were stained to screen if they play a role in regulating the size

of the nuclei, therefore their mechanics, see Figure 6.10.

Figure 6.10: Comparing the shape and composition of various nuclei (Toseland’s

group). (a) Example images from immunofluorescence staining against Lamin B with

Hoechst staining for DNA in isolated IMR5, HEK, HeLa and MCF7 nuclei. Scale bars

= 10µm. (b) Western blot showing the presence of lamin B in the nuclear extracts. The

samples were normalised to total protein content in the nuclear extract.
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Table 6.2: Lamina quantity in the nuclei. The values shown are the mean±s.e.m. The

lamina quantity, defined as the ratio between the nucleus volume and the volume of the

lamina shell, is almost the same in all the nuclei.

Cell line Lamina thickness Nucleus diameter Lamina quantity n
[µm] [µm]

IMR5 0.99 ± 0.05 8.9 ± 0.2 1.42 18
HeLa 0.62 ± 0.04 11.4 ± 0.4 1.18 33
HEK 0.85 ± 0.04 11.6 ± 0.4 1.26 20
MCF7 0.68 ± 0.02 15.6 ± 0.3 1.14 20

The values of the lamina thickness for each cell line are contained in Table 6.2 and shows

that the quantity of lamina inside each nucleus is approximately identical, 1.25 ± 0.11

(mean±std), but organised as a thicker layer for smaller nuclei. A thicker lamina may

enable greater compression of the chromatin to generate a higher packing density, as

would be required in smaller nuclei, assuming the same chromatin content between small

and large nuclei. Despite the difference in nuclear size, the quantity of chromatin inside,

at least based on karyotype, will be approximately identical in the different mammalian

cell lines tested here. Therefore, the larger MCF7 nuclei would have their chromatin less

densely packed which should result in a lower Young’s modulus. To test this, I compared

the stiffness of nuclei obtained from the four different cell lines, Figure 6.11.

Figure 6.11: Apparent Young’s modulus measured at 1Hz. E∗ scales with the inverse of

the nucleus squared radius as shown by the fit: log
(
E∗(r)

)
∝ α · log(r) with α±ste equals

−2.21 ± 0.05 (χ2 = 0.65) and −2.16 ± 0.01 (χ2 = 0.84) at 1nN and 15nN respectively.
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The quantitative response, i.e., the apparent Young’s modulus at a given deformation and

frequency, varies with more than one order of magnitude but scales almost perfectly with

the reciprocal of the radius squares of the investigated nuclei. Although the chromatin

packing density, seen through the dimensions of the nuclei, has a large effect on the re-

sponse, the difference at small and high indentation depths is preserved, which suggests

that the observed chromatin softening towards the outside is not due to spatial differences

in density.

The qualitative response of all nuclei types can be estimated by comparing the slopes of

the apparent Young’s modulus versus frequency above and below 100Hz. Figure 6.12

shows that the behaviour of the different nuclei was nearly identical and unrelated to their

size. Similar to what was shown in Figure 6.3, the nuclei modulus increased with the

frequency while the contribution of the viscosity is small and only plays a larger role at

small deformations and higher frequencies. The individual responses of the nuclei can be

found in Appendix II.

All the measurements were performed on nuclei that were stored at −80 ◦C. To en-

sure that the storage temperature did not affect the mechanical properties of the nuclei I

also performed measurements on HeLa nuclei that were freshly prepared. These nuclei,

’HeLa fresh’ were larger than the HeLa ones by 35%, 17.2 ± 0.39µm (mean±s.e.m,

n = 16). Furthermore, to emphasise the relationship between nucleus dimension and

Figure 6.12: Further mechanical properties of nuclei from different cell lines. All

nuclei show (a) a slope of the modulus vs. frequency response and (b) a loss tangent that

only increase when probed at small deformations and at high frequency.
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apparent Young’s modulus, I have measured HeLa nuclei that were subjected to hypo-

tonic conditions to induce osmotic swelling. Under these conditions, the nuclei were

20.7 ± 0.61µm (mean±s.e.m, n = 10), thus 63% bigger than the HeLa nuclei. The mea-

surements showed that although the process of freezing induces shrinkage of the nuclei,

the mechanical properties are fully consistent, see Figure 6.13.

Figure 6.13: Mechanical response of HeLa stored under different conditions. (a) At

low frequencies, the difference between the HeLa samples is very small. However, at high

frequencies, the swelled nuclei have the highest slope. (b) Variations in the loss tangent

are noticeable at high frequencies. (c) The response of ’HeLa fresh’ (black) and ’HeLa

swelled’ (in grey) reveal a size-dependent behaviour similar to that of the nuclei of the

different cell lines, the larger, the softer. To facilitate the comparison, the dynamic moduli

from the HeLa, IMR5, HEK and MCF7 nuclei are added in bright grey.
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6.5 Conclusion

In this experimental work, I have defined the viscoelastic properties of isolated nuclei. By

varying the deformation in combinationwith finite element analysis I identifiedmechanical

inhomogeneities in the chromatin. Such a detailed understanding of the viscous and elastic

properties at different indentation depths is novel and will help to understand nucleus

deformations that are observed in migrating and differentiating cells. Furthermore, my

results pave the way to employ the nucleus as a calibrated intrinsic force sensor for cell

and tissue mechanical measurements. By observing the fluctuations in shape and knowing

the mechanical response of the nucleus the responsible forces can be reconstructed.

My results also shed more light on what structural features of chromatin define its ability

to be transcriptionally active. The apparent Young’s modulus for nuclei of different cell

lines varies by more than one order of magnitude. The dimension, controlled by the

nuclear lamina, is the main parameter that determines the elastic response of the nuclei

via its compaction. Because of this large variation it is unlikely that gene expression is

regulated by simple mechanical compaction of chromatin.

A feature that all nuclei, small and large, share is that they are softer and more viscous

towards their outside. If this softeningwould be solely caused by a reduced density then it is

expected that especially in the smaller, thus more compressed, nuclei this difference would

disappear, which it does not. It is therefore unlikely that the looser chromatin structure that

I consistently observed at the outside of the nuclei is a result of a lower density. Instead

I speculate that the degree of cross-linking determines the measured elasticity gradient

and is an important feature to regulate transcription. In the nuclear core the cross-linking

is higher, which results in higher stiffness but also limits gene expression. Towards the

outside of the nucleus the cross-linking is reduced which facilitates gene expression in this

region, which has also been observed [167], and results in a lower elastic modulus and an

increased viscosity.
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Appendix I: Drag coefficients and correction

All functions cited are MATLAB built-in functions.

Estimation of the drag forces

According to Alcaraz et al. [179], the drag forces exerted on a cantilever can be written as:

Fdrag(h,t) = ca(h) ·v(t) (6.9)

with ca(h) the drag coefficient with respect to the distance cantilever-substrate, h, and v

the relative velocity of the cantilever with the surrounding liquid.

It should be noted that for v = Ûz(t), Eq.(6.9) has a similar notation than Eq.(2.15) in

chapter 2. To estimate the drag coefficients, I first derived themechanical transfer function,

Ha( fi), with respect to the frequency of oscillation, fi [179]:

Ha( fi) =
kc · d̂( fi)

ẑ( fi)
(6.10)

with kc the cantilever spring constant, ẑ( fi) and d̂( fi) the Fourier transformation results at a

frequency fi of the z-piezo signal, z, and deflection signal, d, respectively. The circumflex

corresponds to the Fourier transformation. The signals were transformed using the FFT

function. The corresponding drag transfer function is written as [179]:

Hd( fi) =
kc · Ha( fi)
kc −Ha( fi)

(6.11)

The drag transfer function is then a complex number due to the Fourier transformation

of the signals. It was further separated into an in-phase, H′d( fi), and an out-of-phase,

Hd
′′( fi), component: Hd( fi) = H′d( fi)+ j · Hd

′′( fi) = real
(
Hd( fi)

)
+ j · imag

(
Hd( fi)

)
, using

the real and imag functions. The drag coefficient was extracted from the slope of the

linear fit of the Hd
′′( fi) function versus fi [179] using the polyfit function, an example

being given in Figure 6.14. Experimentally, I performed multiple dynamic oscillations,

as previously described, at different distances from the substrate and measured the z-

piezo and deflection signals needed for the calculation of the coefficients. Furthermore, I

repeated the measurements and the calculation after performing the oscillations on top of

a random nucleus to assess the impact of the sample on the measured drag, see Table 6.3.
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Figure 6.14: Drag coefficient calculation. An example of the imaginary part fitting of

the drag transfer function. The measurements were taken 30µm away from the surface.

The drag coefficient found was b(h = 30µm) = 1.45e−5 ± 2.42e−7N.s/m (value±ste).

Table 6.3: Drag coefficients. The coefficients were estimated from the slope of the linear

fit. The χ2 is also shown as goodness of fit parameter. Left: measurements above the

bare substrate. Right: measurements above a nucleus. The distance is always given as

the distance to the surface.

Substrate Nucleus
Distance ca ste χ2 Distance ca ste χ2

[µm] [N.s/m] [N.s/m] [µm] [N.s/m] [N.s/m]

0.5 2.05e−4 1.41e−5 0.95 11.2 2.15e−5 6.18e−7 0.98
1 7.28e−5 3.23e−6 0.98 11.5 2.12e−5 5.78e−7 0.98
4 4.22e−5 1.89e−6 0.98 11.7 2.10e−5 5.55e−7 0.98
6 3.33e−5 1.06e−6 0.99 12.0 2.07e−5 5.14e−7 0.98
8 2.65e−5 9.68e−7 0.98 12.5 2.05e−5 5.97e−7 0.98
10 2.25e−5 8.00e−7 0.99 13.0 2.01e−5 4.86e−7 0.99
12 2.02e−5 7.11e−7 0.99 14.0 1.93e−5 4.75e−7 0.99
14 1.90e−5 4.96e−7 0.99 16.0 1.82e−5 3.38e−7 1.00
16 1.80e−5 3.75e−7 0.99
20 1.63e−5 3.72e−7 0.99
21 1.63e−5 4.34e−7 0.99
22 1.55e−5 3.18e−7 0.99
24 1.50e−5 3.59e−7 0.99
27 1.47e−5 4.06e−7 1.00
30 1.45e−5 2.42e−7 1.00
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Figure 6.15: Drag coefficient during the experiment. The coefficients were obtained

by performing the dynamic oscillations at increasing cantilever-substrate separations,

black. Experiments on top of a nucleus, gray, show that it does not impact the drag forces

measured. The drag coefficient decreases when the cantilever is further away from the

substrate, as expected [179]. The standard errors are displayed in Table 6.3 but not shown

to facilitate the comparison between measurements on bare substrate and on nuclei.

This step allowed me to estimate that the nucleus has only a small effect on the drag forces

felt by the cantilever, see Figure 6.15. The corrections needed can then be parametrised

from the drag measurements from the substrate only. It should be noted that here the drag

coefficients include also the effect of the electronics lags.

Correction from the drag forces

To effectively correct themeasurements on nuclei for the drag, I parametrised its effect with

respect to the cantilever-substrate distance. To do so, I performed dynamic oscillations at

various cantilever-substrate distances. For each distance and frequency, I calculated the

phase shift between driving and deflection signals as well as the ratio:

Kdrag(h, fi)
kc

=
|d̂drag(h, fi)|

| ẑdrag(h, fi)| − |d̂drag(h, fi)|
(6.12)

with Kdrag( fi) the apparent stiffness measured because of the drag forces normalised with

the spring constant of the cantilever. Since no nuclei were present on the substrate, these

values were only the effect of the viscous behaviour of the liquid and the electronics.

129



6. Dynamic AFM reveals structural non-uniformities in isolated nuclei

Figure 6.16: Phase shift fitting. An example of the phase shift fitting for a frequency of

oscillation of 700Hz. The fit, in black, gave an adjusted χ2 > 0.99.

Then, the phase shift and the normalised apparent stiffness versus fi curveswere parametrised

with respect to the cantilever-substrate distance, h, using a generic function y(h) =

A+ B · exp (C · h)+D · exp (E · h) where A,B,C,D, E are unknown parameters. The latter

were estimated with the robust bisquare option from the non linear regression function

nlinfit and iterative least square minimisation. The initial guesses for the parameters

were [0.1;−0.1;100;−0.1;100] and [0.1;0.1;5 ·105;0.1;5 ·104] for the phase shift and

normalised apparent stiffness curves respectively. I computed the adjusted χ2 value for

each fit. Figure 6.16 shows an example of the fitting result of the phase shift with the

generic function. Table 6.4 resumes the fitting parameters found and goodness of fits. The

fits were rather difficult at low frequencies, adjusted χ2 � 0.99, especially in the case of

the phase shift. However, they were robust enough in the majority of the cases, adjusted

χ2 > 0.99 in 65% cases, and for the sake of reproducibility, I kept all fitting results.

Alcaraz et al. [179] estimated that a mechanical transfer function, H( fi), can be written

as the ratio between the Fourier transformation of the force measured, F̂, and the indenta-

tion, δ, such as H( fi) = F̂( fi)/δ( fi), with respect to the frequency of oscillation, fi. The

mechanical transfer function of the nuclei, Hn( fi) equals then:

Hn( fi) = H( fi)−Hdrag( fi) (6.13)

with H( fi) the uncorrected transfer function measured and Hdrag( fi) the effect from the

drag forces.

130



6. Dynamic AFM reveals structural non-uniformities in isolated nuclei

Table 6.4: Drag parametrisation. The coefficients were estimated using a robust bisquare

option of the non linear regression. The adjusted χ2 is also shown as goodness of fit

parameter.

Phase shift ∆θdrag( fi)
Frequency A B C D E χ2

[Hz] [rad] [rad] [m−1] [rad] [m−1]

1 1.74 −1.53 67788.22 −1.53 67748.23 0.43
3 2.80 −0.85 −3024.43 −0.85 −3387.80 0.33

10 1.56 −0.04 133736.25 −0.04 133664.64 0.17
30 2.42 −0.83 −2381.25 −0.07 153955.41 0.12
60 1.65 −0.08 159478.88 −0.08 159562.32 0.86

100 18.53 −16.95 252.21 −0.37 679738.22 0.84
200 2.02 −0.19 362838.04 −0.43 44583.73 0.99
250 2.63 −0.77 4059.67 −0.47 124388.01 0.99
350 2.27 −0.45 193047.02 −0.56 19935.43 0.99
400 2.06 −0.69 78597.05 −0.15 509603.12 0.99
500 2.00 −0.43 128749.04 −0.43 128752.51 0.99
600 3.46 −0.91 163776.58 −1.48 2262.96 0.99
700 2.42 −0.37 12742.82 −0.93 164320.21 0.99

Normalised apparent stiffness Kdrag( fi)/kc
Frequency A B C D E χ2

[Hz] [rad] [rad] [m−1] [rad] [m−1]

1 −0.00 −0.00 2146500.31 0.00 46069.73 0.73
3 0.44 0.00 27334159.30 −0.44 −190.30 0.64

10 0.06 −0.03 −4880.42 −0.02 −4858.19 0.67
30 −0.06 0.07 2331.21 0.04 288422.97 0.99
60 −0.08 0.10 3231.45 0.09 285915.59 0.99

100 −0.19 0.17 289619.35 0.23 2198.65 0.99
200 −0.01 0.34 311084.59 0.09 16137.71 0.99
250 −0.06 0.48 305684.05 0.15 7877.71 0.99
350 0.05 0.68 330237.10 0.10 32447.33 0.99
400 −0.41 0.85 318609.02 0.56 3101.35 0.99
500 0.12 1.48 417272.80 0.20 74511.21 0.99
600 0.16 1.81 438628.44 0.23 87213.75 0.99
700 0.23 0.51 147081.14 2.80 549218.25 0.99

During the data analysis, I extracted separately the phase shift, ∆θ( fi), and the apparent

stiffness, K( fi), of the overall behaviour of the cantilever (thus it included the effect of

drag but also the effect of the nucleus):

K( fi) =
|F̂( fi)|
δ( fi)

= kc ·
|d̂( fi)|

| ẑ( fi)| − |d̂( fi)|
(6.14)
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These values were mapped to polar coordinates. To make the correction simple, they were

transformed into Cartesian coordinates:

x = K( fi) ·cos
(
∆θ( fi)

)
(6.15)

y = K( fi) · sin
(
∆θ( fi)

)
(6.16)

using the pol2cart function.

In parallel, I calculated the corresponding phase shift and the normalised apparent stiff-

ness from the drag, thanks to the parametrisation of the drag effect with respect to the

frequency and cantilever-substrate distance, at the distance cantilever-substrate defined

as the nucleus height minus the indentation depth, and transformed them as well into

Cartesian coordinates, xdrag and ydrag.

The corrected values, in polar coordinates, were defined as:

xcorrected = x− xdrag (6.17)

ycorrected = y− ydrag (6.18)

and transformed back into polar coordinates with cart2pol, giving the values∆θcorrected( fi)

and Kcorrected( fi) = |F̂corrected( fi)|/δcorrected( fi) corrected from the effect of drag and

electronics lags.

Then, I assumed that while the forces during the experiments were not constant, the

indentation depth at which they were conducted was. Thus:

δcorrected( fi) = δ( fi) (6.19)

and

Fcorrected( fi) = Kcorrected( fi) ·δ( fi) (6.20)

Fcorrected( fi) and ∆θcorrected( fi)were used to calculate the dynamic modulus of the nuclei.
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Appendix II: Individual elastic and viscous responses

The following figures show the nuclei response of each cell line (mean±s.e.m of the

log transformed data (shaded area)). I recall that the elastic modulus, E′( fi), and the

viscous modulus, E”( fi), are given by E′( fi) = E∗( fi) · cos
(
∆θcorrected( fi)

)
and E”( fi) =

E∗( fi) · sin
(
∆θcorrected( fi)

)
. See section 6.3 for more details.

Figure 6.17: The elastic (E′) and viscous (E”) response of the IMR5 nuclei. These were

the smallest nuclei probed and showed the stiffest response.

Figure 6.18: The elastic (E′) and viscous (E”) response of the HEK nuclei.
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Figure 6.19: The elastic (E′) and viscous (E”) response of the HeLa nuclei.

Figure 6.20: The elastic (E′) and viscous (E”) response of the MCF7 nuclei. These

were the biggest nuclei probed and showed the softest response.
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Figure 6.21: Frequency dependent elastic response of fresh HeLa nuclei. HeLa fresh

nuclei were directly investigated after isolation to avoid storage at −80 ◦C.

Figure 6.22: Frequency dependent elastic response of swelled HeLa nuclei. HeLa

swelled nuclei were HeLa nuclei, previously stored at −80 ◦C, which were subjected to

hypotonic conditions to induce osmotic swelling.
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