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Chapter   1 

Introduction to vesicle mechanics at 
the nanoscale



2

Chapter 1 

1.1 On the role of mechanical stimuli in cell biology

From our own experience we know that we sense and respond to mechanical 
stimuli from our environment. This is true for e.g. forces applied to our body; 
consider stubbing your toe against a piece of furniture or the stiffness of sur-
faces we are in contact with; consider sleeping on a soft mattress opposed to 
a stiff hardwood floor. Hence, organisms clearly respond to their mechanical 
environment. But are our cells, which make up our body also influenced by this 
type of stimuli? Classically, mostly the impact of the chemical surroundings (e.g. 
cytokines, growth factors, peptides, hormones) of a cell is considered. 

However, more recently it has become clear that cells do respond strongly to 
their mechanical surroundings. Perhaps one of the most striking, findings is that 
stem cells (i.e. a cell with the ability to become different cell types), showed di-
verse differentiation based on the stiffness of their substrate1. Cells respond to 
other mechanical stimuli and forces are now recognized as a major regulator of 
cellular function. These findings are of great importance for both development 
and in diseases (e.g. cancer), in which mechanical environment of cells is altered, 
which in turn affects the behavior of the cells. Much research has been focused 
on finding the subcellular components responsible for sensing these mechanical 
stimuli.

This thesis is motivated by the role of two mechanical stimuli: the focus lies on 
the influence of particle stiffness for cellular uptake; the second stimulus is the 
role of gravity at the cellular level.

1.1.1 Influence of particles stiffness for cellular uptake

A process in which the influence of mechanics is poorly understood is in the 
uptake of nanoparticles by cells. Returning to the comparison with mechanical 
stimuli at the organism level, one could draw the comparison with eating foods 
in different forms, such as the difference between a crusty and a soggy bun or 
a tender and a chewy piece of steak. Does a cell have a preference for the stiff-
ness for uptake, as much as we do? Does this preference depend on cell type? 
Can we design nanocarriers with specific stiffness for efficient delivery of drugs? 
To answer these questions we have to understand and be able to measure the 
mechanical properties of the particles, which poses a challenge due to their very 
small size (< 200 nm). Therefore this thesis focuses on mechanics of an important 
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class of particles: small and large unilamellar vesicles. 

1.2 Vesicles in biology

1.2.1 Structure and functions of vesicles in cell biology

Vesicles are small membrane enclosed compartments, which can be found in the 
cell, but also in the extracellular environment. The membrane surrounding the 
vesicle is similar to the membrane surrounding the cell itself, i.e. it consists of 
a phospholipid bilayer, with integrated membrane proteins. Phospholipids are 
molecules which consist of two parts, a hydrophilic headgroup and a hydropho-
bic tail (Fig. 1.1A). In solution, the phospholipids will form a bilayer (Fig. 1.1B), in 
which the headgroups are turned outward and the tails form a hydrophobic core. 
The phospholipids and membrane proteins are free to diffuse inside the bilayer, 
so the membrane can be seen as a 2-dimensional fluid. If a membrane closes, a 
vesicle, with an internal lumen separate from the exterior of the vesicle is created 
(Fig. 1.1C). Since the membrane is permeable to water, but often not to salts or 
larger molecules, the conditions in the lumen can be different than the exterior 
environment. 

Such vesicles are ubiquitous and fulfill many essential functions in cell biology; to 
illustrate here a few examples are given: Synaptic vesicles (~40 nm) are essential 
for the communication between nerve cells2. During cellular uptake clathrin coat-
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Figure 1.1: Structure of a vesicle. A) The major component of biological membranes (at least in 
number of particles) are phospholipids, consisting of a hydrophilic headgroup and a hydropho-
bic tail. B) In fluid phospholipids form bilayers, such that the hydrophilic tails form the core, 
which is shielded from water by the headgroups. C) A vesicle is a closed lipid bilayer. 
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ed vesicles (< 200 nm) are often involved3,4. For breaking down cellular compo-
nents cells contain lysomomes are 0.1 – 1 μm5. Also, many viruses are enveloped 
by a lipid membrane, such as Influenza and HIV6. Another important type is the 
extracellular vesicles, on which I will elaborate in the following section.

1.2.2 Extracellular vesicles

The natural vesicles studied in this thesis belong to the category of extracel-
lular vesicles (EVs). Extracellular vesicles are excreted by many cell types in 
our body and appear to play a role in intercellular communication7,8. The name 
“extracellular vesicles” is a recent naming convention. EVs can be excreted by 
cells in different ways. There are two major paths the cell uses for creating EVs; 
the first is directly from the cell membrane (microvesicles). The second is when 
they are created by inward blebbing of an endosome, creating a multi-vesicular 
body (MVB). MVBs can then fuse with the cell membrane, thereby releasing the 
vesicles (exosomes). The latter are in general smaller (40 – 100 nm) than the first 
type (100 nm – 1 μm).

EVs created much excitement, when it was discovered that they can shuttle func-
tional RNA from one cell-type to another9. Later it was discovered that tumour 
derived vesicles could promote tumour growth and could potentially be used for 
cancer diagnostics10,11. Very recently, transfer of extracellular vesicles inducing 
malignant behavior was visualized in living mice12. Vesicles can possibly be found 
much earlier in the blood stream or other body fluids, like urine, than cancer cells, 
so this potentially allows for early detection of cancer. Another field were EVs 
created excitement is in drug delivery13. EVs could have important benefits over 
conventional containers, e.g. liposomes, used in drug delivery. An important dis-
covery was that EVs could potentially release their cargo across the blood-brain 
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Figure 1.2: Recent focus on extra-
cellular vesicles in literature. The 
number of papers containing the 
word “exosomes” or the combina-
tion “extracellular vesicles” from 
1990 until October 2015. Numbers 
obtained from PubMed.
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barrier, still a major challenge in drug delivery14. 

To illustrate the recent focus on EVs, figure 2 shows the amount of papers pub-
lished using the word “exosome” and “extracellular vesicles”. Although the 
huge interest in EVs, isolation and characterization of EVs remains challenging. 
There is still a need for standardization of vesicle isolation, markers, techniques 
to analyze EVs at the single vesicle level and techniques to separate vesicles from 
various sources15–17. In this thesis we visualize single vesicles and measure their 
geometry and mechanical properties. For this purpose EVs excreted by red blood 
cells (RBCs) from both healthy donors and spherocytosis patients are studied. 
They are suggested to play a role in blood clotting18 and increase the lifetime of 
red blood cells (by delaying the clearance by the immune system)19. RBC EVs also 
have been suggested to play a role in Malaria20,21. 

1.2.3 Liposomes

Synthetic vesicles consisting primarily of phospholipids are called liposomes. Dur-
ing production, the liposomes can be produced to have the desired phospholipid 
composition and size. Also, it is possible to include fluorescent dyes and create 
specific conditions in the interior of the vesicle. Currently, liposomes are used as 
containers for drug delivery22. This type of vesicle is the subject of chapter 3 and 
4.

1.2.4 Role of mechanics of vesicles

Vesicles are exposed to mechanical stresses during their lifetime. During their 
formation, in intracellular and extracellular transport and internalization by cells, 
forces are applied to the vesicles that result in deformation. To see how the stiff-
ness of a vesicle might matter in its internalization, let’s consider two vesicles: a 
stiff vesicle and a softer vesicle, which are otherwise identical, meaning that their 
external chemistry is the same (Fig. 3). A cell is trying to internalize them, and in a 
first step they adhere to the cell. The softer vesicle will spread out, while the stiff-
er vesicle will remain in a more spherical shape. When the cell now tries to wrap 
both particles, it has to wrap around a sharp angle for the softer vesicle. For the 
stiffer vesicle, in a spherical shape, the curvature is equal everywhere. Now there 
is a higher energy barrier to wrap around the soft particle, which means uptake 
will be slower. This intuitive model is supported by recent theoretical models23,24 
and molecular dynamics25,26 simulations. However, it neglects (amongst others)
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Cell membrane

A B

Figure 1.3: Intuitive model for role of mechanics on vesicle internalization. A) A soft vesicle 
and B) a stiff vesicle encounter a cell. The soft vesicle will spread out more than the stiff vesicle. 
The high curvature on the sides of the deformed soft vesicle (shown in red) will create an en-
ergy barrier slowing down particle wrapping.



 General Introduction

7

the regulating mechanisms that a cell has to control internalization. However, 
there is also increasing experimental evidence that stiffness of nanoparticles and 
vesicles plays a role in cellular uptake26–29. To test this hypothesis, it is necessary 
to first be able to understand the mechanical response of small vesicles.

1.3 Elasticity theory

In this thesis the measurement of elastic properties of vesicles is central. The 
property that we directly measure is the stiffness. The stiffness relates the exert-
ed force on the vesicle to the deformation of the vesicle. However, the stiffness 
is an extensive property; it depends on the size and the shape of the vesicle and 
is not an intrinsic property of the material itself. We need to find elastic moduli 
of the material to understand how the underlying material properties give rise to 
the stiffness of the vesicle. The dominant elastic modulus that is reported in this 
work is the bending modulus of the membrane. However, previously mechani-
cal studies on small vesicles reported the Young’s modulus. In this section I will 
briefly discuss the difference between previously used theory and the one used 
throughout this thesis. 

1.3.1 Properties of isotropic materials

Previously thin shell theory was used for interpretation of mechanical studies of 
small vesicles. This theory describes the membrane of the vesicle as an isotropic 
material. The following properties of isotropic materials are especially important 
for our discussion:

 – The Young’s modulus (E) describes the tendency of a material to deform 
along the axis along which opposing forces are applied (Fig. 1.4A); it has 
units of pressure (Pa).

 –  The shear modulus (G) describes the tendency of a material to withstand 
shear forces; forces that are anti-parallel and working on opposing sides 
of the elastic body (Fig. 1.4B). These forces deform the material, without 
changing the volume. The shear modulus has units of pressure (Pa). For 
fluids, the shear modulus is zero.

 –  Poisson’s ratio (ν) is a parameter relating the deformation in the direction 
of the applied force with the deformation of the material in the other two 
dimensions (Fig. 1.4C).
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Importantly, these elastic parameters are related to each other, e.g. a material 
with zero shear modulus will have a zero Young’s modulus. 

1.3.2 Thin plate and thin shell theory

For thin plates (t << L, where t is the plate thickness and L is the length in the 
other two dimensions) the flexural or bending rigidity and the in-plane stretching 
rigidity can be derived, which depend both on the elastic moduli and the geom-
etry of the plate.

The bending rigidity for such a plate is 

1.1 Kb =
Et3

12(1−v2)
,

with units Nm3 or Joule. 

The in-plane stretching rigidity is

1.2 Kα = Et
1−v2

,

with units Nm-1.

Thin shells are thin plates which are curved in their undeformed state. For a closed 
spherical shell the expected force response upon indentation is linear, with the 
stiffness related to the Young’s modulus and the radius of the shell R:

1.3 k ∼ Et2

R .

When indented further a process called buckling takes place. During buckling the 
response is softened through shear. The particle goes from an overall bend and 
stretched conformation, to a conformation where most stresses are localized in 
a ring. The top part now has inverted curvature30. 

The thin shell approximation has been successful for studying the mechanical 
properties of viruses31. Viruses consist of proteins, but are approximately similar 
in size to the vesicles studied in this thesis. A surprising finding is that these small 
structures, consisting of only 100s – 10000s of proteins respond similar to applied 

A B C

Figure 1.4: Stress and resulting deformation of elastic materials. A) Tensile stress leading to 
extensional strain along the same axis as the applied stress. B) Shear stress leading to shear 
strain. C) Tensile stress leading to compression in the directions perpendicular to the applied 
stress.
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forces as macro scale objects. The thin shell approximation has recently also 
been applied for describing the mechanics of small vesicles in which the bending 
rigidity was then determined using equation 1.132–34.

1.3.3 Hertz theory

Previously, another elastic theory has been used for the interpretation of the 
response of small vesicles, namely Hertz theory. This theory describes the inter-
action of isotropic solid bodies. However, it is clear that vesicles are not solid 
bodies (Fig. 1.1C), so this theory is not suitable. 

1.3.4 Canham-Helfrich theory for membrane mechanics

A lipid bilayer is not an isotropic elastic material (Fig. 1). Importantly, the fluidic 
nature of the membrane, allows the two monolayers to move freely with respect 
to each other. Thus the membrane has negligible resistance to shear and has 
shear modulus and Young’s modulus zero. However, the mechanical properties 
can still be described in terms of elastic moduli. The physical reason for elastic 
behavior for lipid bilayers is exposure of the hydrophobic core to water, which is 
energetically unfavorable.

 –  The stretch or (2D) area-expansion modulus (σ) describes the tendency of 
the bilayer to withstand area dilation within the plane; it has units of Nm-1 
(Fig. 1.5A). It is related to the surface tension (γ) between water and lipid; 
for a bilayer σ is approximately 4γ35.

 Figure 1.5: Elastic response of a lipid bilayer to deformation. A) Tensile stress leading to exten-
sional strain. The increased distance between the lipids allows water to interact with the hy-
drophobic core, which is energetically unfavorable. B) Bending by application of force perpen-
dicular to the longitudinal axis. Bending results in increased distance between the lipids (on 
the opposing side of the membrane as the arrow) which allows increased interaction of water 
with the hydrophobic core, which is energetically unfavorable.
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 –  The bending modulus or mean curvature modulus (κ) describes the ten-
dency of the bilayer to deform perpendicular to the plane, when forces are 
applied along this axis (Fig. 1.5B). It has units N*m = Joule. 

This description of the mechanical properties of lipid bilayers was first used to 
described the shapes of red blood cells by Canham36. Later, Helfrich described 
membranes with non-zero spontaneous curvature37. He used a third elastic mod-
ulus, the Guassian curvature modulus κ. The Guassian curvature (see figure 1.6 
and subscript for explanation of the difference of Gaussian and mean curvature) 
integrated over a surface depends only on the topology and boundary of the 
surface, according to the Gauss-Bonnet theorem. Since in most experiments in-
cluding ours the topology and boundary of the surface do not change κ becomes 
irrelevant and we can leave this factor out of the Helfrich Hamiltonian:

1.4 FHelfrich =
∫
(κ2 (2H − C0)

2 + σ)dA,

where F is the energy in the system, H is the mean curvature, C0 is the intrinsic 
radius of curvature and A is the area of the surface.  The intrinsic radius of curva-
ture quantifies the tendency of a bilayer to bend without external forces. For a 
bilayer with symmetric layers, the intrinsic radius of curvature will be equal to 0. 

The theoretical work by Canham and Helfrich has been widely tested in ex-
periments with large vesicles38,39. The mechanical moduli of the membrane are 
amongst others dependent on the phospholipid composition, cholesterol con-
tent and peptides present in the membrane. However, the techniques used to 
measure the bending moduli of large vesicles (most notably flicker-spectroscopy 

A B

P
P

Figure 1.6: Principle radii of curvature. From any point P on a surface we can draw a vector 
normal to this surface (bold black arrow). If we create a plane that contains this normal vector, 
the intersection of the surface and the plane will be a curve (i.e. dashed red lines). This curve 
can have different curvature in P depending on the choice of the normal plane. The maximum 
and minimal curvature k1 and k2 at P are orthogonal and are called the principal curvatures at P 
(dashed red lines). The mean curvature at P is then (k1 + k2)/2 and the Gaussian curvature at P is 
k1k2. A) P with positive Gaussian and mean curvature. B) P with negative Gaussian curvature 
and positive mean curvature.
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and micropipette aspiration) can not be applied to small vesicles, since they 
require optical imaging of the membrane at sufficient resolution. Therefore, for 
this work atomic force microscopy is used for imaging and mechanical measure-
ments on small vesicles (< 200 nm).

1.4 Atomic Force Microscopy (AFM)

1.4.1 Basic principle of (bio-)AFM

The main technique used for this work is atomic force microscopy or AFM (Fig. 1.7). 
AFM is a technique in which a small probe (often 1 – 30 nm end radius) is moved 
over a surface. This probe is attached to a cantilever, which can be scanned over 
a surface using X- and Y-piezo scanners. During scanning, the cantilever deflects 
due to interaction with the surface. A laser is pointed to the tip of the cantilever 
and the reflected light is collected on a position sensitive diode (PSD) or quadrant 
photo diode (QPD), such that the deflection of the cantilever can be tracked. 
Another piezo scanner in Z-direction is used such that in a feedback loop, forces 
exerted on the surface can be controlled.

This technique used in many branches of science, because of the high resolutions 
(up to atomic resolution) that can be obtained. The technique has the disadvan-
tage that because a sample needs to be scanned point by point, which means it 
is relatively slow. Recent improvements have made it possible to record images 
at video speed (>1 fps)40.

Figure 1.7: Schematic presentations of 
the essential components of an atomic 
force microscope. A laser points to the 
cantilever and the location is detected 
on a position sensitive diode. A cantile-
ver with tip is engaged with the sample. 
The PSD signal is used as feedback to 
control the tip-sample distance. In this 
schematic the piezo controls the sam-
ple positioning. Alternatively it can 
control the cantilever position.



12

Chapter 1 

The AFM was also found useful in biological and biophysical research. Bio-AFM 
has the advantage that it can obtain high resolution in physiological conditions, 
i.e. the AFM can be operated in liquid. In liquid, it is still possible to reach atomic 
resolution41. For bio-AFM it is important to minimize forces exerted on the soft 
biological sample. The sample always has to be attached to a surface.

1.4.2 Imaging modes in AFM

An AFM can be operated in various imaging modes, which are characterized by 
the movement of the tip and feedback signal. Both contact mode (chapter 6) and 
peak force tapping mode (chapter 2-5) are used extensively in this thesis.

 –  In contact mode the cantilever is continuously in touch with the surface. 
The feedback signal is the deflection of the cantilever.

 –  In tapping mode the cantilever is oscillated at its resonance frequency. 
The feedback signal is the amplitude of the oscillation, which will decrease 
when the cantilever gets (closer) to the surface. The movement in X and Y 
is performed largely while the cantilever is not in contact with the surface. 
This lowers the exerted lateral forces, which limits sample damage.

 – In sub resonance tapping mode, (e.g. peak force tapping mode), the can-
tilever is oscillated below its resonance frequency. As in contact mode, the 
feedback signal is the deflection of the cantilever. Like in tapping mode 
the movement in X and Y is largely performed while the cantilever is not 
in contact with the surface. This will limit both normal and lateral forces 
and is least perturbing for the sample. Because of the lower oscillation 
frequency however, imaging is slower than in contact or tapping mode.

1.4.3 Imaging and tip dilation effect

AFM is based on a probe touching the surface to image. This is the underlying 
cause of two effects. First, the AFM tip has a finite radius and therefore the 
recorded image is always a convolution of the sample and the tip, limiting the 
resolution of AFM (Fig. 1.8). Second, due to the long contact with the surface, 
tips will wear and become less sharp. This is especially a problem when large 
forces are applied on hard surfaces over prolonged periods of time. However, 
this disadvantage can be turned into an advantage, as it also means that the 
recorded image can be used to estimate the tip size (Fig. 1C). Furthermore, in this 
thesis we use tip wear to create broadened tips (chapter 6).



 General Introduction

13

1.4.4 Nano-indentation

An additional benefit of AFM is that next to high resolution imaging, the same 
instrument can also be used for force spectroscopy. This approach has been used 
since the 90s to investigate interaction forces between molecules42 and mechani-
cal properties of both biomolecules43,44 and  cells45. Futhermore, this approach 
was used for biomolecular complexes, such as viruses31,46. In force spectroscopy, 
the sample is deformed while the tip-sample interaction forces are measured. 
This is done by lowering the cantilever using the Z-piezo scanner and measuring 
the voltage signal on the detector. 

To get quantitative results from this type of measurement, the detector needs 
to be calibrated. The detector response upon deflection of the cantilever can be 
calibrated by indenting a very stiff surface (like glass). There are various methods 
to find the stiffness of the cantilever, e.g. thermal tuning47. In combination, this 
allows converting the sensor signal in Volt to a force.  

1.4.5 Noise isolation 

Because AFM is a very sensitive technique, it is perceptive to environmental 
noise. Mechanical vibrations occurring in the building, acoustic vibrations in the 
air, electric noise from nearby instruments, air flow and changes in temperature 
can all affect AFM measurements. Therefore, the instrument should be properly 
isolated from its surroundings. For the work done in this thesis, we designed an 
isolation box (Fig. 1.9).

A B C

Figure 1.8: Influence of tip geometry on AFM imaging. Sample, surface and tip are visualized 
with solid lines. The resulting image is shown with a dashed line. The influence of tip geometry 
on the image depends on the radius of curvature of the tip (Rt) and radii of curvature present 
in the sample (Rs). A) When the sample is large compared to the tip (Rs >> Rt for all Rs), the re-
sulting image will mostly represent the sample. B) When sample and particle are similarly sized 
(Rs ≈ Rt) the resulting image is strongly affected by both tip and sample. Notice that AFM can 
only image upward facing surfaces.  C) When the sample is much sharper (Rs << Rt) than the tip, 
the resulting image will mostly represent the tip.  Panel B (chapter 2-5) and panel C (chapter 6) 
are most relevant for this work.
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1.5 Outline thesis

The work in this thesis is focused on measuring and understanding the mechani-
cal properties of small vesicles. As explained above, these mechanical properties 
might have a strong influence on e.g. the uptake of vesicles by cells. If we can 
measure and understand these properties, we can investigate if and how the cell 
responds to them for cellular uptake. The ultimate goal is to exploit the mechani-
cal properties for design of drug delivery vehicles with beneficial properties for 
cellular uptake.

In chapter 2 I describe the procedure that can be used for measurement of the 
geometry and bending modulus of vesicles. This procedure is based on reported 
nano-indentation studies of other nanoparticles, such as viruses. However, there 
are critical differences when performing experiments with vesicles, e.g. the de-
formation of vesicles onto the surface and bilayers adhering to the AFM tip. Also 
we introduce improvements in the data analysis.

In chapter 3 I use the approach from chapter 2 for the mechanical characterization 
of unilamellar vesicles. A new model, based on Helfrich mechanics, is introduced 
here to describe the mechanical behavior of vesicles upon indentation. We show 
excellent agreement between measurements and this theory. Futhermore, we 
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Figure 1.9: Noise isolation and effect. A) The enclosure designed to contain the AFM setup. The 
AFM setup is mounted on a optical microscope and is isolated from mechanical isolation by a 
passive vibration isolation platform. B) PSD showing the effect of a precursor of the acoustic 
enclosure shown in A on the acoustic vibrations picked up by the AFM cantilever. In red a PSD 
without acoustic enclosure, in black with acoustic enclosure. The acoustic noise was provided 
by loudly talking researchers.
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show that previously observed non-linear behavior can be attributed to the size 
of the AFM tip. Also, this chapter reveals the critical role of pressure in providing 
stiffness to deformed vesicles. Finally, we measure the bending modulus of pres-
surized vesicles.

Chapter 4 addresses the case of multilamellar vesicles. Multilamellar vesicles 
might have beneficial properties for drug delivery purposes, such as increased 
volume for hydrophobic drugs. In this chapter, I show that we can determine the 
amount of lipid bilayers of a vesicle using AFM. We then show that multilamellar 
vesicles stay in a significantly more spherical shape and are stiffer, both poten-
tially beneficial for uptake by cells.

Naturally excreted vesicles by red blood cells are the subject of chapter 5. Natu-
rally excreted vesicles contain many proteins in the lumen and in the membrane. 
In this chapter we show that nevertheless they can be well described using our 
model introduced in chapter 3, meaning that they can be essentially described 
as just a fluid lipid bilayer. We show that mechanical properties of vesicles are 
altered for patients suffering from spherocytosis, who excrete vesicles with a 
lower bending modulus. Excretion of these softer vesicles could result into a 
stiffening of the red blood cells.

Tip wear is usually an unwanted effect in AFM. In chapter 6 I show that tip wear 
can be turned into an advantage. I show that tip wear on high roughness surfaces 
results in a gradual increase in tip size, and that the geometry of the tip apex be-
comes increasingly rounded. This approach was used to create tips for investigat-
ing the effect of tip size on the indentation of vesicles in chapter 3. Furthermore, 
studying tip wear on high roughness surfaces allows direct tracking of tip shape 
and hence is potentially beneficial for fundamental studies of tip wear.

Finally, in chapter 7 I move away from AFM and vesicles. Here we address the re-
sponse of cell mechanics to a different, always present stimulus: gravity. On the 
cellular level, the force of gravity seems negligible (it is comparable to the force 
exerted by individual motor proteins), yet individual cells show altered behavior 
in microgravity conditions (in space or simulated). In this chapter I review current 
literature in search of the mechanism of the cellular sensing of gravity.

In chapter 8 I provide an outlook on how the presented technique and model can 
be further developed. Here I discuss how the bending modulus of single vesicles 
can be measured, complementary measurement of the stretch modulus of small 
vesicles and further vesicles of interest. Finally, I explore some possibilities for 
testing the role of mechanics of small vesicles on cellular uptake.
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Chapter 2 

2.1  Abstract

Both natural as well as artificial vesicles are of tremendous interest in biology 
and nanomedicine. Small vesicles (<200 nm) perform essential functions in cell 
biology and artificial vesicles (liposomes) are used as drug delivery vehicles. 
Atomic Force Microscopy (AFM) is a powerful technique to study the structural 
and dynamic properties of these vesicles. AFM is a well established technique 
for imaging at nanometer resolution and for force spectroscopy measure-
ments under physiological conditions. Here, we describe the procedure of AFM 
imaging and force spectroscopy on small vesicles.  We discuss how to image 
vesicles with minimal structural disturbance, and how to analyze the data for 
accurate size and shape measurements. In addition, we describe the procedure 
for performing nanoindentations on vesicles and the subsequent data analysis 
including mechanical models used for data interpretation.
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2.2  Introduction

Small vesicles (<200 nm)  are involved in several important functions in cell 
biology, such as intracellular trafficking and membrane protein recycling1, 
transmission of signals in the neural system by synaptic vesicles2 and intercel-
lular communication by extracellular vesicles3. The latter are suggested to play 
a role in cancer progression and could serve as an early biomarker for cancer4,5. 
Furthermore, many viruses, such as influenza, HIV and Ebola, are surrounded by 
lipid envelopes. Finally, in drug delivery, liposomes in this size range are clinically 
approved as nanocarriers for drugs6.

Membranes, including small vesicles, are subjected to mechanical stresses that 
lead to changes in shape during their lifetime. For example, exocytosis, endocyto-
sis and fusion and transport are all processes in which membranes are deformed. 
Recently, using theoretical models7 and molecular dynamics simulation8, it was 
suggested that stiffness of nanoparticles could affect endocytosis. Concomitant-
ly, experimental studies also showed that particle stiffness can alter endocytic 
pathway9 and efficiency10,11 and circulation time in the blood11. Lipid composition 
and membrane proteins can change the stiffness12,13 and intrinsic radius of cur-
vature14–16 of a  membrane. Indeed it is found that vesicles are often enriched in 
specific lipids and proteins, such as the HIV virus envelope17 and exosomes18,19.

The atomic force microscope (AFM) is a tool that can be used for both high 
resolution imaging and force spectroscopy of single vesicles in a physiological 
environment. AFM imaging of vesicles has been employed to characterize the 
size and shape of individual natural vesicles4,20–22, interaction with surfaces23, 
rigidity of vesicles24 and to understand formation of supported lipid bilayers 
from liposomes25,26. Besides imaging, nanoindentations have been used to reveal 
mechanical properties of single vesicles20,27–30. Here, we present AFM procedures 
specifically for imaging and indenting single vesicles. Although these procedures 
are applied for imaging and indentation of vesicles, several aspects of this ap-
proach are also beneficial for other nanoparticles (e.g. block-copolymer vesicles, 
viruses and nanocages). 
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2.3  Experimental design

2.3.1 Vesicle adhesion to the surface. 

In most published studies vesicles are adhered to a surface based on non-specific 
interactions (Fig. 2.1A). Natural vesicles often contain negatively charged lipids 
such as phosphatidylserine, so a positively charged surface (e.g. poly-l-lysine 
coated glass slides) results in binding based on electrostatic interaction. Because 
of the relatively small bending modulus of lipid bilayer membranes (10-50 kbT)31,32, 
vesicles will deform upon binding. The final shape that vesicles adapt is a balance 
of the vesicle-surface adhesion energy, the bending and stretching energy of the 
membrane and the buildup of an osmotic pressure difference due to volume loss 
of the vesicle33. Under equal or outward osmotic pressure a spherical cap is the 
expected shape with minimized free energy. 

2.3.2 Force distance curve based imaging of vesicles. 

AFM imaging of vesicles is typically performed in tapping mode, to avoid disrup-
tive high lateral forces. However, control of the forces normal to the surface 
in tapping mode is limited34,35. Peak forces often exceed 0.5 nN and result in 
considerable deformation (tens of nm) on top of the soft vesicles (Fig. 2.2). This 
deformation is even larger on the sides of the vesicle (Fig. 2.2C,F-H).

Force

Piezo scanner

Force

Piezo scanner

A B C

Figure 2.1: Schematic representation of single vesicle AFM experiments. A) Vesicles adhere 
and subsequently deform onto a surface. B) During AFM imaging the tip is scanned over the 
sample. In force distance based imaging the cantilever is oscillated below its resonance fre-
quency and the actual force exerted on the sample is controlled. Small forces still result in a 
deformation of the sample. The image is always a convolution of the vesicle and tip shape 
(dotted line). C) During a nano-indentation experiment the cantilever is lowered on the centre 
of the vesicle with a higher force set point (typically 0.5-10 nN) than used during imaging.
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Figure 2.2: Effect of imaging force on vesicle images. A,B,C) Topography, peak force error and 
deformation image recorded at 100 pN. D,E,F) Topography, peak force error and deformation 
image recorded at 250 pN. All scale bars are 100 nm. G,H) Comparison of line profiles through 
the maximum of the vesicles recorded at 100 and 250 pN. The dashed red line indicates the 
approximate height expected for a double lipid bilayer (~ 10 nm). Graph g corresponds to the 
data in A & D. I) Height, radius of curvature (Rc) and FWHM of liposomes recorded at various 
imaging forces. At least 180 particles were analyzed for each condition, errorbars indicating 
SEMs fall within the marker size. Lines show linear fits with slopes: -0.020 (Height), -0.056 
(FWHM) and -0.053 (Rc).
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Correction for deformation is notoriously difficult, because it is influenced by 
exertion of higher normal forces on the side of the vesicle, the radial direction 
of the applied force and unknown response to force application on the side 
of the vesicle. Therefore, forces exerted by the AFM tip should be minimized. 
Exerted forces can be limited (< 100 pN) using force distance curve (FZC) based 
AFM36–39, allowing accurate measurement of size and shape of vesicles from im-
ages. In force distance curve based AFM the tip is oscillated below its resonance 
frequency, and the feedback is the deflection of the cantilever, essentially taking 
force distance curves at each pixel (Fig. 2.1B). This results in constant and well 
controlled peak forces exerted on the sample.

2.3.3 Nano-indentation of vesicles. 

Performing nanoindentations is an established technique to get quantitative in-
formation about the mechanical properties of nanoparticles40,41 (Fig. 2.1C). Here, 
we use a similar approach for vesicle indentations. During such an experiment 
first an image of the vesicle is made to find the geometry of the vesicle and the 
location of its centre. Next, the AFM tip is moved to the centre of the vesicle 
and a larger force (0.2 – 10 nN) is exerted multiple times, creating force distance 
curves. Finally another image is made to check for movement or changes in ap-
pearance of the vesicle. The nanoindentation is performed at a slow speed (typi-
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Figure 2.3: FDCs taken on the surface after indentations of vesicles. A) Good overlap between 
trace and retrace and a sharp transition when touching the surface suggest this is a clean tip. 
B) A breakthrough event and a force plateau in the retrace indicating a lipid bilayer tether 
show that this tip was contaminated with a lipid bilayer. C) This tip shows a non-abrupt change 
in slope when hitting the surface and again a force plateau in the retrace, indicating contamina-
tion with a lipid bilayer.
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cally 0.2 – 1Hz), which results in a mostly elastic response and much better signal 
to noise ratio than the FZCs recorded during imaging.

It is known that lipid bilayers can adhere to AFM tips42, and under some ionic 
conditions even can form stacks on the tip43. This results in changed surface 
chemistry and increased size of the indenter. Increased size of the indenter can 
have a large impact on indentation response of vesicles (Chapter 3).  To prevent 
measuring with a contaminated tip, tips can be tested before nanoindentation 
experiments by making an indentation on the sample surface. A force deforma-
tion curve (FDC) of a clean tip is shown in figure 2.3A. Typical marks for lipid 
bilayers adhering to the tip are bilayer penetration events (Fig. 2.3B), a non-sharp 
transition when touching the surface (Fig. 2.3C), or pulling of a lipid bilayer tether 
during retraction (Fig. 2.3B,C). The latter is marked by a force plateau of 0.005 - 
0.15 nN44,45. 

To derive quantitative mechanical parameters, elastic models are fit to the inden-
tation response of vesicles. Therefore, it is important to demonstrate that the 
observed response is elastic. This can be done by making small indentations to 
confirm overlap between the approach and retraction curve (Chapter 3). If there 
is hysteresis between approach and retraction there is a viscous component in 
the response and the speed of the indentation should be lowered.

2.3.4 Image analysis for accurate size and shape measurement. 

The recorded image in AFM is always a convolution between the sample and the 
tip (Fig 2.1B). Working with vesicles, using very sharp tips (R < 5 nm) causes the 
integrity of the vesicle to be disturbed (data not shown), hence larger tips (R = 
10-15 nm) are necessary. Assuming a spherical cap shape33, the vesicle shape can 
be deconvoluted using simple geometric arguments. This is especially important 
for vesicles that do not deform much onto the surface, where the tip-broadening 
artifact is largest. The radius of curvature Rc¬ can be obtained by fitting a circular 
arc to a line profile through the maximum of the particle and subtracting the tip 
size (Fig. 2.4A). It is safest to only fit the part of the vesicle above the half the 
maximum, since this method does not take into account that only the upward 
facing surface of particles is imaged in AFM. A simple alternative to extract the Rc 
using fewer data points is by extracting it directly from the following derivation:

2.1 Rc =
FWHM2+H2

4H −Rt,

where H is the height, FWHM is the full width half maximum of the vesicles and Rt 
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is the radius of the tip.

Finally, although the amount of deformation is limited because of the small 
imaging forces, the effect on soft materials such as vesicles is not negligible. A 
deformation correction can be applied for accurate measurement of the size and 
shape of the vesicles on the surface. To find the deformation at  the centre of the 
vesicle the height obtained from the image (Fig. 2.4A) can be compared with the 
height from the contact point till the glass surface in the FDC28 (Fig. 2.4B). How-
ever, the effect of imaging force deformation has a large impact on the radius 
of curvature (Fig. 2.2G-I). In a simple model the effect of the deformation on the 
radius of curvature is 2.5 times larger than on the height (Chapter 3). For a more 
accurate estimation vesicles can be imaged at increasing forces (Fig. 2.2I).

From the radius of curvature and height of the spherical cap it is possible to ap-
proximate the original size of the vesicle before surface binding. Lipid bilayers 
can only strain by a few percent46, so the surface area is mostly conserved dur-
ing spreading. This implies that upon binding to the surface the volume of the 
vesicle decreases resulting in an outward osmotic pressure for natural vesicles 
or liposomes in salt solution. For severely flattened caps, the spherical cap shape 
predicts a sharp angle at the surface, which is not physiological33. For calculations 
of the surface area and volume, a rim with minimal radius of curvature 5-10 nm 
might be more realistic.
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Figure 2.4: Line profile and nanoindentation on a liposome. A) A line profile along the slow 
scanning axes through the maximum of the particle. A circular arc is fit to the upper half of the 
line profile (dashed dark blue). The spherical cap shape after deconvolution is shown in light 
blue. The black arrow indicates the height derived from the image (51.9 nm). B) A FDC on the 
same particle. The contact point of the tip with the vesicle is set at 0 nm indentation. At around 
45 nm, marked by small arrow 1, the two bilayers are pressed together. After two discontinui-
ties (small arrow 2 & 3), we hit the glass surface, which appears infinitely stiff. The black arrow 
indicates the height derived from the FDC (55.6 nm), which is a more accurate estimate. 
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2.3.5 Analysis of FDC curves. 

Common practice in the data analysis of indentations of nanoparticles is fitting 
a linear function to the combined response (i.e. the FZC, which relates the AFM 
Z-piezo height to the recorded force and is directly obtained from experimental 
data) of the cantilever and nanoparticle to obtain the particle stiffness41. How-
ever, this analysis can of course only be performed when the response of the 
particle is linear. If the response is not linear, this is sometimes masked in the 
combined response, especially when the stiffness of the particle is higher than 
the cantilever stiffness (Fig. 2.5). Therefore, it is better practice to first subtract 
the cantilever response, creating a force deformation curve (FDC or force in-
dentation curve, which relates the height of the AFM tip to the recorded force), 
and then fit the indentation response of the particle. Practically, this is done by 
making and fitting a FZC on a very stiff surface, obtaining the cantilever response. 
Then, for each force in a FZC on a particle the cantilever deflection is known and 

Figure 2.5: Simulated FZCs and FDCs. A,B,C) Simulated deformation of a particle (correspond-
ing to a FDC), deformation of the cantilever and combined deformation (corresponding to a 
FZC) for 3 different particles. A) Linear particle response with k = 0.067 N/m, B) Hertzian re-
sponse (0.05x1.5) and C) quadratic response (0.25x2). Simulated spring constant of the cantile-
ver is 0.05 N/m and noise is simulated with std. of 10 pN. Linear fits to the indentation (blue) 
and combined data (red) shown as solid lines. D,E,F) residuals belonging to the fit of the com-
bined response (red triangles) and to the particle response (blue circles) corresponding to re-
spectively A,B and C. E,F) Residuals of FZC don’t show a trend or deviation from a normal dis-
tribution (p-value of KS-test 0.86 respectively 0.76), so the non-linearity of the particle response 
is not detected. Residuals of FDCs do show a clear trend and deviation from a normal distribu-
tion (p-value of KS-test 0.019 respectively <10-10), correctly indicating that the linear model is 
not applicable. 
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can thus be subtracted to obtain a FDC. This is especially important while working 
with vesicles, since both linear28 and non-linear behavior27,30 have been observed. 
For small viruses, the thin shell model (shell thickness << shell radius) does not 
apply and a linear response is also not expected. Hence, those kinds of measure-
ments profit from this kind of approach for extracting FDC curves. 

For analyzing indentation curves on vesicles various elastic models have been 
used so far, such as the Hertz model20,29,30 and elastic thin shell model27,28. Fur-
thermore, finite element models based on thin shell theory, have been used 
for interpretation of the data27,28.  The Hertz model leads to obvious underesti-
mation of elastic moduli, since it assumes a solid ball and not a spherical shell. 
Furthermore, one of the defining features of a lipid bilayer is that it can be fluid. 
Thin shell models ignore this characteristic attribute, and therefore do not ac-
curately describe the physical response of the vesicle to indentation. Particularly, 
a fluid membrane will have a negligible shear modulus and hence a zero Young’s 
modulus.  In chapter 3 we develop a model to describe the membrane mechanics 
using Canham-Helfrich theory47,48, which has been used extensively to describe 
the shape and deformation of giant unilamellar vesicles (GUVs: >1 μm)49,12. This 
model predicts that the stiffness of vesicles with spherical cap shape under pure 
bending

2.2 k ≈ 27κ
Rc

2 ,

where κ is the bending modulus of the membrane (Chapter 3). However, due to 
adhesion to the surface, vesicles will often be significantly pressurized, in which 
case the bending modulus can be obtained by fitting to the theoretical pressure-
stiffness relationship (Chapter 3). Alternatively, custom finite element models 
could potentially be implemented for interpretation of the response of vesicles 
to nanoindentation50.

2.3.6 Cantilever and tip selection. 

It is essential to make an appropriate choice for cantilever stiffness and tip size 
for the mechanical investigation of vesicles. First of all, for FZC based AFM imag-
ing the cantilever resonance frequency in liquid should be at least ~5 times higher 
than the frequency at which the cantilever force-distance curves are taken during  
imaging39. Currently, speed of FZC based imaging is often <1 kHz. Cantilever stiff-
ness is also critical during indentation, and in general the stiffness of the sample 
should be similar to the spring constant of the cantilever. A high cantilever spring 
constant may result in a low signal to noise ratio. However, if the cantilever spring 
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constant is much softer than the sample, the observed combined response is 
mainly attributed to the cantilever (Fig. 2.4B,C) and small percent errors in de-
termining the cantilever spring constant can cause major errors in the derived 
particle response.

The theoretical response of vesicles to indentation is best described for an ex-
erted point force (Chapter 3). However, very sharp tips (~2 nm) can disrupt the 
integrity of vesicles; therefore, in our experience it is best to use tips with a radius 
10-15 nm. These tips result in similar behavior during the initial part of the indenta-
tion of vesicles (Rc > 50 nm), while keeping vesicles intact. Larger tips also have 
a larger broadening effect in the images, making size and shape estimates less 
accurate. For big vesicles (GUVs), larger tips could be useful. 

2.4  Applications and limitations of the method

The procedure described in this chapter is demonstrated for studying size, shape 
and mechanical properties of both liposomes (Chapter 3 & 4) and naturally 
excreted vesicles (Chapter 5). The procedure could be easily used to study the 
mechanics of similar sized liposomes with different compositions and other 
natural vesicles. These experiments could elucidate the role of particular lipids 
and membrane proteins, but also luminal proteins, on vesicles adhesion and me-
chanics. Furthermore, different buffer conditions can be used, so for example the 
effect of pH on vesicle stability could be studied.  Moreover, many aspect of this 
procedure can be used to study other nanoparticles, such as viruses. This proto-
col could in principle also work for larger vesicles (LUVs and GUVs). However, the 
main bottleneck for these vesicles is the adhesion to the surface. Larger vesicles 
can yield smaller tension and may rip when adhering to a surface. Furthermore, 
indentations have to be performed slowly, such that water can diffuse through 
the membrane on the timescale of the indentation.

Another limitation of this procedure is that spreading and the resulting pres-
surization causes a strong increase in stiffness of the vesicle. The pressure can be 
approximated, but the resulting fit to obtain the bending modulus is only precise 
for a sufficiently large population of vesicles (Chapter 3). This makes it currently 
only possible to use this procedure for accurate determination of the bending 
modulus of individual vesicles, when the vesicles are approximately spherical. 
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2.5  Anticipated results

Depending on the sample used, vesicles might spread strongly or stay in a more 
spherical shape. When image processing is automated, it is possible to obtain 
statistics of vesicle size and shape quickly. Natural vesicles often stay in a more 
spherical shape than liposomes (Chapter 5). 

Indentations often reveal complex and varied behavior. Expected behavior for 
fluid membranes is a linear to slight superlinear (≈ 1.05) response and a subse-
quent flattening of the force curve at an indentation of 0.35 ~ 0.40 Rc. This will 
continue till the two lipid bilayers are pressed together, marked by a steep rise 
in force. Subsequently two discontinuities follow, corresponding to the penetra-
tion of the two lipid bilayers (Fig. 2.4B and Chapter 3). Natural vesicles show a 
similar response (Chapter 5). Often more discontinuities will occur, presumably 
related to either vesicle rupture (Chapter 5)  or penetration of additional lipid 
bilayers (Chapter 4). Strong superlinear behavior (α ≈ 1.5 - 2) will be observed 
when the tip radius is large (~Rt > 0.25 Rc) compared to the vesicle radius (Chapter 
3).  For larger natural vesicles (> 400 nm) or liposomes with internal structure 
(e.g. LPH-particles51) a contribution from the lumen of the vesicle and possibly 
Hertz-like behavior can be expected.  

Often, after multiple wall-to-wall indentations of the vesicles, they still will regain 
their initial shape, showing the remarkable ability of lipid bilayers to deform and 
recover27,28. For good statistics, at least ~50 vesicles indentations are needed for 
each condition. When comparing vesicles, it is important to not only look at the 
stiffness, but also at their size and shape. Flattening of vesicles and resulting 
pressurization leads to increased stiffness. Preferably, vesicles should therefore 
be compared with vesicles of similar size and shape. 

2.6  Conclusion

Small vesicles are abundantly present in cell biology and artificial vesicles are 
used as drug delivery vehicles. Studies on vesicle spreading and mechanics reveal 
important information on the way vesicles respond to mechanical stresses. This 
could contribute to a fundamental understanding of e.g. their interaction with 
cells. In this chapter procedures for AFM study of vesicles are presented. These 
procedures mark important improvements compared to current studies, both in 
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terms of control during experiments as well as data analysis. These procedures 
can be used further to understand how the luminal and membrane composition 
influences mechanical and adhesive properties of both natural and artificial vesi-
cles in various conditions.
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3.1  Abstract

Both natural as well as artificial vesicles are of tremendous interest in biology 
and nanomedicine. Small vesicles (< 200 nm) perform essential functions in cell 
biology and artificial vesicles (liposomes) are used as drug delivery vehicles. 
Atomic Force Microscopy (AFM) is a powerful technique to study the structural 
and dynamic properties of these vesicles. AFM is a well established technique 
for imaging at nanometer resolution and for force spectroscopy measure-
ments under physiological conditions. Here, we describe the procedure of AFM 
imaging and force spectroscopy on small vesicles.  We discuss how to image 
vesicles with minimal structural disturbance, and how to analyze the data for 
accurate size and shape measurements. In addition, we describe the procedure 
for performing nanoindentations on vesicles and the subsequent data analysis 
including mechanical models used for data interpretation.
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3.2  Introduction

Small and large unilamellar vesicles (SUVs: < 0.1 μm and LUVs: 0.1 – 1 μm) are 
ubiquitous and play critical roles in cell biology. Prime examples are synaptic vesi-
cles, essential for functioning of neurons in animals1, viral envelopes, which are 
required for viral entry into the host cell2, and extracellular vesicles, vesicles that 
are excreted by almost every cell type and are suggested to play a role in cell-
to-cell communication3. Furthermore, synthetic vesicles (i.e. liposomes) are used 
as nanocarriers in drug delivery4. An important issue with the use of liposomes 
as nanocarriers for drug delivery is their limited stability5,6 leading to several ap-
proaches to create more stable liposomal based nanocarriers7,8. Moreover, the 
uptake of liposomes could be related to their mechanical stiffness9.

Throughout their lifecycle vesicles are subjected to mechanical forces, such as in 
the blood stream, during endocytosis and fusion. The way they respond to those 
mechanical forces could be essential for their stability and functioning. Indeed, 
it was suggested that the stiffness of nanoparticles influences their uptake by 
cells in experiments9–11 and in theoretical12,13 and molecular dynamics models9,14. 
Composition of the membrane can affect the mechanical properties of these 
vesicles15,16. Natural vesicles are often enriched in specific lipids and membrane 
proteins compared to their originating membrane17,18. Moreover, these vesicles 
also often contain luminal proteins, which could also strongly affect the mechani-
cal properties of these vesicles17,19. 

Despite the relevance of small vesicles and their mechanics in cell biology and 
drug delivery, currently most work on the mechanical study of membranes is 
focused on cell sized liposomes, i.e. giant unilamellar vesicles (GUVs: > 1 μm), with 
techniques that are not suitable for studying SUVs and LUVs15,20. A few studies 
focused on mechanics of both synthetic21–24 and natural23,25 SUVs and LUVs. In 
these studies a similar approach as in this study is taken: vesicles are attached to 
a surface and their mechanics are studied using nano-indentation with an atomic 
force microscope (AFM). However, this approach still has many challenges. First, 
in the small indentation regime both linear24,25 and Hertz-like21,23 force-indentation 
relationships have been reported. Secondly, the effects of vesicle spreading on a 
surface have not been considered. 

Finally, a defining aspect of the mechanics of membranes, i.e. the fluidity of the 
membrane, has so far been neglected. Instead, models assuming a homogeneous 
elastic material, like the thin shell model, have been used to model the mechani-
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Figure 3.1: Vesicle size and shape from AFM imaging. A) Topographic image of vesicles imaged at 
~100 pN. Scalebar is 200 nm. B) Vesicles adopt the shape of spherical caps. Line profiles through 
the maximum of 2 vesicles along the slow scanning axes (in grey). In solid blue the fitted circular 
arc. In dashed blue, the estimated shape of the vesicle after tip deconvolution. C) Deformation of 
the height of vesicles during imaging. The height determined from the image (HIM) was subtracted 
from the height determined from the indentation curve (HFDC) for individual vesicles, with mean 
deformation of 11 ± 1 nm (SEM, N = 46). Two vesicles, which were excluded for further analysis, 
appeared much lower in the FDC than on the image, which is likely due to collapse or movement 
of the vesicle. D) Height, FWHM and radius of curvature determined from images of vesicles im-
aged at various (peak) forces. Error bars giving the standard error of the mean are present, but 
mostly smaller than the marker.  For each imaging force >180 particles were analyzed. Linear fits 
with slope -0.020 (Height), -0.056 (FWHM) and -0.053 (Rc) show that apparent FWHM and Rc de-
crease faster than the height with increasing imaging force. E) Shape of particles as characterized 
by Height/Rc. Inset shows example shapes corresponding to various ratios. F) Spherical radius of 
the vesicles. Surface area of the cap was used to calculate the size of the vesicle in solution, giving 
90 nm ± 10 nm (STD., N = 46), 60 nm ± 20 nm (STD., N = 84) and 30 nm ± 10 nm (STD., N = 42) for 
extruded 200 nm, extruded 100 nm and sonicated vesicles respectively. 
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cal response and derive quantitative values for the elastic parameters of the lipid 
bilayer, e.g. the bending modulus23–25.

In this paper, we use the AFM for imaging and indentation of liposomes with a 
complex lipid mixture based on the composition of the red blood cell membrane 
in physiological salt concentration. We introduce a tip- and deformation correc-
tion of AFM images of vesicles for accurate size and shape determination. We 
show that the AFM tip size is critical for the observed mechanical response during 
indentation. Moreover, we show that once deformed on a surface, a significant 
osmotic pressure is build up inside the vesicle, which stiffens the mechanical 
response. Finally, we develop and use a quantitative model based on Canham-
Helfrich theory26,27 for modeling the indentation response and derivation of the 
bending modulus of our liposomes. When we combine all these steps we are able 
to extract quantitative information about the mechanics of liposomes and we are 
able to explain and unify the divergent results reported in the literature.

3.3  Results

3.3.1 Size and shape determination of adherent vesicles. 

We first use AFM imaging to quantify size and shape of individual vesicles. For this 
purpose vesicles of complex lipid mixture, obtained by extrusion through 200 
nm filters, were attached to a 0.001% poly-l-lysine coated surface. We observed 
spreading of the vesicle on the surface leading to significant deformation of the 
spherical vesicle (Fig. 3.1A,B). Upon adhesion it is expected that vesicles form 
spherical caps28, which is consistent with our observations. However, in AFM the 
observed shape is always a convolution of the sample shape and the tip shape. 
Using the assumption that vesicles form spherical caps and using simple geo-
metrical arguments (Suppl. Fig. 3.1), we can find the vesicle radius of curvature 
(Rc) by fitting a circular arc to the line profile through the maximum and subtract-
ing the tip radius (Fig. 3.1B).

To correctly interpret the data from these images it should be noted that the 
force exerted by the AFM tip during imaging deforms soft samples resulting in 
a diminished measured height and width. To minimize the deformation we use 
peak imaging forces of ~100 pN. The magnitude of deformation at the centre 
of individual vesicles can be obtained by comparing the height derived from im-
ages (HIM) with the height from the contact point until the surface found during 
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indentation (HFDC, see Chapter 2) (Fig. 3.1C). We find a significant deformation in 
the centre of the vesicle of 11 ± 1 nm (SEM). The deformation on the sides of the 
vesicle is even greater than in the centre (Suppl. Fig. 3.2), likely due to exertion 
of higher imaging forces and the radial direction of the applied force. To estimate 
the effect of imaging force on the observed radius of curvature, we imaged vesi-
cles extruded through 100 nm filters at various imaging force (50 – 300 pN) (Fig. 
3.1D). Both the observed full width at half maximum (FWHM) and Rc decrease 
faster with imaging force than the height of the vesicle (~ 2.7 times). Using a 
model only considering the radial direction of applied forces, we predict that the 
effect of imaging force on Rc is 2.5 times larger than on the height (Suppl. Fig. 3.3), 
confirming our observation. 

Using this tip shape deconvolution and deformation correction we can accurately 
estimate the radius of curvature (Suppl. Fig. 3.4A) and shape (Fig. 3.1E), which we 
quantify by the ratio HFDC/Rc (2 for a spherical particle and 1 for a hemisphere). Most 
vesicles are severely flattened, and adapt approximately hemispherical shapes 
(HFDC/Rc = 1.1 ± 0.4 (STD)). Assuming surface area conservation of the membrane 
(maximum area strain of a lipid bilayer is 2-5%29), this allows us to calculate the 
spherical radius of the vesicles in fluid before it adhered to the surface (R0) which 
gives us 87 ± 2 nm (SEM) (Fig. 3.1F). We repeated these measurements for 100 nm 
extruded vesicles (59 ± 2 nm (SEM)) and sonicated vesicles (32 ± 2 nm (SEM)) (Fig 
3.1F), which is consistent with the expected sizes.

3.3.2 Nano-indentation of liposomes. 

Next, we performed nano-indentations by moving to the centre of a vesicle and 
indenting multiple times till a preset force, creating force indentation (or equiva-
lently deformation) curves (FDCs)30. Before and after indenting each vesicle, a 
FDC was made on the glass surface to check for adherent lipid bilayers on the 
tip (Suppl. Fig. 3.5). As previously observed23,25 vesicles can withstand large de-
formations without permanent damage. This can be seen by the lack of change 
in contact point after multiple indentations (Fig. 3.2A-C) and was confirmed by 
imaging afterwards. Typically, we first performed a small indentation till 500 pN 
(Fig. 3.2C, inset). The overlap between indentation and retraction suggests that 
the initial behavior is fully elastic. In subsequent indentations, we deformed the 
vesicle until the two lipid bilayers are pushed together (Fig. 3.2A-C), after which 
we observed two discontinuities, corresponding to penetration of both bilayers 
(inset Fig. 3.2A). When we indent deeper into the vesicles we see an almost ver-
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tical line, corresponding to pushing against the sample surface, which appears 
infinitely stiff. The occurrence of only two bilayer penetrations suggests that the 
vesicles are unilamellar. Some typical force indentation curves can be found in 
figure 2. Strikingly, until the point where the bilayers are pressed together we 
observed various mechanical behaviors, for example simple linear behavior (Fig. 
3.2A). However, we observed a superlinear indentation-force relationship for 
other particles (Fig. 3.2B). Also, FDCs often show flattening (Fig. 2B) and revers-
ible discontinuities (Fig. 3.2C). Interestingly, linear and superlinear behavior have 
both been reported previously, but never in a single experiment21,23–25. In total 46 
vesicles extruded through a 200 nm filter were indented (Fig. 3.3A), 84 vesicles 
extruded through a 100 nm filter and 42 sonicated vesicles (Suppl. Fig. 3.6).

3.3.3 Influence of AFM tip size on mechanical response. 

To investigate the origin of the linear and superlinear start of the FDC we looked 
at the influence of AFM tip size during nanoindentations on vesicles. For this 
purpose, we developed an approach based on AFM tip wear on a crystalline 
diamond surface to create AFM tips with a larger, but spherical apex and identi-
cal tip material and cantilever properties (Chapter 6). First, AFM tips were im-
aged in contact mode at low force (5 nN) on a crystalline diamond surface with 
roughness Rrms value of 24 ± 1 nm (SEM). Next, imaging of the same surface was 

Figure 3.2: Typical force indentation behavior of liposomes. Force indentation (or deforma-
tion) curves or FDCs. Different colors represent multiple indentations on a single particle; 
lighter colors represent the retraction curve (see legend 1B). A) From the contact point (inden-
tation 0) we see a linear response. When bilayers are pressed together, which occurs at inden-
tation ≈ 65 nm and is characterized by an abrupt increase in slope, a sharp increase in stiffness 
and two penetration events occur (also see inset). B) A non-linear force response, in which the 
response stiffens with indentation and subsequently softens. C) Linear response with a large 
jump in force, this jump is reversible and occurs again in subsequent indentations. Inset shows 
that approach and retract overlap in the first regime of all 3 panels, indicating an elastic re-
sponse.
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repeated at higher force (25 nN) to wear the tips. Finally, another imaged was 
made at low force (Suppl. Fig. 3.7). We used blind tip reconstruction on the im-
ages made at 5 nN force for estimating the tip shape, before (Fig. 3.3B) and after 
this protocol (Fig. 3.3C). Estimated tip radius for our tips before wear is 18 ± 1 nm 
(SEM), whereas after wear the radii increased to 36 ± 5 nm (SEM) (Fig. 3.3D). In 
total, 3 blunt tips were used to indent 33 vesicles of 200 nm (Suppl. Fig. 3.8, Fig. 
3.3E). Clearly, larger tips resulted in a stronger superlinear response. To quantify 
the nonlinearity individual FDCs were fit using an exponential function. For FDCs 
obtained with a sharp tip the exponent was 1.10 ± 0.03 (SEM) (Fig. 3.3F). For the 
blunt tips, we see a wider spread of exponents with a clearly higher average (1.6 
± 0.1 (SEM)). This suggests that a superlinear response can be observed when 
the radius of the tip is large compared the radius of the vesicle. The latter corre-
sponds well to exponents observed previously in which data was described using 
the Hertz model21,22. When we compare the averages of FDCs made with various 
sized tips, we see that the initial part of the FDC for different tip sizes is linear. 
However, with increasing tip sizes we observe an earlier onset of stiffening (Fig. 
3.3G,H). For large tips after 0.05 – 0.1 Rc the response becomes superlinear. This 
behavior is also visible for individual traces (Fig. 3.3H, inset). 

3.3.4 Modeling the response of vesicles to nanoindentations. 

With the obtained indentation data we can determine the stiffness of the vesicles. 
For the data gathered with a sharp tip the stiffness in the linear response interval 
(0.02 – 0.1 Rc) was 0.015 ± 0.001 N/m (Fig. 3.4). This is higher than expected for a 
typical lipid bilayer. The total bending energy for indenting a spherical vesicle is 
independent of its size and on the order of κ, where κ is the bending modulus of 
the membrane with typical values of 10 – 50 kbT for fluid lipid bilayers16,31. The esti-
mated stiffness for indenting a vesicle is then on the order of κR c

-2, which is much 
too small to account for the stiffness we find experimentally. Hence, the stiffness 
we determine is likely dominated by the built up of an internal osmotic pressure. 
Such pressure is expected when vesicles adhere onto the surface because they 
deform and the lipid bilayer is only able to stretch a few percent29. As a result, the 
internal volume shrinks and the concentration of membrane impermeable sol-
utes goes up, causing an osmotic pressure difference over the membrane (ΔΠ).

In order to extract mechanical parameters (most notably the bending modulus 
κ) of our vesicles, we need an appropriate mechanical model. Canham-Helfrich 
theory27,26 is widely used to describe the mechanical behavior of membranes. 
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Figure 3.3: Exponent of force indentation relationship and effect of tip size. A) Indentation 
behavior (FDCs or force indentation curves) of 46 vesicles in a density plot. Black markers show 
average and error bars show SEM. Colors indicate density of data points at a specific position 
(blue and red indicate low respectively high density). Curves are shown till the first discontinu-
ity occurred. B&C) Tip shapes reconstructed using blind tip estimation, scales are in nm. B) A 
new tip and C) the same tip after 80 minutes of wear on a high roughness (~ 23 nm Rrms) crystal-
line diamond surface. D) Average radius of curvature of AFM tips before and after tip wear 
(N=6 & N = 5). Errorbars indicate SEM. E) FDCs of 33 vesicles indented with a blunt tip in a 
density plot. Black markers show average and error bars show SEM. Curves are shown till the 
first discontinuity occurred. F) Exponent of the force indentation curve measured by a free 
exponential fit in the interval 0.02 - 0.2 Rc (calculated for individual vesicles). Red arrow marks 
the exponent found in the theoretical model (Fig. 3.5A). G) Average FDC for all sharp tips (18 
nm), and for the individual blunt tips. Legend indicates tip radii. H) Same data as G, but plotted 
on log-log scale. Force curves initially display a linear regime. In the inset individual FDCs made 
with 43 nm tip are shown. Black lines indicate exponent 1 and 2.
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This is the basis of the model we developed to interpret indentation of vesicles 
(Appendix I). In our model we describe the vesicle assuming pure bending of 
a symmetric bilayer with zero spontaneous curvature*. A pressure difference is 
included to model internal osmotic pressure, which increases with decreasing 
volume during indentation. We describe AFM tips as parabolic shapes with vari-
ous radii of curvature. During indentation vesicles are compressed symmetrically 
between two tips†. A calculated indentation curve based on this model is shown 
in figure 3.5A. In the force curves three regimes can be distinguished: I) a slightly 
super-linear (α = 1.05 (Fig. 3.5A, inset lower right)) increase of force with indenta-
tion which corresponds to the flattening of the apex of the vesicle; II) a flatten-
ing of the FDC corresponding to the onset of formation of an inward membrane 
tether; and III) a tip dominated stiffening. Corresponding shapes to the three 
regimes (left to right) are shown as insets (Fig. 3.5A). In case of point force the 
inward tether would extend, resulting in a force plateau. However, the finite size 
of the AFM tip prevents this, and will result in an upturn of the FDC. A larger tip 
results in an earlier onset of the stiffening (Fig. 3.5A) and a more overall deforma-
tion of the vesicle (Suppl. Fig. 3.9). 

We quantitatively compared these features with our experimental data. First 
of all, the initial theoretical exponent (1.05) corresponds well to the exponent 
found experimentally for 200 nm vesicles (Fig. 3.3F). We quantified the onset of 
flattening (the inflection point) by finding the maximum in the derivative of the 
FDC. In the model the inflection point occurs at indentation 0.35 – 0.40 Rc and 

*We find that our results are not sensitive to a nonzero spontaneous curvature, particularly in 
the pressure-dominated regime.
†Calculations based on compression between a parabolic tip and a flat adharent surface were 
also performed. In this case the adherent surface resulted in an initial spherical cap shape of 
the vesicle. This approach yielded very similar results to the two tip case (data not shown). 
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Figure 3.4: Stiffness of liposomes. Stiffness was 
measured in the interval 0.02 - 0.1 Rc (calculated 
for individual vesicles). Fitted Gaussian distribu-
tions with k = 0.015 ± 0.001 N/m (SEM, N = 46) for 
200 nm extruded vesicles, k = 0.021 ± 0.001 N/m 
(SEM, N = 84) for 100 nm extruded vesicles and k 
= 0.031 ± 0.002 N/m (SEM, N = 42) for sonicated 
particles.
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is remarkably insensitive to the internal pressure. Experimentally, 26 out of 34 
FDCs that do not show discontinuities before 0.3 Rc (~76%) show flattening with 
the inflection point at 0.31 ± 0.03 Rc (SEM) (Fig. 3.5B). Finally, the exponent of the 
tip dominated regime in the model is approximately 2, which corresponds well to 
the experimentally found exponents. However, the onset of this regime occurs 
at somewhat deeper indentations (0.15 Rc for a flat tip) than in the experimental 
data (~0.1 Rc). The model does not predict discontinuities, suggesting that experi-
mentally observed discontinuities (Fig. 3.2C) either can be explained by bilayer 
penetration events or adhesion of the vesicle to the tip or the surface.

This model allows us to estimate the bending modulus of the bilayer membrane. 
However, we do need to take the stiffness of our vesicles due to the pressurization 
into account. We estimate the osmotic pressure over the membrane by analyzing 
the backward curves of indentation experiments. Often the formation of a lipid 
tether (Fig. 3.6A, inset) is observed in the retraction curves. This is characterized 
by a force plateau with tether force (Ft) of 0.1 – 0.4 nN. It is well known that the 
tether force Ft = 2π

√
2σκ, where σ is the tension in the membrane32–34. By as-

suming that the tension is mostly due to osmotic pressure and using the Young-
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 Figure 3.5: Calculated force indentation response based on Canham-Helfrich theory. A) Calcu-
lated indentation curve for ΔΠRc

3k-1 = 1800, for a parabolic tip with Rt = 0.1 Rc (solid line). In re-
gime I (blue background), the apex of the vesicle flattens and a slight superlinear force re-
sponse curve can be observed. In regime II (green) the response softens. In regime III the 
response stiffens due to increased contact area between vesicle and tip. Dashed line shows a 
second indentation curve with Rt = 0.5 Rc. Upper insets indicate from left to right shapes at in-
dentation 0.2, 0.55 and 0.87 Rc, belonging to the 3 different regimes (arrow indicates axes in x,y 
and z-direction). Lower right inset shows same curves on logarithmic scale (units same as main 
panel). B) Inflection point experimentally determined for 200 nm vesicles. Red arrow indicates 
predicted theoretical value. Inset shows the inflection point of a typical force curve. FDC with 
~1000 points (in grey); smoothed FDC (in black); numerical derivative of FDC (blue line). Peak 
of derivative corresponds to the inflection point.
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LaPlace equation (ΔΠ=2σ/R) we obtain a direct relationship between tether force 
and osmotic pressure over the membrane, with the bending modulus as the only 
unknown:

3.1 ∆Π = (Ft
2π )

2( 1
Rck

).

To derive a bending modulus we can describe the pressure - stiffness relationship 
in a dimensionless way as Rc

3ΔΠκ-1, which we can rewrite using equation 3.1 as 
(FtRc/2πκ)2, versus Rc

2k/κ (Suppl. Text). In the low pressure limit, the stiffness of 
the vesicles is ~27κRc

-2. At pressure difference ~10κRc
-3, which is 1 – 10 kPa for 30-

200 nm vesicles, the stiffness becomes pressure dominated. Indeed, when plot-
ted this way our experimental data obtained with sonicated, 100 nm extruded 
and 200 nm extruded vesicles collapses (Fig. 3.6B). We fitted this model, with 
only one variable (i.e. bending modulus κ), to the experimental data and found κ 
is 14 ± 1 kbT. The resulting pressure (0.18 ± 0.03 MPa (SEM, N = 42) for 200 nm 
vesicles) indicates that our vesicles are in the pressure dominated regime.  

3.4  Discussion

In this research we quantified effects of deformation by imaging forces and 
suggested an AFM tip deconvolution correction for accurate size and shape 
determination of adherent vesicles. AFM previously has been used to determine 
the size of liposomes35 and natural vesicles36,37. Normally, vesicles are imaged in 
tapping mode to prevent high lateral forces during imaging; however we show 
that vesicles also significantly deform due to normal forces applied during imag-
ing, indicating the need to limit both lateral and normal forces. These procedures 
contribute to more accurate size and shape determination for single liposomes 
and could be potentially useful to quantify for example adhesion of vesicles to 
various surfaces.

Previously in vesicle indentation studies using AFM both a linear24,25 and a super-
linear21,23 force-indentation response were reported. We showed that the inden-
tation response of vesicles depends strongly on the tip size. The initial response 
of vesicles is consistent with a linear increase, but with bigger tips there is an 
early transition to a tip-dominated superlinear regime. For small vesicles, this 
initial regime is only a couple of nm and could easily be missed. Interestingly, the 
papers reporting superlinear behavior used tips with a 30 nm radius21,23, similar 
to our indentations with blunt tips which resulted in an early change to superlin-
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ear behavior. Previously the superlinear response was fit to obtain mechanical 
properties. However, this regime is likely to be dependent on both the size of the 
vesicle and the tip and might therefore not be a proper regime to measure for 
these properties. To solve these issues we introduced a new model for interpre-
tation of indentations of vesicles that is based on Canham-Helfrich theory27,26 for 
fluid membranes. Although Canham-Helfrich theory is widely used to describe 
membrane mechanics15,20, recent models applied to describe nanoindentations 
of adherent vesicles include the Hertz model21 and the thin shell model23–25. The 
Hertz model, however, does not describe the shell like geometry of vesicles. 
Furthermore, these models describe the membrane as a homogeneous elastic 
material, inconsistent with the 2D fluid properties of a bilayer. A major differ-
ence in the progress of deformation upon indentation between our model and 
the thin shell model is the softening of the response by formation of an inward 
tether. The predicted onset of this regime corresponds well to our experimental 
result and inward tether formation has recently been observed in experiments 
with giant vesicles38. In the thin shell model, buckling leads to a softening of the 
response39, but is suggested to occur earlier (at indentation ≈ 0.05 Rc)

25. Also, 
buckling is critically dependent on the existence of a membrane shear modulus, 
which is negligible in a fluid lipid bilayer40. Finally, even in the initial indentation 
regime there are important differences between the thin shell model and our 
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Figure 3.6: Bending modulus estimation of pressurized vesicles. A) Histogram of tether forces 
measured in the retrace of extruded 200 nm vesicles (N = 46). Inset shows a typical tether 
formed during a FDC (approach in grey, retrace in black). Blue lines indicate two fitted regimes; 
the difference is the tether force. B) Dimensionless pressure versus dimensionless stiffness. 
Theoretically predicted curve is shown in red. At small pressures (ΔΠRc

3k-1<10) the response is 
bending dominated, for higher pressures the vesicle stiffness becomes pressure dominated. 
Markers show experimental data for the 3 preparations of vesicles, which collapses onto a 
single curve. Bending modulus was used as single fitting parameter.
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model: the thin shell model predicts dependence of the stiffness on the radius 
as k ~ κ(tRc)

-1, where t is the thickness of the shell, whereas our model predicts k 
~ κRc

-2. Our data confirms the latter dependency for the stiffness, indicating that 
the thin shell model is indeed not capturing the mechanical behavior of vesicles.

Another important finding presented in this study is that adherent liposomes are 
strongly pressurized at physiological salt concentrations. We were able to esti-
mate the osmotic pressure using the tethers that are formed during retraction of 
the AFM tip.  This allowed us to derive the bending modulus at 14 ± 1 kbT which is 
typical for a fluid lipid bilayer, but somewhat lower than previously reported for 
complex membrane mixtures including cholesterol31. We show that the vesicles 
become pressure instead of bending dominated for pressures of ΔΠ>10κRc

-3. 
Hence, for vesicles with Rc > 50 nm a volume loss of 1% would already lead to 
pressure dominated mechanics. This suggests that during deformation in biologi-
cal processes, such as endocytosis or transport in the blood flow, it is likely that 
the mechanics of vesicles are pressure dominated. This is a currently neglected 
factor when studying the influence of mechanical properties in processes like 
endocytosis and fusion.   

In conclusion, the agreement between our experimental results and our model 
based on Canham-Helfrich theory27,26 have lead to a deeper understanding of the 
mechanics of LUVs and SUVs. The progress we have made in the analysis of AFM 
images and force spectroscopy on vesicles can be readily applied to other natural 
and synthetic vesicles. Therefore, we predict that these contributions expand the 
possibilities of AFM in the characterization of both natural vesicles and (e.g. the 
stability of) nanocarriers used in drug delivery.

3.5  Materials & Methods

Lipids. EggPC (P2772) and Cholesterol (C8667) were ordered from Sigma. Brain 
PS (840032C) was ordered from Avanti Polar lipids. Egg PE and Egg SM were 
ordered from Lipoid. 

Liposome preparation. To make unilamellar liposomes a protocol was adapted 
from Li et al.23. In short: lipid powder was dissolved at 20 mg/mL in a 9:1 chloro-
form to methanol solution in a round bottom flask. Molar ratio of mixed lipids 
was 15% Egg PC, 17 % Egg PE, 8% Brain PS, 15% Egg SM and 45% cholesterol. This 
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complex lipid mixture is designed to mimic the lipid concentrations in the red 
blood cell41 and similarly vesicles excreted by red blood cells42. For the data in 
figure 3.1D a slightly different composition was used with 4% Brain PS and oth-
erwise similar ratios. The solvent was dried in a rotary evaporator (Buchi), first 
for 30 minutes at 400 mBar, and subsequently at least another 30 minutes at 
100 mBar. Vesicles with equal buffer conditions in the lumen and on the outside 
were created by dissolving the dried lipids in PBS (Phosphate buffered saline: 10 
mM phosphate, 150 mM sodium chloride, pH 7.3 – 7.5) (Invitrogen) at 0.075 mg/
ml final concentration. After vortexing and sonicating (1 min each), liposomes 
were frozen at -80 0C and thawed at 37 0C during 5 cycles. Finally, liposomes were 
extruded 30 times back and forth through two layers of 100 nm or 200 nm filters. 
In the case of sonicated vesicles, they were sonicated for 15 minutes instead.

AFM on liposomes. Vesicles were adhered to poly-L-lysine coated glass slides in 
PBS. Slides were first cleaned in a 96% ethanol, 3% HCl solution for 10 minutes. 
Afterwards they were coated for 1 hour in a 0.001% poly-L-lysine (Sigma) solution 
and dried overnight at 370 C. They were stored at 7 0C for maximum 1 month. A 
50 µL drop of vesicle solution was incubated on the glass slide. Vesicles were 
imaged in PeakForce TappingTM mode on a Bruker Bioscope catalyst setup. Force 
set point during imaging was 100 pN, unless otherwise stated. Nano-indentations 
were performed by first making an image of a single particle, then indenting it 
until 0.5 nN, 2 nN and 5 nN at 250 nms-1 and making a subsequent image to check 
for movement of the vesicle. Importantly, both before and after the vesicle in-
dentation, the tip was checked for adherent lipid bilayers by pushing on the glass 
surface until a force of 5 nN or 10 nN in the case of blunt tips. Tips used were silicon 
nitride tips with a nominal tip radius of 15 nm on a 0.1 N/m cantilever by Olympus 
(OMCL-RC800PSA). Individual cantilevers were calibrated using thermal tuning. 

AFM image analysis. Both images and force curves were processed using home-
built MATLAB software. Size and shape were analyzed from line profiles through 
the maximum of the vesicle along the slow scanning axis. Circular arcs were fit 
to the part of the vesicle above half of the maximum height to obtain the radius 
of curvature. For calculation of R0 a minimum radius of the contact curvature of 
5 nm was assumed, since a sharper contact angle is unphysical28. For the data in 
figure 3.1D vesicles with a minimum height and width of respectively 20 and 40 
nm were used.



50

Chapter 3 

AFM FDC analysis. Cantilever response was measured on the sample surface 
and fitted linearly. The resulting fit was subtracted from the measured response 
when indenting vesicles, to obtain FDCs. Contact point was found by using a 
change point algorithm43 and occasionally manually adjusted. Before fitting, FDCs 
were smoothed (moving average with window length of ~10 points). Exponent 
of individual FDCs was found by fitting an exponential function in the interval 
between 0.02 – 0.2 Rc. Stiffness of individual liposomes was found by fitting a 
straight line in the interval between 0.02 – 0.1 Rc. To find the inflection point, FDCs 
were smoothed further (moving average with window length of ~40 points and 
Savitzky-Golay-filter with window length ~20 data points). Then, the derivative 
was taken numerically and the location of the maximum was obtained. For find-
ing the tether force a step fitting algorithm based on the change point algorithm 
was used. For the fit in figure 3.6B, 154 particles which showed a clear force pla-
teau were taken into account. The theoretical line was obtained by performing 
calculations for various pressures. From the set forces and resultant calculated 
shapes theoretical FDCs were created (like Fig. 3.5A). Stiffness of these curves 
was then fitted between 0.02 and 0.2 R c, which specifies a point in figure 3.6B. An 
interpolating function through 13 calculated pairs of values was created in Math-
ematica. The sum of the squared Euclidian distance between the logarithm of the 
resulting curve and the logarithm of individual data points was then minimized. 
Error bars were estimated by 500 bootstrapping repetitions, for which 154 times 
observed value combinations were randomly drawn and fitted.  

Blind Tip estimation. Measurements were performed in contact mode on UNCD 
Aqua 100 surfaces (Advanced Diamond Technologies, Inc.). Blind tip estimation 
was performed with software from the AFM manufacturer (NanoScope Ana-
laysis). Images were flattened, low pass filtered and the tip estimation was per-
formed using spike rejection (sigma mult 7) and discontinuitiy rejection (sigma 
mult 3). End radius was then estimated by fitting a spherical cap to the resultant 
tip image from 15 nm below the apex. 
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3.6  Appendix I: The quantitative model

3.6.1 The model

Following Seifert et al.44, we characterize the (assumed axisymmetric) vesicle by 
a coordinate S, where 0 ≤ S ≤ S1, and angle Ψ(S), as well as Cartesian coordinates

3.2 x(S) =
∫ S
0 cosψ(S′) dS

and a similar expression for z(S) with cos Ψ replaced by sin Ψ, where the origin is 
chosen to be the “South Pole” (Fig. 3.7). Moreover, we impose the following 
conditions for a closed membrane: ψ(0) = 0, ψ(S1) = π and x(S1) = 0. In these terms, 
the free energy

3.3 F = 2πκ
∫ S1

0 dS

(
x
2

[
ψ̇ + sinψ

x − c0

]2
+ x2

2 ∆Πsinψ

)
,

where c0 is the spontaneous curvature and ΔΠ is the pressure across the mem-
brane. For an applied indentation force acting at the “North Pole”, we add an 
additional term to the energy F of the form f z(S1).

In our model, we assume that the membrane is laterally incompressible. We im-
pose this constraint by the condition

3.4 4πR2
0 = 2π

∫ S1

0 x dS.

Since this constraint reduces to a choice of S1 for a given geometric shape defined 
by ψ, we choose to simply define ψ to be a function of  σ = S/S1 ∈ [0, 1]. Then, for 
instance x(S) = S1x̂(σ), where

3.5 x(S) = S1x̂(σ)
For an undistorted sphere, S1 = πR0, and we impose incompressibility with the 
condition

3.6 S1 = R0

√
2∫ 1

0 x̂(σ) dσ
.

Using this approach, e.g., for symmetric vesicle shapes, we define ψ(σ) as a sum 
over various shape modes: 

3.7 ψ(σ) = πσ +
∑nmax

n=1 an sin (nπσ) .

For vesicles with mirror symmetry through the plane passing through their equa-
tor, only even terms here are possible. In the general case, the constraint that 
x̂(1) = 0 imposes a non-trivial constraint on the an amplitudes. 

To solve for the vesicle shape, we minimize the energy above for a given force f 
and pressure ΔΠ, subject to the various constraints, including the area constraint, 
in order to obtain the various shape amplitudes an, as well as the length S1. We 
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also allow for changes in the pressure, consistent with the volume change that 
accompanies a shape change subject to constant vesicle area. 

By working in reduced coordinates x̂ and ẑ, it becomes natural to express ener-
gies in units of 2πκ, lengths in units of πR0, forces in units of 2κ/R0, spring con-
stants in units of 2κ/R0

2 and pressure in units of πκ/R0
3.

3.6.2 Symmetric, Parabolic tips

The approach outlined above corresponds physically to symmetric, point-like tips 
indenting the vesicle from both poles if only even shape modes an are allowed to 
be non-zero. We can also implement symmetric parabolic tips of curvature Rc by 
the addition of a potential

3.8 U0

∫
dA max

(
0,−Rcx

2 − z
)

to the energy, again, provided that only even modes an are allowed. There, the 
strength U0 of the potential is simply chosen to be large enough to enforce that z 
> -Rcx

2/2, which can only affect the lower hemisphere.  However, due to the use of 
only even modes an, this condition is also imposed on the upper hemisphere.

3.6.3 Parabolic tip and flat surface. 

For a parabolic tip and a vesicle supported by a flat, hard surface, We can also add 
an additional potential of the form

3.9 U1

∫
dA max (0, ψ − π)

where, again, the strength U1 is simply chosen to be large enough to enforce that 
ψ ≤ π, which corresponds to a flat surface on the upper hemisphere. Note that in 
this case uneven modes an are allowed.

X

Z

S

ψ

S=0

S=S1

Figure 3.7: Parametrization of vesicle shape in 
the model. An undeformed (solid black sphere) 
and deformed vesicle (dashed line) are shown. 
Z is the axis of symmetry. S is the length of the 
arc, which is zero at the “South Pole” and 
maximum at S1. The angle ψ(S) is the angle be-
tween the contour and the x-axis at point S. 
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3.7 Appendix II: Supplementary figures

Rc + Rt

Supplementary figure 3.1: Tip correction for spherical caps. Vesicle and AFM tip are shown in 
solid black lines; centers of both are indicated with black respectively red dots. Surface is il-
lustrated as solid grey line. Trajectory of the centre of the tip (red dot) will be a spherical cap 
with radius Rc + Rt (red dashed line). Trajectory (blue dotted line) of the apex of the AFM tip 
(blue diamond), which corresponds to the recorded AFM image, will therefore also follow a 
circular path with radius Rc + Rt.
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Supplementary figure 3.2: Deformation is localized at the sides of the vesicles. A) Topograph-
ic image of vesicles adhered on a poly-L-lysine coated surface (scale bar = 200 nm) at 100 pN 
peak imaging force (same image as Fig. 1A in main text). B) Deformation during imaging of the 
same area. Images made in peak force tapping mode, which is a force distance curve based 
imaging method that allows tracking of the deformation at each pixel. We observe largest de-
formations on the order of 10-20 nm at the edges of the vesicles, often in the shape of a halo. 
Note that this method is not accurate for tracking small deformations.
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Supplementary figure 3.3: Deformation during imaging in a model. A) Schematic representa-
tion with front view of AFM tip and cantilever. When imaging the side of a vesicle, the applied 
force will be under an angle alpha. The feedback of the AFM only registers forces normal to 
cantilever (cantilever bending, vertical solid arrow), and not lateral forces (cantilever twisting, 
dotted arrow). Hence, when the tip interacts with the surface under an angle, in total a higher 
force will be exerted (diagonal arrow). B) Starting with a vesicle R0 = 1 (fat black line), we simu-
late this effect at different magnitudes of deformation in the centre (red lines). There is an 
obvious artifact where the vesicle surface is vertical, since we assumed a point force and not a 
finite tip size. We fit the upper part (above half maximum) of the simulated data with a circular 
arc (dashed black lines) to find the radius of curvature. The actual shape is not exactly circular. 
C) Relationship of deformation at the apex of the vesicle related to decrease in fitted radius of 
curvature. Black squares are the results of individual fits. Red line is a reference with slope -2.5. 
The fitted radius of curvature decreases faster than the deformation at the apex. The refer-
ence line describes the data well until deformation of the centre of ~0.15 R0.
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Supplementary figure 3.4: Additional statistics shape. A) Histogram of the height of 46 ex-
truded 200 nm vesicles determined from the image 92 ± 3 nm (SEM) and from the FDC 103 ± 3 
nm (SEM). B) Radius of curvature (104 ± 4 nm (SEM, N = 46) after tip and deformation correc-
tion. 
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Supplementary figure 3.5: FDCs made on the sample surface after vesicle indentations. A) A 
cantilever that is contaminated with a lipid bilayer. A bilayer penetration event and a snap-in 
are present in the approach curve and a lipid tether is formed (characterized by a <0 nN force 
plateau) in the retrace. B) Another contaminated tip. A non-sharp increase upon touching the 
surface and a lipid tether are present. C) A typical clean glass curve. We characterize a glass 
curve as clean if no snap-in, bilayer penetration event and lipid tether are present. Further-
more, the transition when the cantilever touches the surface must be sharp and the approach 
and retract curve must overlap. For experiments performed with worn tips we frequently ob-
served a snap-in, even before indenting vesicles, so we relaxed this criterion.

Supplemental Figure 3.6: Density plots. Indentation behavior of A) 100 nm extruded vesicles 
(N = 84) and B) sonicated vesicles (N = 42). Black markers show average and error bars show 
SEM. Colors indicate density of data points at a specific position (blue and red indicate low re-
spectively high density). Curves are shown till the first discontinuity occurred. Expected non-
linear behavior cannot be observed for sonicated vesicles. However, many FDCs show an early 
discontinuity (data not shown) and the window size is small (0.1 Rc corresponds to ~ 3.2 nm).
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Supplementary figure 3.7: Tip reconstruction and wear on a high roughness crystalline dia-
mond surface. All images were made in contact mode with scan size 2.5 x 2.5 μm and a resolu-
tion of 1024 x 1024 pixels. Scanning rate was 0.2 Hz per line. Colorbar represents the height 
scale of all three images. A) Image with force set point 5 nN with a new tip. B) Image with the 
same tip at 25 nN set point. C) Final image with the same tip at 5 nN set point. Notice the clear 
decrease in resolution when comparing A with C, resulting from the increase in tip size caused 
during wear. A,C) are the images used for the blind tip reconstruction, with the resultant tip 
shapes shown in figure 2D & E in the main text.
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Supplementary figure 3.8: Typical FDC made with a large radius tip. FDC made with a 43 nm 
tip. Notice the strong non-linear behavior, with an abrupt change in slope just past 20 nm in-
dentation. Overall forces during indentation are higher and bilayer penetration events also 
occur at higher force. The first discontinuity (red curve, indentation ~55 nm) seems to be irre-
versible, since the 3rd approach curve shows a lower contact point and softer behavior.
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Supplementary figure 3.9: Shapes for indentation with a large radius tip. Shapes calculated 
with Rt = 0.5 Rc. A,B,C) Shapes corresponding to respectively indentations of 0.2, 0.4 and 0.6 Rc. 
A) Comparison with figure 5A in the main text reveals that the initial deformation is similar. 
B,C) At deeper indentations, with a large tip a less pronounced dimple with inverted curvature 
and a stronger overall deformation can be observed.
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4.1  Abstract

Small multilamellar vesicles have benefits over unilamellar vesicles for drug 
delivery, such as increased volume for hydrophobic drugs. In additions, their 
changed mechanical properties might be beneficial for cellular uptake. Here, 
we show how atomic force microscopy (AFM) can be used to detect and char-
acterize multilamellar liposomes. We quantify the size of single break events 
occurring during AFM nano-indentations, which shows good agreement with 
the thickness of individual lipid bilayers. Analyzing the size and number of these 
events for individual liposomes allows us to identify and distinguish between 
vesicles consisting of 1 to up to 5 bilayers. Finally, we show that for each ad-
ditional bilayer liposomes become more spherical and stiffer. Our results show 
the potential of AFM for studying liposomal nanoparticles and suggest that 
small multilamellar vesicles might have beneficial properties for cellular uptake. 
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4.2  Introduction

Liposomes are currently used as nanocarriers in drug delivery, for example for 
cancer therapeutics1,2 and protozoan infections2,3. Characteristic properties of 
liposomes can be modified by changing the amount of lipid bilayers, and it is sug-
gested that small multilamellar vesicles (MLVs) would have important benefits 
over small unilamellar vesicles (SUVs). For instance, many drugs are hydrophobic4 
and MLVs have more volume for encapsulation of hydrophobic molecules than 
similar sized SUVs. MLVs also result in slower release kinetics5. Antigen carrying 
MLVs have also been shown to form a much more potent vaccine than SUVs5. 
MLVs with cross-linked lipid bilayers seem to have enhanced therapeutic ben-
efits5,6. On the other hand multilamellarity also occurs as an uncontrolled side 
effect; to achieve a high loading rate of water soluble molecules into liposomes, 
a high concentration of liposomes must be used during extrusion, which results 
in multilamellarity. 

Elasticity of nanoparticles is potentially an important factor for interaction with 
cells7,8. A recent theoretical model suggests that stiffer particles stay in a more 
spherical shape upon binding to a cell membrane, leading to more efficient cel-
lular uptake9. However, in a molecular dynamics study deformation of vesicles 
significantly facilitated endocytosis compared to non-deformable particles10. 
Recently, it was found experimentally that elasticity of nanoparticles can influ-
ence uptake, circulation and targeting11. These results, which seem partially con-
tradictory, exemplifies that the role of mechanics of liposomes in uptake is still 
poorly understood. Clearly, multilamellarity has a strong influence on mechanical 
properties of liposomes and therefore potentially on cellular uptake. 

In this study we focus on the mechanics of multilamellar vesicles using atomic 
force microscopy (AFM). AFM nano-indentation is a proven technique to study 
the material properties of nanoparticles, such as viruses12. Both natural vesicles 
and liposomes have been studied using a similar approach13,14. Recently, we ap-
plied AFM to study the mechanics of small unilamellar vesicles and introduced 
a new quantitative model based on Canham-Helfrich15,16 theory for lipid bilayers 
(Chapter 3). This model has been widely tested for mechanics of giant unilamellar 
vesicles (GUVs)17,18. AFM has also been used to study the penetration of supported 
lipid bilayers19–21. However, it remains challenging to characterize individual breaks 
events during nano-indentation of stacks of bilayers22. In this work, we show that 
by performing AFM nano-indentations we can determine the amount of bilayers 



64

Chapter 4 

for single vesicles by analyzing the break events occurring during indentation. 
This allows us to study the mechanical differences of vesicles with 1 to 5 bilayers. 
We find that multilamellar vesicles stay in a more spherical shape upon adhesion 
with a surface. MLVs are also stiffer than SUVs, however, the stiffness of adher-
ent liposomes is only weakly dependent on multilamellarity.

Figure 4.1: Typical force indentation curves (FDCs) on unilamellar and multilamellar lipo-
somes. First a small indentation was performed (black = approach, grey = retract). Overlap 
between approach and retract is very high (the retract curve is mostly behind the approach 
curve and therefore hard to see in panel A & B), indicating elastic behavior. In blue a subse-
quent indentation till 10 nN (retract in light blue). Force is initially zero till the contact point (at 
indentation 0 nm), then there is a subsequent rise in force. Finally, multiple breaks events can 
be observed close to the surface (visible as a vertical line). Vesicles showing A) 2, B) 4 and C) 6 
break events close to the surface (magnified and marked with arrows in insets). The last break 
closest to the surface is visibly smaller than the other breaks. C,D) Breaks can also occur far 
from the surface. These breaks occur in similar sized steps (~4 nm) (D, inset).
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4.3  Results

4.3.1 MLV imaging and nanoindentations. 

Recently we described the mechanics of unilamellar liposomes (Chapter 3). In the 
current work we used a vesicle preparation protocol that gives rise to a higher 
percentage of multilamellar vesicles, by using a higher concentration of lipids and 
leaving out freeze-thaw cycles. Vesicles were made of a complex lipid mixture 
and extruded through 200 nm filters.

Vesicles were subsequently attached to a 0.001% poly-l-lysine coated glass surface. 
For the mechanical probing of the vesicles, first, an image of individual particles 
was recorded. Subsequently, we performed nanoindentation experiments to 
obtain force indentation curves (FDCs)12. Initially, an indentation was made until 
a force setpoint of 0.5 nN to check if the observed response is elastic, followed 
by at least one indentation until a setpoint of 10 nN. Figure 4.1 shows typical force 
curves. The indentations till 0.5 nN show strong overlap between approach and 
retract curves, showing that the observed behavior is elastic (Fig. 4.1, black and 
grey curves).

For high force indentations of unilamellar vesicles we observe similar behavior as 
described previously (Chapter 3): during indentation of the particle a linear (or 
slightly superlinear) force response is observed till a flattening of the force curve. 
Then, there is a steep rise in force when the two bilayers are pressed together. 
After two discontinuities in which the two lipid bilayers are penetrated, the 
AFM tip touches the glass surface (Fig. 4.1A and inset), which appears infinitely 
rigid. The second break event is visibly smaller than the first. However, in other 
liposomes four discontinuities occurred close to the glass surface (Fig. 4.1B) or 
six (Fig. 4.1C). Interestingly, liposomes can also show discontinuities far from the 
glass (Fig. 4.1C,D).

In total we observed 561 break events in FDCs made on 124 vesicles. To look into 
these events we separate discontinuities occurring close to the glass surface 
(within ~3 nm from the surface or from a subsequent discontinuity) and others. 
We quantified the distance of the discontinuities, which shows a clear bimodal 
distribution with peaks at 2.00 ± 0.05 and 4.98 ± 0.07 nm (SE of MLEs, N = 361) 
(Fig. 4.2A) for the discontinuities close to the surface. The majority of these 
breaks occur at a force of 2.22 ± 0.02 nN (SE of MLEs) (Suppl. Fig. 4.1A). The 2 
nm peak is caused almost exclusively by the last discontinuity before the glass 
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surface, which shows a peak at 1.94 ± 0.04 nm (SEM, N= 114) (Fig. 4.2A). 

We separately investigated the breaks occurring further from the surface (N 
= 200). Unlike materials that behave like thin elastic shells (e.g. some viruses), 
which can show buckling during nano-indentation23,24, no such discontinuity is ex-
pected during liposome indentations (Chapter 3). These breaks could therefore 
for instance correspond to bilayer penetration events. Indentation curves similar 
to those in figure 4.1D suggest that these discontinuities can occur in steps of a 
specific size (Fig. 4.1D, inset). Indeed, we observe a large peak around a break 
size of 4.0 ± 0.1 nm (SEM, N = 159) (Fig. 4.2B), corresponding to reported bilayer 
thicknesses25,26 and therefore suggesting that these breaks indeed correspond to 
bilayer penetrations. These breaks occur at a lower force than the breaks close 
to the surface, with the majority of breaks occurring around 0.5 ± 0.1 nN (SEM) 
(Suppl. Fig. 4.1B).

4.3.2 Lipid bilayer imaging and nanoindentations. 

The thickness of lipid bilayers is typically in the range 3 – 5 nm25,26, however we 
would like to compare the break sizes found above with the thickness of the 
lipid bilayer of our particular lipid composition. We broke vesicles by imaging with 
a high force (~2nN) in order to create supported lipid bilayers. By subsequent 
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Figure 4.2: Analysis of breaks occurring in FDCs on 124 liposomes. A) In blue, histogram of 
breaks occurring close to the surface (N = 361, 15 breaks showed a break size above 10 nm and 
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= 124). In black a bimodal Gaussian fit of breaks <7 nm. B) Breaks occurring farther from the 
surface (>3 nm from the surface or the next break) in blue (N = 200). In black a Gaussian fit of 
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AFM imaging at low force we found that the thickness of our lipid bilayers is 4.1 
± 0.2 nm (SEM, N=4) (Fig. 4.3A,B). However, by making indentations on single 
lipid bilayers we measured the thickness by quantifying the distance from the 
contact point till the surface, revealing 5.2 ± 0.2 nm (SEM, N = 54) (Fig. 4.3C,D), 
corresponding well to the size of the larger breaks occurring close to the surface. 
The difference between these estimates of the height can be due to the imaging 
force (~100 pN), deforming the imaged bilayer. In the indentations we observed 
that our bilayers deformed strongly and continuously (3.6 nm ± 0.2 nm, SEM, 
N = 54, Fig. 4.3D inset) before they show a small break (1.78 ± 0.05 nm, SEM, 
N = 54, Fig. 4.3E), which occurs at 3.5 ± 0.2 nN (SEM, N = 54) (Suppl. Fig. 4.1C). 
The latter corresponds well to the final breaks before reaching the surface in 
vesicle indentations. This suggests that a ~2 nm break occurs when puncturing 
a deformed bilayer on a stiff surface, because the jump is between a highly de-
formed state of the bilayer and the solid surface underneath. The 4-5 nm breaks 
of the indented vesicles are then a result of jumping from a deformed bilayer into 
the next deformable bilayer. This suggests that the vast majority of the observed 
break events in the liposomes correspond to bilayer penetrations. 

4.3.3 Determination of the degree of lamellarity. 

Next, we added up the distance of all breaks occurring for each vesicle inden-
tation curve (Fig. 4.4A). We observe a broad distribution of this total distance, 
with multiple peaks. To find the location of the peaks we fitted a mixture of five 
Gaussian distributions, revealing peaks at 7.3 ± 0.3 nm, 15.9 ± 0.9 nm, 22.9 ± 1.1 
nm, 29.4 ± 1.8 nm and 40.8 ± 1.6 nm (SEMs determined by 1000 nonparametric 
bootstrapping repetitions). These values correspond well to multiples of 8 nm, 
which is approximately two times the height of a lipid bilayer. This indicates that 
we indented liposomes with 1 to 5 lipid bilayers and that we can distinguish vesi-
cles based on their number of bilayers. This in turn encouraged us to look into 
the effect of number of bilayers on the mechanical properties of liposomes. For 
this purpose, we separated the particles by creating bins at the minima in the 
multiple-Gaussian fit.

4.3.4 Mechanical characterization of MLVs. 

First of all we looked into the shape of the liposomes adhering to the surface. 
The optimal shape for a vesicle adhering to a surface is that of a spherical cap, 
in which the degree of spreading is a balance of bending and stretch energy, 
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Figure 4.3: Imaging and indentation of supported lipid bilayers. A) Typical supported lipid bi-
layer created by AFM imaging of vesicles at a high force (~2 nN). Image recorded at peak imag-
ing forces of ~100 pN. Scale bar is 100 nm. B) Histogram of the height of each pixel of image 3A. 
The height of the bilayer was determined as the distance between the peaks. C) Typical FDCs 
performed on solid supported lipid bilayers. Different colors mark indentations at different lo-
cations. D) Height obtained from indentation curves (N = 54). Inset shows deformation of the 
lipid bilayer before the penetration event occurs. Contact point was determined using an auto-
mated program based on a change point algorithm33. Surface position was determined by 
taking the average indentation after the break event. E) Break size of 54 indentations on solid 
supported lipid bilayers.
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adhesion energy to the surface and a build-up of internal osmotic pressure27. We 
obtained quantitative information on the shape of individual vesicles by creating 
a line profile along the slow scanning axes through the maximum height H of a 
vesicle. We determined the radius of curvature R c by fitting a circular sector to the 
part of the line profile above half of the maximum height. We then quantified the 
shape of the vesicle by dividing the height by the radius of curvature (Fig. 4.4B 
and inset). This value is 2 for a sphere and 1 for a hemisphere. We corrected these 
measures for tip convolution and deformation during imaging (see materials and 
methods). 

Most vesicles formed spherical caps with H/Rc between 0.7 and 1. We observed 
a clear increase of this ratio with each added bilayer, showing that multilamellar 
vesicles spread less and stay in a more spherical shape upon adhesion (Fig. 4.4B). 
This effect is also visible in the raw data directly obtained from the image, i.e. 
without deformation correction (Suppl. Fig. 4.2A). We also calculated the size of 
the vesicle, assuming surface area conservation and found that our multilamellar 
vesicles are on average bigger (Suppl. Fig. 4.2B). This can be explained by larger 
liposomes having a higher chance of being multilamellar (Suppl. Fig. 4.2C). For 
larger vesicles, more flattened shapes are expected; however, the effect of mul-
tilamellarity on shape is dominant.

Since the external chemical properties for unilamellar and multilamellar vesicles 
are identical, their adhesion energy to the surface is identical too. Hence, the 
more spherical shape suggests that the multilamellar vesicles are stiffer. To test 
this more directly we measured the stiffness of the initial slope of the indentation 
curve (measured between indentation of 0.02 – 0.1 Rc

 or till the first break event 
if it occurred at smaller indentation). We observed a clear increase in stiffness 
for each added bilayer, from 0.015 ± 0.002 N/m (SEM, N = 26) for unilamellar 
liposomes to 0.027 ± 0.002 N/m (SEM, N = 14) for liposomes with 5 lipid bilayers 
(Fig. 4.4C). We fitted a linear function to this data and found a slope of 0.0027 
N/m per added bilayer. This corresponds to an increase of ~20% of the stiffness of 
a ULL liposome with each added layer. 
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Figure 4.4: Effect of multilamellarity on vesicle geometry and mechanics. A) Total break dis-
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8 nm B) Shape of liposomes as quantified by the Height divided by Radius of curvature (see 
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(not included for the fit). 
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4.4  Discussion

In this work we identified multilamellar vesicles by quantifying the total size of the 
break events occurring in FDCs. These penetration events have been previously 
observed in studies on solid supported bilayers19 and during liposome indenta-
tions13. It was also previously observed that when indenting multiple layers, the 
break closest to the surface is smaller21,28. Recently, it was suggested that small 
breaks can occur due to leaflet by leaflet penetration29. Our data on lipid bilayers 
suggests a different mechanism, in which bilayers are highly deformed before 
they are penetrated. This strong deformation is presumably due to tilting of lipid 
molecules and bending of hydrocarbon chains. The size of the breaks within the 
FDCs far from the surface corresponds well to the size of a lipid bilayer, suggest-
ing that bilayers can already be penetrated without solid support.

We see a clear effect of the amount of lipid bilayers on the vesicle stiffness. Our 
data can be well described by a linear relation with 2.7 10-3 N/m stiffness added per 
lipid bilayer. This effect is, however, smaller than would be expected in a bend-
ing dominated regime. If the stiffness is just affected by bending of additional 
layers, the system could be approximated by parallel springs and an increase 
of > 100% in stiffness would be expected for each internal vesicle*. We recently 
suggested that adherent vesicles are strongly pressurized (Chapter 3), which is 
consistent with the smaller effect (~20% added stiffness per additional bilayer) 
observed here. The striking linearity of the influence of the degree of lamellarity 
on the stiffness can be rationalized as follows: during deformation on the surface 
an osmotic pressure builds up inside the outer vesicle. The shape of an internal 
vesicle during spreading is then determined by this osmotic pressure and bend-
ing of its membrane (adhesion between bilayers is likely small, since we don’t 
observe adhesion between vesicles). Since bending is relatively inexpensive, the 
internal membrane is likely to bend strongly, leading to only a small pressure dif-
ference over this membrane. The same reasoning can be applied for the internal 
vesicle and a third vesicle inside that one. Hence, the pressure differences over 
the internal membranes are all likely to be small and the response to indentation 
of internal vesicles is likely bending dominated. Hence internal vesicles will have 
similar stiffness, which causes a linear effect of the addition of multiple bilayers 
on the stiffness.

*Internal vesicles are smaller than the outer vesicle, which means they are stiffer, resulting in 
an increase of stiffness slightly larger than the stiffness of the outer vesicle.  
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In summary, our study shows that we can detect and measure mechanical proper-
ties of multilamellar vesicles by AFM nano-indentations. The observed response 
is in agreement with our recently proposed model, which described vesicles 
indentation using Canham-Helfrich theory (Chapter 3). Multilamellar liposomes 
stay in a more spherical shape and are stiffer than unilamellar liposomes. It has 
been suggested that it is beneficial for vesicles to be able to deform for cellu-
lar uptake10, however strong deformation might be unfavorable9. According to 
these findings, our results suggest that small multilamellar vesicles might have 
benefits for uptake by cells.

4.5  Materials and methods

Lipids. EggPC (P2772) and Cholesterol (C8667) were ordered from Sigma. Brain 
PS (840032C) was ordered from Avanti Polar lipids. Egg PE and Egg SM were 
ordered from Lipoid. 

Liposome preparation. Small MLVs were produced using the extrusion method30. 
In short: lipid powder was dissolved at 20 mg/mL in a 9:1 CHCL 3:CH3OH solution in 
a round bottom flask. Molar ratio of mixed lipids was 15% Egg PC, 17 % Egg PE, 8% 
Brain PS, 15% Egg SM and 45% cholesterol. This complex lipid mixture is designed 
to mimic the lipid concentrations in the red blood cell31 and similarly vesicles ex-
creted by red blood cells32. The solvent was dried in a rotary evaporator (Buchi), 
first for 1 hour at 400 mBar, than subsequently at least another 30 minutes at 
100 mBar. Vesicles with equal buffer conditions in the lumen and on the outside 
were created by dissolving the dried lipids in PBS (Phosphate buffered saline: 
10 mM phosphate, 150 mM sodium chloride, pH 7.3 – 7.5) (Invitrogen) at a 20 
mg/ml final concentration. Vesicles were then vortexed for 10 minutes. Finally, 
liposomes were extruded 15 times back and forth through a 200 nm filter (Avanti 
polar lipids). 

AFM. Vesicles were adhered to poly-L-lysine coated glass slides in PBS. Slides 
were first cleaned in a 96% ethanol, 3% HCl solution for 10 minutes. Afterwards 
they were coated for 1 hour in a 0.001% poly-L-lysine solution (Sigma), rinsed 
with ultrapure water and dried overnight at 370 C. They were stored at 7 0C for 
a maximum of 1 month. A 50 µL droplet of vesicle solution was incubated on 
the glass slide. Vesicles were imaged in PeakForce TappingTM Mode on a Bruker 
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Biocatalyst setup. Force setpoint during imaging was 100 pN. Nano-indentations 
were performed by first making an image of a single particle, indenting it at 0.5 
nN, and subsequently 10 nN with a speed of 250 nms-1. Subsequently another im-
age was made to check for movement of the vesicle. Importantly, both before 
and after the vesicle indentation, the tip was checked for adherent lipid bilayers 
by pushing on the glass surface till a force of 5 nN. Tips used were silicon nitride 
tips with a nominal tip radius of 15 nm on a 0.1 N/m cantilever by Olympus (OMCL-
RC800PSA). Individual cantilevers were calibrated using thermal tuning. 

AFM image analysis. Both images and force curves were processed using home-
built MATLAB software. Size, shape and pressure of vesicles were analyzed as 
described previously (Chapter 3). Briefly, a circular arc was fit to the part of the 
vesicle above half of the maximum height. Subsequently the tip size was sub-
tracted. Height of the vesicles was determined from the FDC. Radius of curvature 
was corrected by 2.5 times the height found in the FDC minus the height found 
in the images. Size of the vesicle before deformation was calculated assuming 
surface area conservation. A minimum radius of curvature of 5 nm was assumed 
for where the spherical cap touches the surface. 
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4.6  Appendix: Supplementary Figures
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Supplemental Figure 4.1: Break Force. A) Histogram of forces at which break events occur 
when close to the surface. In black a bimodal fit, with ~80% of breaks occurring at a force of 2.2 
± 0.1 nN and ~20% of breaks occurring at 0.4 ± 0.1 nN (N = 323 breaks between -1 and 4 nN). In 
rare occasions breaks occur at forces below 0 nN, indicating adhesion of the tip to the vesicle.  
B) Breaks taking place farther from the surface occur mostly at lower forces. In black a bi-
modal fit with ~70% of breaks occurring at a force of 0.5 ± 0.1 nN and ~30% of breaks occurring 
at 1.6 ± 0.2 nN (N = 193 breaks between -1 and 3 nN). Errors correspond to standard error of the 
maximum likelihood estimator.  C) Histogram of forces at which breaks occur when indenting 
supported lipid bilayers. Bimodal fit in black shows 3.5 ± 0.2 nN (SEM, N = 54).
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Supplementary Figure 4.2: Additional statistics on the size and shape of liposomes. A) Shape 
of vesicles with various number of lipid bilayers without deformation correction of the image. 
Same trend can be observed as in figure 4B (errorbars correspond to SEM). B) Size of vesicles 
with various number of lipid bilayers. R0 is the size of the (spherical vesicle) before adhesion to 
the surface. R0 was calculated from the spherical cap shape assuming surface area conserva-
tion (errorbars correspond to SEM). C) Probability of having 1 to 8 bilayers, and average num-
ber of bilayers for liposomes binned per size. Error bars on the average number are standard 
errors of the means obtained by bootstrapping.
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5.1  Abstract

Extracellular vesicles (EVs) are widely studied for their role in cell-to-cell com-
munication and disease, and have potential as biomarkers and drug delivery 
vehicles. EVs from red blood cells (RBCs) are shed in healthy people, but are 
present in elevated levels in patients with blood disorders or parasitic infec-
tions. EVs contain both membrane and intraluminal proteins, which affects their 
mechanical properties and thereby likely their functioning. Here, we use atomic 
force microscopy for the mechanical characterization of RBC EVs from two 
healthy donors and a patient with spherocytosis. EVs were isolated using dif-
ferential centrifugation after stimulation of the RBCs with Ca2+ ionophore. We 
show that the vesicles are packed with membrane proteins, yet their response 
to indentation agrees well with previously observed and theoretical behavior 
for a fluid lipid bilayer. The bending modulus is shown to be ~15 kbT, agreeing 
well with the bending modulus of the RBC membrane. Finally, we investigate 
vesicles from a patient with spherocytosis. We show that these vesicles have a 
different protein composition and a significantly lower bending modulus of ~7 
kbT. These results have important implications for the mechanism and effects 
of vesicle budding and could be related to the reported stiffening of red blood 
cells of spherocytosis patients.
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5.2  Introduction

Extracellular vesicles are excreted by many cell types in vitro and are present in 
most body fluids. They originate either from internal cellular organelles called 
multivesicular bodies (i.e. exosomes) or are shed directly from the cell membrane 
(i.e. microvesicles)1,2. They are suggested to play a prominent role in cell-to-cell 
communication as intercellular transport vehicles carrying proteins and RNAs3. 
They have also been suggested to play a role in the immune response4 and can-
cer progression5,6. Because of the latter, they are intensively studied as potential 
biomarkers. Furthermore, they are investigated as potential delivery vehicles for 
drugs2. 

Extracellular vesicles from red blood cells are excreted both in vivo and in blood 
bank storage conditions7. A human red blood cell typically sheds 20% of its mem-
brane area over its lifetime8. RBC EVs have been suggested to postpone the 
clearance of RBCs by the immune system9 and play a role in blood clotting10. In 
patients with blood disorders the number of excreted vesicles is elevated, cor-
relating with a reduction in RBC deformability11. Furthermore, RBC EV levels are 
elevated during malaria12 and were demonstrated to facilitate communication 
between the malaria parasites after infection13,14. Finally, they were put forward 
as a potential biomarker for dengue virus infections15.

Currently, characterization of EVs is still challenging, due to their small size, and 
their mechanics remains elusive. It has been suggested that mechanical proper-
ties of vesicles play an important role in their interaction with cells in theoretical 
models16,17. Indeed the elasticity of nano- and microparticles seems to affect cel-
lular uptake18,19 and stability in the blood flow19. Also, mechanical properties could 
provide insight into the function of the constituents of EVs and the vesiculation 
process. Therefore, a proper mechanical characterization of EVs is essential to 
acquire detailed insight into their dynamic behaviour.

Recently, we showed that the mechanics of small (30 – 200 nm) artificial vesicles 
(liposomes) can be well described by a quantitative model based on Canham-
Helfrich20,21 theory (Chapter 3). However, the mechanical properties of natural 
vesicles could be influenced by both membrane proteins and intraluminal pro-
teins. If luminal proteins play a large role in the mechanics of EVs, the mechan-
ics could be dominated by the vesicle interior, which would lead to Hertz-like 
behavior. The high percentage of area occupied by membrane proteins in the 
red blood cell membrane (~20 %) was previously suggested to make membranes 
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more rigid and less fluid22. This would mean that natural vesicles have a nonzero 
shear modulus and can be better described as thin elastic shells, and hence po-
tentially show typical behavior thereof, such as buckling23.  Moreover, thin shell 
behavior could be caused by the spectrin network, which is known to provide 
shear resistance to the RBC membrane24–26. Furthermore, nano indentation stud-
ies with vesicles reconstructed from yeast membranes27 and influenza viruses28 
both suggested that membrane proteins result in a large increase of the bending 
modulus of vesicles. 

In this study, we use atomic force microscopy (AFM) nano-indentation for me-
chanical characterization of RBC EVs, excreted after red blood cell stimulation 
with calcium ionophore. The red blood cell membrane is one of the best char-
acterized biomembranes29 and the vesicles from red blood cells are exclusively 
microvesicles11, providing us a rather homogeneous sample. We use quantitative 
image analysis and show that RBC EVs stay in a rather spherical shape upon adhe-
sion to the sample surface. 

Protein analysis and imaging of collapsed vesicles show that vesicles are packed 
with membrane proteins. Surprisingly, most particles behave as expected for 
empty liposomes with a fluid bilayer and the bending modulus of donor derived 
RBC EVs is similar to previously reported values for liposomes (Chapter 3). We 
find that the bending modulus of RBC EVs is ~15 kbT, which corresponds to 
bending moduli found in studies of the red blood cell membrane30–32. Finally, we 
compare with EVs derived from RBCs from a spherocytosis patient (caused by 
ankyrin-deficiency), revealing that patient derived EVs have an altered protein 
composition and a significantly softer bending modulus.

5.3  Results

5.3.1 Geometric characterization of RBC EVs. 

To study the mechanical properties of EVs excreted by RBCs, it is first essential to 
image the vesicles at high resolution to find their geometry and centre. For this 
purpose RBC EVs were attached to poly-l-lysine coated surfaces and imaged us-
ing atomic force microscopy (Fig. 5.1A). Due to electrostatic interactions with the 
surface, vesicles spread onto the surface. High resolution imaging revealed that 
vesicles stay in a rather spherical shape and confirmed their rather homogeneous 
appearance. We applied a correction for the tip shape (Fig. 5.1B) and a correc-
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tion for deformation due to applied imaging forces (See materials & methods). 
Subsequently we quantified the shape of vesicles by measuring the height over 
the radius of curvature. For our 2 donor samples this ratio was 1.44 ± 0.03 (SEM, 
N = 72) and 1.62 ± 0.07 (SEM, N = 55) (Fig. 5.1C), indicating some spreading onto 
the surface. The difference in spreading between the samples can be attributed 
to either surface preparation or variation between the two donors. Next we 
calculated the initial radius of the vesicles, assuming surface area conservation, 
finding 88 ± 2 nm (SEM, N = 72) and 88 ± 3 nm (SEM, N = 55) (Fig. 5.1D). This is 
slightly higher than the average radius found during nanoparticle tracking analy-
sis (NTA), which gave R0 = 71 ± 1 nm (SEM, 15 movies of 3 separate dilutions) (Fig. 
5.1D, inset). However, the mode of the distributions found by NTA (69 ± 1 nm) is 
similar to the peak in the observed radii by AFM,  so the difference is likely due to 
leaving out small particles for AFM nanoindentation experiments.
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Figure 5.1: Geometry of adherents RBC EVs. A) Topography image showing RBC EVs bound on 
an APTMS coated glass slide. B) Line profile through slow axis of a single vesicle (in black). In 
red the fitted spherical arc and in dashed red the approximated vesicle shape after tip correc-
tion. C) Average shape of vesicles defined by their height over radius of curvature. Error bars 
indicate standard error of the mean. Reference shapes are shown in black for H/Rc equals 0.5, 1 
and 1.5. D) Size distribution of vesicles. R0 is the calculated radius of the vesicle while in solu-
tion. Black lines show Gaussian fits. Inset shows the size distribution derived from NTA, where 
Ci is the number concentration in particles per ml. Displayed is the mean (black line) ± STD (grey 
lines) of three independent measurements. Mean radius of the vesicles is 71 ± 1 nm (SEM, 5 
movies of 3 separate dilutions).
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5.3.2 Nanoindentation and collapse of RBC EVs. 

The mechanical behavior of the vesicles was studied by analyzing force indenta-
tion curves (FDCs), which were obtained during indentation experiments. The 
curves were obtained by moving to the centre of the EVs and applying a force of 2 
– 10 nN on the vesicle. Typically, FDCs revealed linear behavior and a subsequent 
flattening. Finally, two discontinuities can be observed, which correspond to the 
penetration of both lipid bilayers (Fig. 5.2A). A linear response is consistent with 
an elastic response dominated by the physical properties of the membrane and 
indicate that the interior of the vesicle is not packed with proteins, in which case 
a Hertz-like behavior with a superlinear force-indentation response (exponent α 
of the FDC 1.5) would be expected. Some vesicles showed a very soft response 
(Fig. 5.2B). Also, sometimes large irreversible break events could be observed 
(Fig. 5.2C), which usually led to collapsed vesicles 

Previous reports on liposomes and natural vesicles have described a complete 
recovery after such experiment, with no detectable change in the geometry of 
the vesicles27,33. Here, we observed particle collapse in ~40% of cases for both 
donors. The other vesicles were either similar to before indentation or more flat-
tened. Typical collapsed vesicles are shown in figure 5.3. Some collapsed vesicles 
appear as flat structures, with height of 15 – 35 nm (Fig. 5.3A-C). Other vesicles 
show elevated halo like edges (Fig. 5.3D-H), with similar 

Figure 5.2: Typical FDCs on RBC EVs. A) A force indentation curve (FDC) showing an initial lin-
ear elastic response. The arrow marks a subtle flattening of the FDC. Then an abrupt increase 
in stiffness occurs, followed by two break events, after which the glass surface (identified as a 
vertical line) is reached. The two break events correspond to the penetration of the lipid bilay-
ers and the first one is typically larger than the second. B) Similar behavior, but a much softer 
response. Inset shows the smoothed data zoomed on the initial regime, where we can see that 
the initial linear response softens (black arrow). Also note that this response is fully reversible. 
C) A FDC with a large discontinuity, after which the particle is ruptured (in blue). All FDCs were 
obtained with EVs from donor 1 RBCs.
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Figure 5.3: AFM topography images showing collapsed vesicles. A,B,C) Flat structures with 
respectively mean height ~22 nm, ~15 nm and ~26 nm. D-L) Collapsed particles exhibiting partly 
free bilayer (indicated with white asterisks). D-G) Elevated halo-like edges with maximum 
height 15-20 nm. H,I,J) Partially flat structures with respectively mean height ~24, ~26 and ~16 
nm. K,L) Collapsed particles showing more complex structures. Panel B,C,G and L show col-
lapsed vesicles from donor 2, the other panels show vesicles from donor 1. Scale bar in each 
panel is 50 nm.
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maximum heights. Yet other vesicles showed partly elevated flat structures (Fig. 
5.3H-J) or more complex structures (Fig. 5.3K,L). In figure 5.3D-L the lipid bilayer 
is partly exposed, with a height of 4.1 ± 0.2 nm (SEM, N = 9), indicating that the 
observed structures are higher than single or double lipid bilayer. In fact, the 
recorded structures resemble proteins and aggregates thereof observed on the 
RBC inner cell membrane34,35. Their height corresponds well to previous obser-
vation of proteins sticking out up to 10 nm above the inner membrane34. This 
suggests that the vesicles in figure 5.3D-L break at least partially open and expose 
their inner membrane, whereas those in figure 5.3A-C likely stayed intact. These 
ruptured vesicles show that the membrane of RBC EVs is crowded with proteins.  

5.3.3 Protein and lipid content of RBC EVs. 

To investigate the protein content the EV proteins* were subjected to gel elec-
trophoresis. Protein analysis using whole RBC lysates is difficult because of the 
excessive amounts of hemoglobin. RBC ghosts are commonly used instead. RBC 
ghosts consist of the RBC membrane and proteins associated with the mem-
brane. RBC ghosts can be isolated using hypotonic shock. In that way, hemo-
globin levels are reduced dramatically and membrane associated proteins are 
enriched. In addition, RBC lysates were used to identify hemoglobin and other 
cytoskeletal proteins. RBC proteins have been studied extensively, which makes 
identification of several proteins in the gel possible36. From the electrophoresis 
we see that hemoglobin and band3 are present in the vesicles, as well as small 
amounts of protein 4.1 and 4.2 (Fig. 5.4). In contrast to previous observations37–39, 
we also find small amounts of spectrin. Actin however, seems to be absent in the 
vesicles. Furthermore, we find that membrane protein stomatin is enriched in 
vesicles compared to RBCs, which agrees with previous finding39. This indicates 
that the EVs do have a distinct protein content compared to its donor cell, and 
that they do contain cytoskeletal elements and membrane proteins that might 
play a role in the mechanical properties of the EVs. We also identified and quan-
tified the lipids in RBC EVs, with thin layer chromatography. Using the method 
developed by Yao and Rastetter40, we were able to separate and visualize seven 
(phospho)lipids. Analysis revealed that lipid composition of EVs was very similar 
to the native RBC membrane (Suppl. Fig. 5.1).

*from a different donor than the donors used for AFM experiments
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5.3.4 Bending modulus estimation of RBC EVs.

In total, the mechanical properties of 72 vesicles were obtained from donor 1 (Fig. 
5.5A), and of 55 vesicles from donor 2 (Fig. 5.5B). Recently, we investigated the 
mechanical behavior upon indentation of liposomes and found excellent corre-
spondence with a Canham-Helfrich theory20,21 based indentation model (Chapter 
3). A signature of this behavior is a flattening of the FDC. This marks the onset 
of formation of an inward directed lipid tether, and occurs at an indentation of 
0.35 – 0.40 Rc, where Rc is the radius of curvature of the vesicle. This is in con-
trast to a thin shell model, which predicts buckling as softening of the response, 
which is expected to occur at smaller (~ 0.05 Rc) indentations for shells with the 
geometry of a vesicle27. We determined the inflection point of the FDCs of the 
two donor samples from the peak in the derivative of smoothed FDCs (Fig. 5.5C, 
inset). The obtained distributions were centered close to the predicted value by 
our quantitative model based on Canham-Helfrich theory: 0.39 ± 0.02 Rc (SEM, N 
= 64, in 8 cases no flattening was observed) and 0.41 ± 0.02 Rc (SEM, N = 53, in 
2 cases no flattening was observed) (Fig. 5.5C). The good correspondence with 
our model suggests that the bending behavior of the vesicles is dominated by a 
fluid membrane and that the membrane skeleton and membrane proteins are 
not giving the membrane shear resistance. 

The vesicle stiffness was found by fitting the linear response for indentations up 
to 0.1 Rc (Fig. 5.5D). The two donor samples had different stiffness; respectively 
10.9 ± 0.5 mN/m (SEM, N = 72) and 5.8 ± 0.4 mN/m (SEM, N = 55). Interestingly, 
donor 2 marks one of the softest vesicles measured when compared with previ-
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lation with Ca2+ ionophore. Ghosts were pre-
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known red blood cell proteins, which are dif-
ferentially present in the three samples. For 
the RBCs and EVs the major protein present 
is hemoglobin; ghosts have little hemoglobin 
and so the other bands are darker.
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ous studies27,33 (Chapter 3). During spreading onto the surface an osmotic pres-
sure is built up over the vesicle membrane, stiffening the response of the vesicle. 
EVs derived from donor 2 spread less on the surface than the ones derived from 
donor 1, giving the possibility that osmotic pressure differences can explain the 
stiffness differences. 

To estimate the pressure over the membrane, also the retrace of indentation 
curves was analyzed. A tether, marked by a force plateau with force Ft, was de-
tected during the retrace in ~68% of FDCs from donor 1 EVs (Ft = 129 ± 6 pN, SEM, 
N = 49) and ~45% of FDCs from donor 2 EVs (Ft = 98 ± 10 pN, SEM, N = 25) (Suppl. 
Fig. 5.2). The lower amount of detected tethers in donor 2 could either be due 
to less adhesion to the tip or small membrane tensions, leading to tether forces 
below our force resolution. The tether force Ft = 2π

√
2σκ, with σ the tension in 

the membrane and κ the bending modulus of the membrane41–43. Assuming that 
the osmotic pressure is the major contributor to the tension in the membrane, 
we can estimate the pressure in the membrane using the Young-Laplace equa-
tion: ΔΠ = 2σ/R, with ΔΠ the osmotic pressure difference over the membrane. We 
used our recently proposed model to fit the bending modulus of the vesicles, 
while taking into account the pressure (as derived from Ft), radius of curvature 
and stiffness of the vesicles (Chapter 3). This gave similar bending moduli for 
the two donor samples: κ = 15 (12– 19, 95% bootstrapping confidence interval) 
kbT and κ = 17 (8 – 227, 95% bootstrapping confidence interval) kbT (Suppl. Fig. 
5.3). Bootstrapping was used to obtain confidence intervals, which led to a large 
spread in the case of donor 2, likely due to the small sample size (N = 25). Since 
there was no significant difference in bending modulus between donor 1 and 2, 
we combined the data of the two donors for the final estimate: κ = 15 (11 – 19, 95% 
bootstrapping confidence interval) kbT (Fig. 5.5E).

5.3.5 Characterization of EVs derived from spherocytosis patients. 

Finally, we compared the mechanical properties of RBC EVs from healthy donors 
with RBC EVs from two twelve year old  twin sisters that bear a frameshift muta-
tion in one of their ANK1 alleles (p.Thr1734fs), caused by insertion of four nu-
cleotides. As a consequence, half of their ankyrin proteins are truncated, leading 
to a disorder called spherocytosis. In spherocytosis, red blood cells are sphere-
shaped instead of donut-shaped (reviewed by Da Costa et al.44). Ankyrin defi-
ciency leads to a disturbed cytoskeletal network and its connection to the plasma 
membrane, which leads to a reduced ratio of surface area to volume, translating 
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Figure 5.5: Mechanical characterization of RBC EVs. A) Indentation behavior of 72 EVs from 
donor 1 RBCs in a density plot. Colors indicate density of data points at a specific position (blue 
and red indicate low respectively high density). Curves are shown till the first discontinuity oc-
curred. B) Similar as A; from 55 EVs from donor 2 RBCs. C) Inflection point of the FDCs. Curves 
were smoothed (in black, inset) and their derivative was determined (blue curve, inset). Main 
panel shows the location of first peak of the derivative. Black lines show Gaussian fits. Red ar-
row indicates theoretically predicted value for a fluid vesicle. D) Histogram of stiffness ob-
tained by linearly fitting FDCs between 0.02 – 0.1 Rc. E) Dimensionless pressure versus dimen-
sionless stiffness. Theoretical prediction is based on an adaptation of Canham-Helfrich20,21 
theory to describe mechanics of small vesicles (Chapter 3). Data was fitted to the theoretical 
prediction with the bending modulus κ as single parameter, giving κ = 15 for the two donors 
combined.
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into misshapen cells. Deformed RBCs are more prone to lysis and will be cleared 
prematurely from the blood circulation, leading to reduced red blood cell levels 
(anemia). RBCs from the two patients were stimulated with Ca2+ ionophore to 
induce EV formation. Their EVs were compared with EVs derived from wild type 
RBCs. Interestingly, we see reduced levels of α1-spectrin in vesicles from diseased 
RBCs (Fig. 5.6A). Due to the ankyrin deficiency, RBCs could have reduced levels 
of spectrin44 or the disturbed cytoskeletal network could lead to less spectrin 
loading inside EVs. Tubulin levels, however, were increased in EVs from diseased 
RBCS. Band3 was high in one of the two patient-derived samples. Overall, the 
protein content of the patient EVs had a distinct pattern when compared with 
the healthy donor sample (Suppl. Fig. 5.4). The changed protein composition 
might influence the mechanical properties of EVs derived from spherocytic RBCs. 

We repeated the mechanical measurements for spherocytosis patient derived 
EVs. The patient derived RBC EVs show similar size (R0 = 93 ± 3 nm, SEM, N= 74), 
however they appear somewhat more flattened than the two donor samples 
with H/Rc = 1.32 ± 0.03 nm (SEM, N= 74). In total 74 particles were indented (Fig. 

Figure 5.6: Protein content and mechanical behavior of EVs derived from ankyrin-deficient 
red blood cells. EVs were isolated from Ca2+ ionophore-stimulated red blood cells from two 
ankyrin-deficient patients. A) 20 µg protein was used for SDS-PAGE. After blotting the proteins, 
α1-spectin, band3 and tubulin were detected using immunoblotting. α1-spectin levels were low 
in the EVs derived from ankyrin-deficient red blood cells, as compared with EVs derived from 
red blood cells from a healthy donor. Tubulin levels, however, were increased in the patient 
samples. Band3 level was high in one of the patient samples. B) Histogram of stiffness obtained 
by linearly fitting FDCs between 0.02 – 0.1 Rc. Inset shows indentation behavior of 74 EVs from 
patient 1 RBCs in a density plot. Colors indicate density of data points at a specific position 
(blue and red indicate low respectively high density). Curves are shown till the first discontinu-
ity occurred. C) Comparison of the bending modulus of vesicles from the two healthy donors 
and patient 1. Error bars mark 95% confidence intervals determined by bootstrapping.
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5.6B). The inflection point of these vesicles lies at 0.33 ± 0.01 Rc (SEM, N = 71, 3 
particles did not show a flattening of the FDC), somewhat earlier than for the 
donor samples, but close to the expected value for vesicles consisting of a flu-
idic membrane (~ 0.37 Rc). Their stiffness lies between the stiffness of the two 
donor samples, with 7.6 ± 0.5 mN/m (SEM, N=74) (Fig. 5.6B). In ~45% of cases 
a membrane tether could be detected with an average force plateau at 81 ± 6 
pN (SEM, N = 33) (Suppl. Fig. 5.2). The tether force is significantly lower than 
for the two donor samples, whereas the spread out shape would suggest high 
pressurization and hence high tension in the membrane. This suggests a lower 
bending modulus of the membrane. Indeed, the bending modulus of patient 
derived sample is significantly lower than both donor samples with 7 (4 – 11, 95% 
bootstrapping confidence interval) kbT (Fig. 5.6C and Suppl. Fig. 5.5). Hence, the 
mechanical properties of the spherocytosis patient derived EVs are significantly 
different compared to healthy donor derived EVs, which could have significant 
impact on the role and function of these EVS.

5.4  Discussion

In this study we investigated the mechanical properties of extracellular vesicles 
from RBCs. We previously introduced an adaptation of the Canham-Helfrich20,21 
theory to describe indentation of small (< 200 nm) vesicles (Chapter 3). Here, we 
show that this model is not only applicable for liposomes, but can also describe 
the mechanical behavior of natural vesicles, in this case extracellular vesicles de-
rived from RBCs. Furthermore, this study illustrates the importance of pressuriza-
tion due to deformation on the surface. The two healthy donor samples have a 
stiffness that is a factor 2 apart, yet taking into account the different levels of 
deformation and hence pressurization, the bending moduli are not significantly 
different. The patient derived vesicles have an intermediate stiffness, but here 
we demonstrate that the bending modulus of these vesicles is significantly lower. 

Recently, the large percentage of membrane area occupied by membrane pro-
teins (20-25%), raised questions regarding the fluidity of natural membranes, both 
for synaptic vesicles45 and the red blood cell membrane22. The mechanical behav-
ior we observed corresponds well to the theoretical behavior of a vesicle consist-
ing of a fluid lipid bilayer without protein. Furthermore, behavior corresponds 
well to that previously observed for liposomes. Even the bending modulus of the 
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EVs of the two donors in this study is similar to the bending modulus of liposomes 
with complex lipid mixture (designed to mimic the red blood cell composition) 
obtained previously (Chapter 3). This suggests that membrane proteins in RBC 
EVs only have a small impact on the bending behavior of the membrane and 
the mechanical behavior is in fact dominated by the lipids. This is different than 
the conclusions by Calo et al.27, who suggested that membrane proteins have a 
strong influence on mechanics of small vesicles. However, their conclusions are 
based on comparison of experiments conducted in different buffer conditions, 
fitted with different mechanical models and with different tip and deformation 
corrections to find the particle size. Our comparison is based on experiments 
conducted under the same conditions and using identical analysis. 

For two healthy donor RBC EVs, we found that the bending modulus is ~15 kbT. Our 
estimate is comparable to the bending modulus found for the RBC using flicker 
spectroscopy30–32. However the bending modulus of the RBC membrane has been 
estimated higher using micropipette aspiration (~40 kbT)46 and optical tweezers 
(~60 kbT)47. The variety in observed values for the RBC membrane makes it impos-
sible to tell whether RBC EVs have a lower or equal bending modulus to the RBC 
membrane. However, we find that spherocytosis patient derived vesicles show 
a ~2 times lower bending modulus than both donor derived samples. Red blood 
cells from patients with spherocytosis are less deformable and stiffer than healthy 
red blood cells44. It was previously found that the rate of vesiculation is increased 
in these patients11. The excretion of vesicles with low bending modulus reported 
here, is a, to our knowledge, unknown factor that could contribute to stiffen-
ing of spherocytic red blood cells in the following way: suggested mechanisms 
for membrane shedding by red blood cells are clustering of membrane proteins 
driving curvature generation38,39,48 and/or as a result of a balance between bend-
ing of the membrane and stretch of the spectrin cytoskeleton48–50. In both cases, 
energy cost of vesicle budding is reduced when the membrane bending modulus 
is lower. The weaker linkage of the membrane with the underlying cytoskeleton 
in spherocytosis likely causes loss of organization in the membrane. This is sup-
ported by the observation that diffusion of membrane proteins is faster in RBCs 
from patients with spherocytosis51. Loss of organization of the membrane could 
give room to accumulation of specific membrane proteins that lower the bend-
ing modulus and hence the energy barrier for vesiculation.
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5.5  Materials & Methods

Red blood cell stimulation and subsequent isolation of EVs. Blood from healthy 
donors and patients was collected in heparin tubes. Patient blood was collected 
during regular controls at the outpatient clinic. Informed consent was obtained 
from all individuals, and procedures were performed in agreement with the 
declaration of Helsinki. PEGG elution columns (GE Healthcare) were filled with 
cellulose (1:1 w/w α-cellulose and cellulose type 50 in 0.9 % NaCl). After washing 
the column with 0.9 % NaCl, 4.5 ml of whole blood was applied on top of the 
cellulose. Columns were centrifuged for 5 min at 50 x g, washed with 5 ml 0.9% 
NaCl, and centrifuged again to elute the RBCs. RBCs were washed with saline 
and resuspended in Ringer’s buffer (32 mM HEPES, 125 mM NaCl, 5 mM KCl, 1 mM 
MgSO4, 1 mM CaCl2, 5 mM glucose, pH 7.4) to yield a final hematocrit of 40%. RBCs 
were stimulated with 4 µM calcium ionophore (A23187, Sigma) for 20-22 hours, 
while tumbling at room temperature. RBCs were centrifuged for 10 min at 1000 
g. Supernatant was diluted 10 times in PBS (Phosphate buffered saline: 10 mM 
phosphate, 150 mM sodium chloride, pH 7.3 – 7.5, Sigma) and centrifuged again 
to remove residual RBCs. Big particles were depleted by centrifugation for 10 min 
at 10,000 g. Supernatant of 10,000 g pellet was spun for 70 min at 100,000 g to 
pellet EVs. EVs were washed once in PBS. All EV isolation steps were performed 
at 4 °C. 

Ghost membrane preparation. Washed red blood cells were diluted 1:10 in hy-
potonic phosphate buffer (1.4 mM NaH2PO4, 5.7 mM Na2HPO4) supplemented 
with protease inhibitor cocktail (Roche) and were incubated for 2 hours at 4 °C 
while gently tumbling. Ghost membranes were spun down at 43,000 g for 10 min, 
without brake. Membranes were washed till pellet was transparent and free of 
hemoglobin. Ghost membranes were resuspended in hepes buffered saline (HBS, 
10 mM Hepes, 150 mM NaCl, pH 7.4).

Electrophoresis and immunoblotting. Proteins were quantified using BCA (bicin-
choninic acid) analysis (Thermo Scientific) and equal protein amounts were sub-
jected to gel electrophoresis, as indicated. Proteins were either blot onto PVDF 
membranes (Merck Millipore) or stained in the gel using PageBlue (Life Technolo-
gies). Antibodies for western blot were purchased from Sigma and Abcam. Blots 
and gels were imaged using an Odyssey imager (LI-COR). 
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Lipid extraction and quantification. Lipids were extracted from the sam-
ples using the Bligh and Dyer method52. Samples were diluted 7 times in a 2:1 
methanol:chloroform solution. Samples were vortexed, after which chloroform 
and distilled water were added till a final ratio of 1:1:1 chloroform:methanol:water. 
Next samples were vortexed again and spun for 15 min at 4,000 g (4°C). The bot-
tom layer, containing the lipids, was collected. A second extraction round was 
performed. Another portion of chloroform, supplemented with acetic acid till a 
final concentration of 0.5% acetic acid in water, was added to the upper layer. 
Samples were vortexed and centrifuged. Bottom layers were collected, pooled 
and dried under nitrogen. Lipids were reconstituted in 2:1 chloroform:methanol. 
Amount of phosphate was determined using the Rouser method53. Briefly, sam-
ples were dried by heating till 200°C. Perchloric acid was added and samples were 
heated till 200°C for 45 min. Samples were cooled down, 1.25% hepta-ammonium-
molybdate and 5% ascorbic acid were added and samples were heated till 80°C 
for 5 min. Absorbance was measured at 797 nm. A calibration curve of phosphate 
was used to interpolate the phosphate concentration in the samples. 

Thin-layer chromatography. TLC was performed according to Yao and Rastet-
ter40. A TLC plate (silica on aluminum, Sigma) was washed with methanol and 
dried for 30 min at 150°C. A full length predevelopment was performed in methyl 
acetate:1-propanol:chloroform:methanol:0.25%KCl (25:25:25:10:9) followed by 
drying for 30 min. 1.5 µg lipid per lane was applied to the chromatogram. Chro-
matogram was run halfway using the solvent used for predevelopment. Chroma-
togram was dried and run totally using Hexane:diethyl ether:acetic acid (75:23:2). 
Chromatogram was dried for another 30 min and finally totally developed using 
hexane. Detection was done by applying 10% copper sulfate hydrate in 8% phos-
phoric acid, followed by heating at 200°C. Standard lipids were purchased from 
Lipoid. 

AFM experiments. Vesicles were adhered to poly-L-lysine coated glass slides in 
PBS. Slides were first cleaned in a 96% ethanol, 3% HCl solution for 10 minutes. 
Afterwards they were coated for 1 hour in a 0.001% poly-L-lysine (Sigma) solu-
tion, rinsed with ultrapure water, and dried overnight at 370 C. They were stored 
at 7 0C for maximum 1 month. For figure panel 5.1A vesicles were attached to 
APTMS (Sigma) coated glass slides. After cleaning of the glass slides as above, 
glasses were coated in 5 minutes in 0.2% APTMS solution (in ethanol). Slides were 
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then stored in ethanol and rinsed with ultrapure water just before use. A 50 µL 
drop of vesicle solution was incubated on the glass slide. Vesicles were imaged in 
PeakForce TappingTM mode on a Bruker Bioscope catalyst setup. Force set point 
during imaging was 100 pN - 200 pN. Nano-indentations were performed by first 
making an image of a single particle, then indenting it until 0.5 nN and subse-
quently higher forces (2-10 nN) at a velocity of 250 nms-1 until the surface was 
reached. Finally, another image was made to check for movement or collapse 
of the vesicle. Importantly, both before and after the vesicle indentation, the tip 
was checked for adherent lipid bilayers by pushing on the glass surface until a 
force of 5 nN. Tips used were silicon nitride tips with a nominal tip radius of 15 
nm on a 0.1 N/m cantilever by Olympus (OMCL-RC800PSA). Individual cantilevers 
were calibrated using thermal tuning. 

AFM image analysis. Both images and force curves were processed using home-
built MATLAB software. Size and shape were analyzed from line profiles through 
the maximum of the vesicle along the slow scanning axis. Circular arcs were fit 
to the part of the vesicle above half of the maximum height to obtain the radius 
of curvature, from which the tip radius (15 nm, as provided by the manufacturer) 
was subtracted. To find the deformation of the centre of the vesicle (εapex) due to 
imaging forces, the height obtained from FDCs was compared with the height 
obtained from images. The change of Rc can be approximated by 2.5 εapex, for 
relatively small deformations (< 0.15 Rc) (Chapter 3). Since we observed large 
deformations due to the imaging force (up to 0.4 Rc), we applied a quadratic cor-
rection:

5.1 Rc = 0.5(Rcd + 2.69εapex
2 +

√
(Rcd + 2.69εapex)2 − 9.85εapex

2)

where Rcd is the measured deformed radius of curvature. This correction performs 
better for simulated larger deformations (Suppl. Fig. 5.6). We also used the previ-
ously used linear approximation (Chapter 3 & 4), which did not affect the main 
conclusions of this work (data not shown). For calculation of R0 a minimum radius 
of the contact curvature of 5 nm was assumed, since a sharper contact angle 
would be unphysical54.

AFM FDC analysis. Cantilever response was measured on the sample surface and 
fitted linearly. To obtain FDCs the resulting fit was subtracted from the measured 
response when indenting vesicles. Contact point was found by using a change 
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point algorithm55 and occasionally manually adjusted. Before fitting, FDCs (10k 
data points) were smoothed (moving average with window length of ~10 points). 
Stiffness of the liposomes was found by fitting a straight line in the interval be-
tween 0.02 – 0.1 Rc. To find the inflection point, FDCs were smoothed further 
(moving average with window length of ~40 points and Savitzky-Golay-filter with 
window length ~20 data points). Then, the derivative was taken numerically and 
the location of the maximum was obtained. For finding the tether force a step 
fitting algorithm based on the change point algorithm was used. Only clear force 
plateaus were included. Standard errors of the mean for tether forces were de-
termined by 1000 bootstrapping repetitions. For the dimensionless fit in figure 
5.5E an interpolating function through 13 calculated theoretical pairs of values 
was created in Mathematica. The sum of the squared Euclidian distance between 
the logarithm of the resulting curve and the logarithm of individual data points 
was then minimized. Confidence intervals were estimated using the bias cor-
rected percentile method with 500 bootstrapping repetitions, for which a set of 
observed value combinations equal in size to the original data set was randomly 
drawn and fitted.  

Nanoparticle Tracking Analysis (NTA). EVs were sized by recording 5 videos of 
60 s using a NanoSight LM10 system (Malvern Instruments). Camera level 11 was 
used and videos were recorded at 22°C. Analysis of the videos was performed 
with NTA 2.0 software using default settings. Threshold was set at 5.
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5.6 Appendix: Supplementary Figures
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Supplemental Figure 5.1: Lipid content of red blood cell EVs. EV, ghost and RBC lipids were 
extracted using the Bligh and Dyer method52. A) Lipids were subjected to thin-layer chromatog-
raphy and compared with seven lipid standards. B) Chromatogram dots were quantified using 
ImageJ software. Lipid composition was comparable in all samples. Chol cholesterol; PE phos-
phatidylethanolamine; PI phosphatidylinositol; PS phosphatidylserine; GM3 monosialodihexo-
sylganglioside 3; PC phosphatidylcholine; SM sphingomyelin. 
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Supplemental Figure 5.3: Bending modulus derivation for donor 1 & 2. Black x marks the fitted 
value from the original data sets. The distribution shown in the boxplots is provided by boot-
strapping, in which an equal amount to the original data points (N = 49, 25, 74 for Donor 1, 2 and 
combined respectively) of value pairs were drawn and fitted. Median is marked by the white 
line in the box; 1st and 3rd quartiles are marked by the ends of the boxes; whiskers extend to 1.5 
x the distance between the median and the 1st and 3rd quartile respectively. Outliers are visual-
ized as individual data points. Inset shows outliers above 40 kbT, which were only present for 
donor 2 (N = 76). There are no significant differences between any pair of donor 1, donor 2 and 
the combined data.
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Supplemental Figure 5.2: Distribution of tether forces observed during retraction of the AFM 
tip. Box plots in which the median is marked by the white line in the box; 1st and 3rd quartiles are 
marked by the ends of the boxes; whiskers extend to 1.5 x the distance between the median 
and the 1st and 3rd quartile respectively. Outliers are visualized as individual data points. White 
cross and errorbars indicate mean and SEM as determined by bootstrapping (1000 repeti-
tions). For determination of the mean outliers with a tether force above 0.25 nN were excluded, 
which did not significantly change the results (data not shown). Differences between the 3 
samples are all significant (P < 0.05).
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Supplemental Figure 5.4: Protein content of spherocytosis patient derived red blood cell EVs. 
EVs were isolated from spherocytosis RBCs after stimulation with Ca2+ ionophore and EV pro-
teins were subjected to SDS-PAGE, by loading 10 µg protein per lane. After running, proteins 
were stained and protein patterns were compared with patterns of RBC EVs from a healthy 
donor. Protein patterns found in the patient EVs differ from that found in EVs from a healthy 
donor, especially around 40 and 90 kD. Identities of differentially expressed proteins are how-
ever unknown.
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Supplemental Figure 5.6: Deformation correction. A) Deformation in the centre of the vesicle 
divided by the (deformation corrected) radius of curvature. A linear approximation used earlier 
was suggested to be accurate till 0.15 Rc. Red area marks data points for which the approxima-
tion has become inaccurate, which is a large fraction of especially the data for Donor 2 and the 
HS Patient, which were imaged at 200 pN. B) Deformation of the apex versus decrease in the 
radius of curvature (Rcd = deformed radius of curvature), both measured as fraction of the un-
deformed radius of curvature Rc (Figure adapted from Chapter 3). Data is simulated from a 
model taking only into account the angle of the applied force (see inset). Since the feedback 
only measures forces normal to the surface, higher forces are exerted on the side of the vesi-
cle. The grey line is the linear approximation (slope = 2.5) used in Chapter 3. The red line is a 
quadratic fit to the simulated data points: y = 2.46x2-2.69x+1, and is used for deformation cor-
rection in this study.

Supplemental Figure 5.5: Pressure stiffness relationship. A)  For κ is 15 kbT (best fit of kappa 
for donor derived vesicles) and B) for κ is 7 kbT (best fit for patient derived vesicles). Density 
plots, with darker colors corresponding to higher density for donor derived (purple) and pa-
tient derived (green) vesicles. Thin lines of various colors connect points of equal densities 
(darker lines correspond to higher density). Densities were calculated by the number of data 
points in a circle of fixed area in log space around a point. Theoretical curve is shown in red.
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6.1  Abstract

Tip size in atomic force microscopy (AFM) has a major impact on the resolution 
of images and nano-indentation results. Tip wear is therefore a key limitation 
in the application of AFM, however here we show that wear can be turned into 
an advantage. We studied tip wear on high roughness polycrystalline titanium 
and diamond surfaces. High roughness surfaces yield important benefits for 
studying tip wear with respect to low roughness surfaces. They are for instance 
ideally suited for blind tip reconstruction to track tip wear in situ. We show that 
tip wear on these surfaces leads to an increased tip size with a rounded appear-
ance of the apex. We quantified these changes and show that the rate of wear 
is consistent with a gradual loss of (clusters of) atoms, leading to an increase in 
sphericity of the tip. Next, we fitted single peaks from AFM images to track the 
changes in tip radius over time. We show excellent agreement of this method 
with blind tip reconstruction and use it to demonstrate that the increase in size 
of the tips is gradual. Finally, we propose that tip wear on hard high roughness 
surfaces can be used as protocol to obtain larger, yet spherical tips with identi-
cal chemical and cantilever properties. 
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6.2  Introduction

Atomic force microscopy (AFM) is a widely used tool for nanoscale imaging and 
force spectroscopy in material science, biology1 and lithography2,3. AFM tip size 
and geometry are critical for the resolution of AFM images since the recorded 
image is always a convolution of the sample and the tip. Furthermore, in AFM 
force spectroscopy studies such as nanoindentation, the tip size and shape are 
critical for the observed response of the investigated material. Hence, choice of 
an appropriate contact model depends on the geometry of the AFM tip and tip 
size enters in the calculation of material properties, such as elastic moduli4,5. Tip 
wear is potentially most critical when AFM is used for lithography and nanoscale 
manufacturing. During AFM experiments, tips are continuously exposed to 
forces, changing the tip size by various wear mechanisms and thus influencing 
the results of these experiments.

Therefore, AFM tip wear is a process that is currently subject of extensive re-
search, using various tip materials and AFM operating modes6,7. Tip wear can 
occur by several mechanisms, such as adhesive wear8, abrasive wear8, fracture9,10 
and plastic deformation11. Recently, it was found that nanoscale wear with low 
forces can be described accurately based on an atom-by-atom attrition process, 
which implies a very gradual mechanism12–15. Although high roughness surfaces 
represent an important class of samples for AFM studies, e.g. superhydrophobic 
materials16 and polycrystalline surfaces17,18, usually flat surfaces (Rrms < 3 nm) are 
used for wear studies. A few studies used ultrananocrystalline diamond (UNCD) 
surfaces with a intermediate roughness (Rrms) of ~ 9 nm10,19. A polycrystalline  ti-
tanium sample, which we use in this study, was used previously in a study of tip 
wear in tapping mode20. 

Since tip wear under low forces is found to be caused by a gradual atom-by-atom 
process12–15, tip wear could potentially also be applied for tip shaping. For many 
applications of AFM the role of tip size is not clear. For example, we showed 
that tip size can have a major impact on the mechanical behavior observed upon 
indentation of liposomes (Chapter 3). To investigate the role of tip size, it is es-
sential to have identical cantilevers, and chemical properties and geometry of the 
tip, but different tip size. To meet such requirements controlled tip wear could 
potentially be used to shape the tip. 

For characterization of the tip size and geometry in wear studies often scanning 
electron microscopy (SEM) is used6,7. However, it is time consuming to image tips 
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at regular intervals during the wear process using SEM. Furthermore, some tip 
materials that are often used for AFM (e.g. silicon nitride) show little electrical 
conductivity and can therefore only be tracked at low resolution using SEM. An 
alternative is to use AFM itself for determining the tip size. Measuring adhesion 
forces12,15, reverse imaging8 and blind tip reconstruction21 can be used for finding 
the tip radius. An advantage of these methods is that tip size information can 
be obtained in situ. Additionally, blind tip reconstruction and reverse imaging 
provide 3D information of the geometry. Recently, different characterization 
methods including AFM blind tip reconstruction and EM were compared and 
found to agree well10.

In this chapter, we study AFM tip wear of silicon nitride tips on high roughness 
titanium (Ti) and UNCD surfaces. The high roughness of the sample makes it ideal 
to use it for blind tip reconstruction21. The Titanium sample has very sharp features 
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Figure 6.1: AFM images of polycrystalline surfaces. 2.5 x 2.5 μm images made at 1024 x 1024 
pixel resolution. A,B,C) Titanium surface. D,E,F) UNCD surface. A,D) Images made with a new 
tip at 5 nN normal imaging force. B,E) Images made at 25 nN normal imaging force. C,F) Images 
made at 5 nN imaging force after wear experiments. Images C and F are made with the same 
tip as B and E respectively. D corresponds to the same tip as E and F, whereas A is a different 
tip than B and C. Notice the decrease in resolution when comparing panels A and D with C and 
F. The decrease in resolution is also visible from top to bottom in panel B and E. Upper colorbar 
marks the height scale of A, B and C. Lower color bar marks the height scale of D, E and F.
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and is commonly used as a sample for tip reconstruction. The hardness of UNCD 
makes it an ideal material for tip wear studies, since it wears the tip without wear-
ing itself. We show that wear on these surfaces results in an increased tip size, 
yet rounded final shape of the tip. Furthermore, we introduce a novel method 
for analyzing images to track AFM tip size. This method agrees well with blind 
tip reconstruction, while allowing more frequent tip size determination, showing 
that wear occurs gradually in our experiments. We show that tip wear on high 
roughness surfaces is not only of interest for a fundamental understanding of 
tip wear, but that it can also be applied as protocol for creating rounded tips of 
various sizes for applications in material science and biomechanics.

6.3  Results

6.3.1 Tip wear on high roughness surfaces. 

To study tip wear of silicon nitride tips on high roughness surfaces in contact 
mode both a flaked titanium surface and an UNCD surface were used. The rough-
ness Rrms of these surfaces was determined from 2.5 x 2.5 μm images, taken at ~5 
nN normal force. The surface roughness is Rrms = 39.4 ± 0.1 nm (SEM, N = 11) for 
the Ti surface and Rrms = 23.8 ± 0.6 nm (SEM, N = 5) for the UNCD surface. 

For determination of the tip geometry, blind tip reconstruction was used. The 
high roughness surfaces used for this study are ideal for this purpose, giving a 
large part of the tip that can be reconstructed. First an image was taken at ~5 
nN normal force (Fig. 6.1A,D), for an estimate of the initial tip shape. Next, to 
increase the contact stress and hence the wear rate, the surfaces were imaged 
at ~25 nN (Fig. 6.1B,E). Finally, another image was taken at ~5 nN normal force 
for estimation of the tip shape of the worn tip (Fig. 6.1C,F). To exclude wear of 
the surface influencing blind tip reconstruction, different areas were imaged. The 
resolution of images made after tip wear (Fig. 6.1C,F) is visibly lower than the 
resolution before the wear experiment (Fig. 6.1A,D) indicating an increase of tip 
size. For blind tip reconstruction, images were flattened line by line and low pass 
filtered. Resultant tip shapes are shown in figure 6.2. Clearly, we can observe an 
increase in the radius of the tip, before and after wear. Furthermore, both the 
before and the after tip geometry appears rounded. 
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Figure 6.2: Tip reconstructions of AFM tips before and after wear experiments. Reconstruc-
tions were made using blind tip estimation. A,B) Tip reconstructions from Ti surface images. A 
and B do not correspond to the same tip. C-F) Tip reconstructions from UNCD surface images. 
C and D respectively E and F correspond to the same tip.
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6.3.2 Quantification of tip wear. 

To quantify the increase in tip size we determined the radius of curvature of the 
top 15 nm of each tip. The mean radius obtained on the UNCD- and Ti surface is 
very comparable:  18 ± 1 nm (SEM, N = 5) and 16 ± 1 nm respectively (SEM, N = 12) 
(Fig. 6.3A). After the wear experiment we found a significant increase in the tip 
size on both surfaces: 36 ± 4 nm (SEM, N = 5) and 31 ± 4 nm (SEM, N = 6). To esti-
mate the worn volume we created images before and after wearing the same tip 
on the UNCD surface. We created line profiles along the fast and slow scanning 
axes and overlaid them by maximizing the occupation of the area of the unworn 
tip by the worn tip, while the width of the worn tip was not allowed to exceed 
the unworn tip for any height (Suppl. Fig. 6.1). Subsequently, we measured the 
tip volumes for new and worn tips until the point the tip shapes have equal width 
using the disk method10,13. This allowed us to estimate the worn volumes (4.5 ± 1.3 
x104 nm3), which corresponds to a wear rate of 88 ± 26 nm3/μm slided distance.

The increase in radius and rounded appearance of the worn tips, suggest that 
tip wear can be applied to create tips with increased radii, but similar shape and 
cantilever properties. To quantify the roundness of our tips, we measured the 
sphericity (Ψ = π1/3(6V)2/3/A), where V  is the measured volume and A is the meas-
ured surface area of the tip. The sphericity is a measure defined as the surface 
area of a sphere of the same volume as the measured particle divided by the 
measured surface area of the particle and hence is 1 for a sphere. However, for 
an open shape the sphericity can exceed 1, therefore we introduce an adjusted 
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Figure 6.3: Radius and sphericity of new and worn silicon nitride tips. A) Radius of curvature 
obtained from reconstructed tip images using blind tip estimation for both titanium and UNCD 
surfaces before and after the wear experiment. B) Quantification of the sphericity of the tips. 
An adjusted sphericity measure (open sphericity) was used which takes into account the open 
shape (see main text). The sphericity increased significantly for tips worn on both Ti and UNCD 
surfaces.
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measure: the open sphericity Ψo = (18π)1/3V2/3/A. Ψo equals its maximum 1 for an 
open hemisphere. For a paraboloid, a frequently used shape to describe the ge-
ometry of AFM tips, Ψo ≈ 0.93 when measured until the Rt below the apex, where 
Rt is the radius of curvature at the apex.  We measured the open sphericity from 
the tip apex to 1 tip radius below the apex from reconstructed tip images. For 
new tips, before our wear experiment, we found that Ψo is 0.76 ± 0.01 (SEM, N = 
5) for tips reconstructed from images of the UNCD surface and 0.66 ± 0.03 (SEM, 
N = 12) for tips reconstructed from the Ti surface (Fig. 6.3B). The Ti surface has 
sharper features and therefore leads to higher resolution of the tip, whereas the 
more rounded UNCD surface leads to higher sphericity estimates*. For worn tips 
we found 0.80 ±0.01 (SEM, N = 5) and 0.79 ± 0.01 (SEM, N = 5) respectively, mark-
ing a significant increase of the sphericity of the tip after our wear protocol on 
both surfaces. In addition, the rounded shape implies that wear occurs through 
a gradual process. 

6.3.3 Fast in situ tip wear tracking. 

To follow the evolution of tip size over time during wear experiments, we devel-
oped a method based on analysis of individual peaks in line profiles along the fast 
scanning axis of AFM images. Individual peaks were fit using a parabolic function to 
obtain a radius of curvature. This method yielded on average ~5000 peaks for a 2.5 
x 2.5 μm image. The peaks sizes that are found in this way are a combination of the 
width of sample peaks and the tip size. Therefore, we fitted distributions of peak 
sizes with the convolution of a normal distribution, attributed to the tip geometry, 
and a lognormal distribution, attributed to the sample (Fig. 6.4A-C). A lognormal 
distribution was previously shown to accurately describe grain size distribution in 
crystalline materials22. The surface properties (Suppl. Table 1) were obtained from 
a global fit, using only images obtained at low force setpoint (5 nN) with new tips. 
For subsequent fits these properties were kept constant. We compared the aver-
age tip radii with the estimates obtained from blind tip reconstruction and found 
excellent agreement for the tip radii measured on UNCD (correlation coefficient R 
> 0.995) (Suppl. Fig. 6.2). For tips measured on the Ti surface, the agreement was 
lower (R ~ 0.895) and we found generally larger tip radii.

*We note that the apparent sphericity of a particle is expected to increase when the relative 
resolution (pixels/tip radius) increases. However, we simulated this effect by calculating the 
sphericity of hemispheres using various grid sizes and found an increase of ~1 % for a change 
comparable to our measured tip size change, which is not big enough to explain our observed 
increase (data not shown).
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 Figure 6.4: Tip radius determination from line profiles allows tip wear tracking over time. 
A-C) Histograms showing typical distribution of tip radii. Data from UNCD surfaces. In black: 
normal-lognormal fits, for which the log-normal distribution parameters (attributed to the 
surface) were fit globally and are the same for all 3 histograms. A,B and C correspond to the 
first, second and fourth data point in black in panel D respectively. Histograms are made using 
1/6 image, which corresponds to a scanning area of 0.4 x 2.5 μm. D) Tip radius versus sliding 
distance when scanning on a UNCD surface with 25 nN normal imaging force. 5 individual tips 
are visualized using various line styles and colors. Errorbars correspond to 95% confidence in-
terval of the fitted mean, under the assumption that the surface properties were determined 
accurately. Average tip radius of the 5 tips increased from 22 ± 2 nm (SEM) to 32 ± 3 nm (SEM). 
E) As D, but for wear experiments using 6 tips on a Ti surface. Average tip radius of the 6 tips 
increased from 24 ± 4 nm (SEM) to 39 ± 8 nm (SEM).
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The advantage of this method is that many peaks can be used to determine the 
radius and thus tip estimates can be made more frequently. The images created 
during wear experiments were split in 6 sections of equal length, and the tip 
radius was estimated for each (Fig. 6.4A-C). The distribution of obtained radii 
clearly shifted to higher values. The experiments on UNCD surfaces all showed 
an increase during 5 mm of sliding, but with various magnitudes. Importantly, 
the increase in radius appears to be gradual, which is expected for wear by atom-
to-atom loss, but not for fracture. The same analysis was repeated for the tips 
on the Ti surface. The increase in radius of the tips showed a higher spread, but 
occurred gradual too.

6.4  Discussion

In this study we investigated tip wear on high roughness surfaces. As previously 
mentioned, rough samples can have multiple advantages for studying tip wear, 
such as tracking of the imaging performance of the tip and the possibility to use 
the sample for blind tip estimation10. However, it was previously suggested that 
increased surface roughness leads to abrasive wear23,24. The gradual loss in mate-
rial and the increase in sphericity in our study indicate that abrasive wear plays a 
minor role, and is consistent with loss of single or clusters of atoms. Moreover, 
the wear rate in our study is comparable to recent studies in which the wear 
mechanism was suggested to be atom-by-atom attrition10,13. We note that on 
rough surfaces the imaging force is exerted under an angle, leading to higher 
lateral and overall exerted forces and increased wear rate. 

An additional benefit of high roughness samples is that the tip surface contact 
area is dominated by the surface and is likely to change little during the wear 
experiment. Indeed, we do not observe a strong decrease in wear rate. With 
low roughness samples the size of the contact area is dominated by the tip and 
therefore leads to decreased contact stresses and wear rate over time12. Increase 
of contact area is predicted to complicate the observed behavior by leading to 
different regimes during wear12, a complication which seems absent in our ap-
proach.

Furthermore, high roughness samples allow tracking tip wear over the course 
of the experiment. EM measurement of tip radii are mostly performed ex situ6,7, 
with exception of a recent study conducted inside an EM13. Furthermore, some 
common tip materials, such as silicon nitride exhibit poor electron conductivity, 
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which results in a lower resolution compared to blind tip reconstruction10,19. A 
reported disadvantage of blind tip reconstruction is that typically only a small 
region of the tip around the apex can be resolved (~10 nm)10,11, however by us-
ing the high roughness surfaces reported in this study we have been able to 
reconstruct tip shapes up to 100 nm below the apex. In addition, we introduce a 
method of estimating the radius from individual peaks in line profiles, and show 
that it is very consistent with the radius obtained by blind tip estimation. This 
method makes use of more surface features and therefore allows the tracking 
of tip size over smaller areas and thus more frequently than blind tip estimation. 
Using this method, we demonstrated that tip wear in our study is gradual and 
consistent with atom-to-atom loss. 

Previous studies of tip wear using low roughness surfaces mostly led to a tip with 
a flattened apex6,7. It is likely that the high surface roughness ensures that the 
surface is in touch with – and hence wears – the tip over a larger surface area, 
i.e. not only at the apex. Indeed, we show that tip wear on two high roughness 
surfaces leads to an increase of the sphericity of the tip. Hence, tip wear on high 
roughness surfaces can be applied to create tips of different radii, but with spheri-
cal geometry and identical chemical properties and cantilever properties. For this 
application it is important that the surface is much harder than the tip material, 
making high roughness UNCD, with a hardness of ~88 GPa25, a good choice. Our 
high roughness Ti surface has a hardness (7 – 18 GPa26–28, assuming an oxidized 
layer) comparable to or lower than the silicon nitride tips (~18 GPa29). Therefore, 
the increase in radius of these tips is possibly due to addition of Ti material to the 
tip as well as of loss of tip material, possibly changing the chemical properties of 
the tip.  We recently used tip wear on UNCD to create tips of different sizes and 
showed that tip size can have a major impact on the mechanical characterization 
of liposomes (Chapter 3). We suggest that this approach could be useful for dis-
covering the impact of tip size in many applications of atomic force microscopy.

6.5  Materials & Methods

AFM wear experiments. Experiments were performed on a Bruker bioscope 
catalyst AFM setup. Olympus 0.1 N/m cantilevers (OMCL-RC800PSA) with silicon 
nitride tips were used. Tips have a nominal radius of 15 nm, according to the 
manufacturer. Stiffness of individual cantilevers was calibrated using thermal 
tuning. Measurements were performed in contact mode on UNCD Aqua 100 
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surfaces (Advanced Diamond Technologies, Inc.) or a titanium roughness sample 
(Bruker). All recorded images were 2.5 x 2.5 μm at a resolution of 1024 x 1024 
pixels, for a total sliding distance of ~5.1 mm. Scan rate was 0.2 Hz, resulting in a 
sliding velocity of 0.5 μm/s. Normal imaging force during wear experiments was 
25 nN, for images for blind tip reconstruction 5 nN.

Blind tip estimation. Blind tip estimation was performed with software from 
the AFM manufacturer (NanoScope Analysis). Images were flattened, low pass 
filtered and the tip estimation was performed using spike rejection (sigma mult 
7) and discontinuity rejection (sigma mult 3). End radius (Rt) was then estimated 
by fitting a circle to the circumference of the tip 15 nm below the tip apex and 
subsequently fitting a sphere through this circle and the tip apex. For sphericity 
calculation home-built MATLAB software was used. The region from Rt below the 
apex of the tip till the apex was used. Surface area was calculated by triangula-
tion of the surface. Volume was calculated using numerical integration by the 
trapezoidal method using built-in MATLAB functionality.

2D tip wear tracking. Line profiles were taken along fast scanning axes of pro-
cessed (flattened and low pass filtered) images. Subsequently, line profiles were 
analyzed using home-built MATLAB software. Peaks were detected and selected 
based on a minimal height difference of 20 nm with neighboring minima. Individ-
ual peaks were then fitted from 15 nm below the apex using a parabolic function 
(y = ax2+bx+c). The radius of curvature was determined as the radius of curvature 
in the peak of the parabola (1/2a). Obtained radii were fit using a convolution of 
a normal and a lognormal (NLN) distribution. The convolution of these distribu-
tions was calculated numerically and linear interpolation was used to find the 
probability of individual observations. For fitting a maximum-likelihood approach 
was used, in which first 5 UNCD images and 10 Ti images – all made with a new tip 
and at 5 nN force – were used to globally fit the surface parameters. Subsequent 
fits to obtain tip radius were performed with fixed surface properties.
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6.6 Appendix: Supplementary Figures
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Supplemental Figure 6.1: Determination of lost volume through tip wear on UNCD. A,B) Tip 
profile through the maximum of a tip along the slow and fast scanning axes of tip images cre-
ated by blind tip reconstruction (BTR). In blue new tips and in cyan the same tip after wear 
experiments. Arrows and dashed line mark the height, where the width of the profiles is equal. 
The profile above this height was used for volume calculation. C,D) Same as A & B, but for a 
different tip. Worn volume was obtained as follows: First the width of the line profile as func-
tion of the distance from the apex was determined. Linear interpolation was used to find 
points at equal height. By moving the line profiles along the Z-axis, the translation was deter-
mined that minimizes the smallest of the differences in width. Essentially, this results in maxi-
mizing the occupied surface area of the new tip by the worn tip, while the width of the worn 
tip is not allowed to exceed the width of the new tip for a given height. Then the volume was 
calculated above the point of equal width using the method of discs; the volume of cylinders 
with diameters equal to the width of the line profile and height equal to the spacing in Z be-
tween the data points were added. Finally, volume differences of the new and worn tip were 
calculated along both slow and fast scanning axis and averaged.
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Supplemental Figure 6.2: Comparison between obtained radius by blind tip reconstruction 
and radius from line profiles. Main panel: comparison of radii obtained using blind tip recon-
struction and subsequent fitting of the obtained tip image (RBTR) and parabolic fitting of indi-
vidual peaks in line profiles along the fast scanning axes and subsequent fitting using a normal-
lognormal distribution (RNLN). Both from UNCD surfaces (N = 10). Errorbars in x-direction 
represent the standard deviation of the tip radius measurements from reconstructed images 
in the positive and negative x direction (forward and reverse scan direction). Errorbars in y-di-
rection represent 95% fitting parameter confidence intervals, assuming accurate determina-
tion of surface properties. Most errorbars are smaller than the marker size. The blue line rep-
resents y = x. Inset shows same comparison, but for measurements on Ti surfaces. For the Ti 
surfaces higher radii are found for RNLN than RBTR, especially for larger tip sizes.
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7.1  Abstract

A large body of evidence indicates that single cells in vitro respond to changes 
in gravity, and that this response might play an important role for physiological 
changes at the organism level during spaceflight. Gravity can lead to changes in 
cell proliferation, differentiation, signaling and gene expression. At first glance, 
gravitational forces seem too small to affect bodies with the size of a cell. Thus, 
the initial response to gravity is both puzzling and important for understand-
ing physiological changes in space.  This also offers a unique environment to 
study the mechanical response of cells. In the last two decades, important steps 
have been made in the field of mechanobiology and we use these advances to 
re-evaluate the response of single cells to changes in gravity. Recent studies 
have focused on the cytoskeleton as initial gravity sensor. Thus, we review the 
observed changes in the cytoskeleton in a microgravity environment, both dur-
ing spaceflight as in ground based simulation techniques. We also evaluate to 
what degree the current experimental evidence supports the cytoskeleton as 
primary gravity sensor. Finally, we consider how the cytoskeleton itself could 
be affected by changed gravity. To make the next step towards understanding 
the response of cells to altered gravity, the challenge will be to track changes 
quantitatively and on short timescales.  
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7.2  Introduction

It is increasingly recognized that cells not only respond to their chemical environ-
ment, but also to their mechanical environment, which can regulate important 
cellular functions such as gene expression, cell proliferation and differentiation1,2. 
Cell mechanical properties are also of importance for various diseases, including 
cancer3,4. In recent years more light has been shed on the molecular principles 
behind perception of the mechanical environment and the subsequent transduc-
tion to a chemical signal, ultimately leading to changes in cell functioning5,6. But 
cellular response to mechanical stimuli is far from being completely understood, 
and cells can react to forces in an unexpected manner. A striking example of this 
is the response of single cells to microgravity, e.g., a near weightless environ-
ment, in which cells are mechanically unloaded7,8.

There is now extensive evidence that a microgravity environment has profound 
effects on single non-specialized cells. By non-specialized cells, we mean cells 
that do not contain a specific organelle, such as a statolith in plants cells, for 
gravity sensing. More specifically, in this review we focus on mammalian cells. 
In vitro studies have shown that cell proliferation, growth, differentiation, 
signaling, shape changes and gene expression are all altered in a microgravity 
environment7,9–11. However, the mechanism responsible for this response of non-
specialized (mammalian) cells to changes in gravity levels remains controversial. 
On the one hand, evidence of single cell response to changes in gravity levels has 
been accumulating; on the other hand, theoretical considerations suggest that 
the forces involved are too small to justify any response to the changed environ-
ment12–16.

Why is it so important to find the initial mechanism for sensing changes in gravity 
levels? The first major reason to investigate the initial response of cells to changes 
in gravity is the role that this might play in physiological effects of space flight at 
the tissue/organism level. These effects include diminished muscle strength, bone 
loss and deprived immunoresponse17. Although it could be that these effects are 
mostly caused by changes at the tissue and organ level18, single cells in vitro do 
respond to changes in gravity levels and the role of such single-cell response on 
physiology at the organism level is poorly understood. Essential for understand-
ing this role is to first grasp what exactly causes these changes in cells. 

However, space flight experiments are limited, both in number as well as size. 
Flight opportunities are expensive and room for elaborate experimental set-
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ups is limited. Experiments often become elaborate due to necessary controls 
(e.g., an on board centrifuge operating at 1 g) to rule out launch effects, such as 
hypergravity stimulation and vibrations. Moreover, experiments in space offer 
a complex environment, in which the effect of gravity on cells is not only direct. 
Next to the direct effect on masses, spaceflight also has indirect effects on the 
environment of the cell14, such as changes in convection in the surrounding me-
dium, as well as changes in radiation19. Because of these difficulties with space 
experiments, many researchers have sought alternatives, which they found in 
ground based simulation techniques. These techniques can provide an opportu-
nity for tests preceding space experiments, or can even be used as replacements 
for studies in space. Here, too, it is important to know the initial mechanism of 
sensing changes in gravity; it would allow ground based simulation techniques 
that stimulate the cell in a way that resembles a real microgravity environment 
as much as possible.

The second major reason for studying cells in microgravity is that such an envi-
ronment gives a unique stimulus - or lack thereof - for studying the response of 
cells to forces. As mentioned above, recently there has been great interest in the 
molecular principles behind sensing of the mechanical environment. Micrograv-
ity permits the study of unexpected responses to mechanical unloading, which 
could reveal new fundamental insights into mechano-sensing, -transmission and 
-transduction. 

Many papers so far have touched upon the initial mechanisms for sensing 
changes in gravity by mammalian cells (reviewed by Boonstra20, Hughes-Fulford21 
and Zayzafoon et al.22). In particular, these studies focused on changes in the 
cytoskeleton, because it is an attractive target involved in many responses of 
cells to force23. Here, we review the work to date on changes that shed light 
on the initial mechanism of cells to react to changes in gravity levels. We also 
discuss the relevant supporting theoretical work that might explain these obser-
vations. There is no definitive answer for an initial mechanism, mainly due to an 
inconsistent picture from experimental work and little experimental support for 
theoretical work. We stress the importance of finding the initial mechanism of 
gravity sensing. 
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7.3  The cytoskeleton: an attractive target for gravity 
perception

The cytoskeleton is the main structure giving shape and mechanical strength to 
cells. It consists of the actin network, the microtubule network and intermedi-
ate filaments24. The first implication of involvement of a structural framework 
in gravity sensing were made by Tyler in 196625. It is now widely accepted that 
the cytoskeleton plays a role in sensing changes in gravity. In recent years force 
transmission through the cytoskeleton and subsequent steps in mechanotrans-
duction have been widely studied in the presence of various stimuli. We need to 
keep these mechanisms in mind when considering sensing alterations in gravita-
tional levels. 

Cells can respond to many mechanical stimuli, such as shear stress induced by flu-
id flow26 or the stiffness of their substrate2. To affect cellular behavior, this force 
has first to be transmitted to a mechanosensitive structure and subsequently be 
converted to a chemical signal. The main suspects in this machanotransduction 
are tension-sensitive proteins in focal adhesion complexes (FAs) and mechano-
sensitive ion channels5. The first are a class of transmembrane complexes linked 
to the extracellular matrix and the actin cytoskeleton in the cell. Internal or ex-
ternal forces can act in various ways on FAs27; they can then reveal novel sites for 
phosphorylation or protein binding of different proteins in the complex or could 
affect bond formation.  The second are a class of channels that can change from 
a closed to an open state when tension on the membrane increases. The opening 
of most channels require tethering of the channel to force bearing elements, i.e. 
the extracellular matrix outside the cell and the cytoskeleton within the cell28. 
Recent studies also suggest that actin itself can work as a mechanosensitive 
structure29. 

Next to the role of the cytoskeleton as a load-bearing structure and regulator for 
mechanotransduction, it also plays an essential role in force transmission. It has 
been shown that mechanical action can occur at distant site from application30. 
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7.4  Experimental observations of cytoskeletal changes 
during microgravity

Many papers have reported changes in the cytoskeleton following mechanical 
unloading in a microgravity environment. Also, other cellular changes can often 
be linked to changes in the cytoskeleton20,21,31. Here we review the current obser-
vations of cytoskeletal changes that provide evidence for the cytoskeleton as 
gravity sensor. We note that most of the studies reviewed here compare adherent 
cells in microgravity and 1 g (or in both microgravity and 1 g non-adherent cells), 
which suggests that the observed changes don’t reflect differences between 
cellular adhesion versus non-adhesion. In general we leave out parabolic flight 
studies, because they create a changing gravity environment, with alternating 
phases of microgravity and hypergravity and can thus not be considered merely 
a microgravity environment. 

One of the first observations of cytoskeletal changes in a space environment 
were found by Rijken et al. in 199132. During sounding rocket experiments with 
A431 cells they observed a higher density of filamentous actin and decreased 
organization in stress fibers32. Subsequently other experiments focusing on the 
role of actin were performed with various cell types;  Hughes-Fulford and Lewis33 
and Meloni et al.34 studied changes in the actin cytoskeleton of osteoblasts (4 
days) and monocytes (1 day) respectively. The observations included reduction 
in number of stress fibers33 and density of the cytosolic network34 (Fig. 7.1). Re-
cently, Ulbrich et al.35 studied the actin network during parabolic flights. 

After a single microgravity phase (22 s), but not after one or more hypergravity 
phases, they observed perinuclear clustering of actin in follicular thyroid cancer 
cells35 (Fig. 7.1). In contrast to these observations, a study with Jurkat cells, a non-
adherent cell,36 and another with cardiomyocytes37 showed no changes in actin 
networks. 

Other papers have focused on the change in microtubule structure. First direct 
evidence of changed microtubule organization was provided with non-adherent 
Jurkat cells by Lewis et al.38. Here the loss of the radial structure of microtubules 
was observed after 4 hours in microgravity (Fig. 7.1). However, this change was 
also observed in on-board 1 g-controls, and both in microgravity and on-board 
control was the change in structure reverted after 48 hours, suggesting that the 
vibrations and stress during launch and not the lack of gravity as such resulted 
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Figure 7.1: Schematic drawing of possible changes in the cytoskeleton occurring in a cell in a 
microgravity environment. A) In an adherent cell microtubules often have a radial organiza-
tion. Stress fibers, consisting of multiple actin filaments, can anchor to the cell membrane. At 
these sites cells can attach to their extracellular environment, through focal adhesion com-
plexes (see inset). Actin is also localized at the cell border. Intermediate filaments form a loose 
network. B) Changes that can occur in a cell subjected to microgravity are visualized. Microtu-
bules lose their radial organization, can be shortened and can be more curved and bent. They 
are regularly localized more perinuclear. Actin stress fibers are reduced in number, length and 
thickness. Actin is often redistributed and either has a more perinuclear or more cortical lo-
calization. Focal adhesion proteins no longer align well with the stress fibers, but appear as 
bigger clusters without radial orientation in the cortical layer, which results in reduced cell 
spreading. Intermediate filaments form clusters and larger meshes appear in the network, the 
localization is more perinuclear.
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Table 7.1: O
verview

 reported experim
ental observations of cytoskeletal changes in spaceflight experim

ents.
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bservations
In flight 
control
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rosse, 2012 41
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in these changes. Later, in a comparable experimental setup with human breast 
cancer cells a similar loss in radial pattern was found, with no recovery after 
48 hours39. Changes in microtubule network structure was also found with rat 
utricular cells40 in a 3D matrix, in both rat cardiomyocytes37 and J111 monocytes34 
(Table 7.1). A recent paper mentions perinuclear clustering in the microtubule 
network after only 22 seconds of microgravity in a parabolic flight  in human 
endothelial cells41.

Some papers also described the influence of microgravity on intermediate 
filaments, in particular on the vimentin and cytokeratin network. A study on a 
sounding rocket reported appearance of large bundles and aggregates in the 
vimentin network after 12 minutes in microgravity36 (Fig. 7.1). In another study 
changes in the cytokeratin network were reported for part of the cells after 48 
hours of microgravity39. Recently in a parabolic flight after 22 s clustering in this 
network was also observed with follicular thyroid cancer cells35.

Do the observed cytoskeletal alterations result in changes of mechanotransduc-
tive structures? To our knowledge only one paper so far studied changes in (FAs) 
in a flight experiment34. In this study localization of vinculin, a protein linking 
integrins to the actin network in FAs, was significantly altered after 24 hours. 
Spots were larger and localized closer to the cell membrane, furthermore instead 
of a radial orientation of the spots, they were now aligned parallel to the cell 
membrane (Fig. 7.1).  

The results reported in these experimental studies do not give a consistent, let 
alone complete, picture of cytoskeletal changes occurring during spaceflight. 
This is partially due to the large variation in microgravity facilities used, cell types 
and filaments studied (Table 7.1). For example the cytoskeletal changes occurring 
in microgravity in non-adherent cell types36,38, could well differ from adherent cell 
types. Furthermore, most studies explore the cytoskeletal network only at few 
and different time points. Most important for finding an initial mechanism is to 
observe changes shortly after the removal of gravitational forces on the cells.  
Alterations in the cytoskeleton observed after 24 hours or more could easily be 
an effect of changes in signaling or gene expression. For example, it is known 
that Rho activation leads to assembly of polymerized actin42, and changes of 
RhoA expression are observed in simulated microgravity22. This means that as 
soon as gene expression is altered, which has been reported as early as 6 minutes 
after removal of gravitational forces32, primary change and effect can no longer 
be easily distinguished. 
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7.5  Experimental observations of cytoskeletal changes 
during simulated microgravity

Due to very limited access to spaceflight and high associated costs, researchers 
have been searching for alternative microgravity environments. This resulted 
in various techniques to simulate microgravity, most notably the fast rotating 
clinostat43, rotating wall vessel (RWV)44, and the random positioning machine 
(RPM)45. All of these instruments are based on cancelling a preferential direction 
of the gravity vector for the sample by continuous rotation, although gravita-
tional stresses remain. Results obtained with ground based simulation methods 
have been validated when compared to spaceflight in studies with cells46,47 and 
plants48. An additional advantage of these simulation techniques is that more 
elaborate studies are possible; effects at various time points, for instance, can 
be more easily studied. This is of importance since it has been observed that the 
cytoskeleton can recover from initial structural changes38, hence observations 
at one or few time points may give an incomplete image of the changes occur-
ring, possibly leading to false conclusions. Still, results should be interpreted with 
care, because there are notable differences between simulated microgravity and 
real microgravity in space, especially on short timescales. 

Similar changes in the structure of the actin network have been reported in 
ground based studies as in flight experiments (Fig. 7.1): reduction in width or 
amount of stress fibers49–53, extended podia49,50,54,55, perinuclear distribution49,54,56 
and decreased density54,57,58 all confirm various observation in spaceflight ex-
periments (overview in Table 7.2). However, there are differences as well. For 
instance, whereas some ground based studies show perinuclear distribution of 
the actin (see above), others show accumulation of actin at the cell border52,59,57,58. 
The latter is contradictory to the perinuclear distribution found in spaceflight 
experiments and other simulation based studies. Interestingly, papers reported 
quite different results on recovery of the actin network. Sometimes recovery was 
not observed in simulated microgravity, even after up to 7 days49,50,52, while most 
papers from simulated microgravity studies did report that the network was 
more or less recovered on a timescale of days51,60–62 or even hours54,58.

Also the prime change in microtubules in spaceflight, i.e. the disruption of the 
radial pattern, is extensively reported in ground based simulations50,55,60,62–64. 
Some of these papers also report a perinuclear distribution of the microtubules. 
Only one paper reports no change in microtubules, although the microtubules 
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have been tracked at various time points from 20 min to 5 days51. In agreement 
with the recovery of microtubules observed in real microgravity38, recovery of 
microtubules after a few days is reported in ground based studies50,62,63.

Recently, studies also focused on changes at FAs, where mechanotransduc-
tion could take place. Vinculin, a protein in FAs, appeared clustered at the cell 
border after 1 hour exposure to simulated microgravity in monocytes60. Perinu-
clear clustering of this protein is reported after 6 hours in mesenchymal stem 
cells (MSCs)51 and reduction in number of clusters after 4 hours in MCF7 cells50. 
However, these structures are also mechano-effectors and expression levels of 
involved proteins also have been reported to decrease after 4 hours50. A study 
using anti-FAK, another protein present in FAs, reported reduction in number and 
increased size of these complexes after 6 minutes of simulated microgravity by 
magnetic levitation58, that were reverted after 1 hour.

The ability to test many time points in simulated microgravity experiments have 
made it clear that the remodeling of the cytoskeleton is a dynamic process that 
can last days and can include reversion of initial changes. This is an important as-
pect for spaceflight experiments, where often only 1 or few time points are avail-
able, resulting in a few snapshots of this dynamic process and thus an incomplete 
picture. Also, experiments in simulated gravity have shown cytoskeletal changes 
can occur quickly after changes in gravity occur. Many papers reported changes 
within 30 minutes of onset of microgravity simulation51,54,55,58,62,63.

Most of the studies above show their data as fluorescent images of cells, accom-
panied by a description of their observations. Only few papers try to quantify 
the observed changes in cells. Examples of papers that quantify changes are 
Kacena et al.65 and Yang et al.64. In these papers for example the amount of cells 
showing disorganized microtubules, or the width and number of stress fibers is 
compared between different simulated gravity conditions. Quantifying changes 
has important benefits, such as the possibility of performing statistical analysis, 
for comparison of different studies and possibly revealing otherwise unnoticed 
trends. For example, Yang showed that only up to 12% of cardiomyocytes showed 
disorganized microtubules in a clinostat. This suggests that in less thorough stud-
ies, this observation might go unnoticed.
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Table 7.2: O
verview
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7.6  Organelle weight change as an initial mechanism 
that could influence the cytoskeleton

The present consensus is that the first changes in a cell after being transferred to 
conditions of microgravity are in the cytoskeleton20,21,56. The question we address 
in this section is how the cytoskeleton might be affected. The simplest model 
would be that the loss of gravitational forces acting from organelles is sensed by 
the cytoskeleton. Organelles are often of higher density than the cytosol and do 
not sediment, because of their attachment to cytoskeletal filaments. Hence, they 
exert a force on the cytoskeleton. In a microgravity environment these forces are 
omitted and this could lead to changed (pre-) stress in the cytoskeleton, which 
would then be transmitted to mechanosensitive structures.  

But, is the force exerted by organelles large enough to lead to mechanotrans-
duction? Based on the size and density of organelles it is possible to estimate 
these forces. For a whole mammalian cell of typical size with diameter 10 μm 
and density 1.1 g/mL the apparent weight in water is ~0.5 pN. This estimate is 
an upper limit of the force organelles exert on the cytoskeleton under normal 
gravity conditions. Furthermore, this is the total of all forces by organelles, 
which is separated in many smaller forces distributed over the cytoskeleton. The 
gravitational energy of a weight of 0.5 pN at an average distance of the radius 
(5 μm) above the lowest point of the cell is ~500 kbT.  Theoretical objections to 
the influence of forces and energies this small have been given by many papers. 
An early theoretical paper compared gravitational energy with Brownian motion 
and concluded that only mitochondria or the nucleolus could possibly sediment, 
but that sedimentation is probably counteracted by convectional streaming in 
the cytoplasma. This work did not yet consider a structural framework (e.g., the 
cytoskeleton) in its approximation15. A later paper argued that the sedimentation 
of a cell is unlikely to contribute, as it is on the order of kbT, unfortunately this 
was based on a miscalculation12. Todd argued that multiple organelles (including 
the nucleus) would sediment, but that the cytoskeleton holds them in place16. 
Later, the exerted gravitational force on the cytoskeleton was compared to other 
forces in the cytoskeleton (see below) and sensing these forces was considered 
unlikely13. A recent paper based on a very simplified finite element model of a 
nucleus pushing on an actin network, suggests tensions in fibers > 0.1 pN and 
argues that this tension could potentially be sensed66. With current advances in 
the field of mechanobiology, we can re-evaluate whether the gravitational force 
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is large enough to be perceived and transduced by the cell.

Recent studies have given more insight in the magnitude of forces acting within 
the cytoskeleton. We can compare gravity with forces that are generated within 
the cytoskeleton. Forces within the cytoskeleton are developed in two ways, by 
polymerization of filaments and by molecular motors. Polymerization forces of 
single microtubule and actin filaments are estimated at a few pN maximum, as 
measured in vitro and estimated for in vivo situations67,68. Single molecular mo-
tors exert forces of similar magnitude27. These forces exerted by single filaments 
and motors are almost 10 times higher than the stress caused by gravity over the 
entire cytoskeleton and suggest little influence of gravity. 

Other studies have reported forces needed for mechanotransduction. Forces 
needed for unfolding of adhesion proteins are typically 50-100 pN (reviewed 
by Roca-Cusachs69), which gives little room for influence of gravity. However, 
mechanosensitive proteins in FAs often incorporate large unfoldable regions70, 
with as consequence that a small force can significantly alter the energy land-
scape for unfolding. Maximal in vivo extension of for example talin is 300 nm71; 
with a force of 0.5 pN applied, this results in a total tilt in the energy landscape 
of approximately 20 kbT. Application of 2 pN force to talin can already result in in-
creased exposure of binding sites in vitro72. Also, in one of the few studies where 
intracellular forces are applied, optical tweezers were used to apply forces on 
the actin cytoskeleton within the cell. Forces of ~5.5 pN could activate multiple 
membrane channels within seconds and forces of ~1 pN can thus probably result 
in mechanotransduction73. 

So these theoretical considerations and experimental comparisons suggest grav-
ity should have little impact on mechanotransduction. However, additional fac-
tors have been proposed to focus or magnify the initial signal. First, the exerted 
force distributed over many filaments could be focused on one or few mecha-
notransductive elements by the cytoskeleton 74. However, even in the extreme 
case that the force is focused on a single locus, the exerted force still seems 
small. The second factor is that gravitation always works in one direction for ad-
herent cells. Because of the dynamic nature of the cytoskeleton, it can transmit 
mechanical stimuli of certain frequencies best. This means that the timescale of 
the stimulus is important: strong, quickly changing stimuli could simply be aver-
aged out 75. There is some experimental evidence that smaller forces applied over 
longer timescales can have similar effects as large forces on short timescales on 
force sensitive proteins72. Stochastic resonance76 is a third mechanism that has 
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been related to the integration or amplification of the weak initial signal by grav-
ity77. In systems that exhibit a nonlinear response, and especially those character-
ized by a threshold, the addition of noise can, surprisingly, enhance the response 
to an applied oscillatory signal. In the case of gravity sensing, it is possible that 
stochastic processes in the cytoplasm, of either a thermal or a thermal origin, 
can enhance the sensing of even a weak time-varying gravitational load. Active 
processes in the cytoskeleton, such as those due to molecular motors, have been 
shown to give rise to enhanced, stochastic fluctuations and motion in the cyto-
plasm (reviewed in 80). This effect has been quantified in an in vitro system79. 
Thus, through the mechanism of stochastic resonance, such active non-thermal 
fluctuations could enhance the sensing of a small gravitational signal, instead of 
masking it. However, a proof of principle that such a mechanism could work in 
gravity sensing is for the moment lacking.

A B C D E F

1 cm

Figure 7.2: Effect of the gravity vector on in vitro microtubule self-organization. A) the sample 
container is vertical during the first 20 minutes following microtubule assembly, whereas in B) 
it is lying flat down84. C) The sample is flat down but has also been subjected to a weak cen-
trifugal force of 0.14g along the sample long axis, thus resulting in a striped pattern80. D, E, F), 
show the effect of weightlessness produced by different methods: D) under free fall condi-
tions produced by space flight85; E) under conditions close to magnetic levitation; F) and by 
clinorotation106. In E), the length of the sample cuvette is limited to 2 cm so as to restrict the 
sample to a region of uniform magnetic field gradient. In F), the sample is contained in a 5 mm 
diameter glass tube. This diameter limits the centrifugal field produced by clinorotation to a 
value below the threshold for self-organization. Samples were photographed through crossed 
polars (0° and 90°) with a wavelength retardation plate at 45°. The retardation plate produces 
a uniform mauve background. Microtubule orientations of about 45°, such that their birefrin-
gence adds to the birefringence of the wavelength plate, produce a blue wavelength shift 
whereas orientations at about 135° subtract from the birefringence and result in a yellow inter-
ference color84.
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7.7  Other mechanisms by which gravity magnitude 
could influence the cytoskeleton

Gravity has also been proposed to influence the cytoskeleton by affecting the 
self-organization of cytoskeletal filaments. It has been reported that microtu-
bules self organize by way of a reaction-diffusion process in vitro80, an elegant 
illustration of theory on self-organization81,82 (Fig. 7.2). In such reaction diffusion 
processes that are far from equilibrium, a small external force can, at a point of 
instability, result in converging to very different end-points because of bifurca-
tions in the system82. In principle gravity is a force that could be large enough to 
tip the system in one or the other direction83. This has also been demonstrated 
for tubulin polymerization in a series of in vitro studies with changed gravity di-
rection80,84 and in microgravity on a sounding rocket85 (Fig. 7.2). In these studies it 
was clearly shown that microtubule self-organization is sensitive to the direction 
and the magnitude of gravity. This work has often been mentioned as being a 
plausible explanation for cellular cytoskeletal changes in microgravity, but the 
conditions in these in vitro experiments are far from those of tubulin within a 
cell. Many differences in (dis-)assembly kinetics are known between in vitro and 
in vivo microtubules86. Also, the mechanism of nucleation differs; spontaneous 
nucleation as observed in vitro is of minor importance in cells, where nucleation 
sites are present87. On top of these differences, at the start of these in vitro ex-
periments there were only tubulin monomers in solution. In cells that are trans-
ferred to microgravity, an initial polymerization is already present, which could 
strongly influence self organization. While the sample holders in the experiments 
were 1 cm in size and the resulting patterns were about 5 μm, later it was shown 
that such experiments yielded similar results in liposomes of diameter 2 – 5 μm88. 
However, conditions are clearly different from the situation in a living cell and 
thus these results cannot be easily extrapolated. 

Finally, a model has been proposed by Zayzafoon et al.22, in which the cytoskeleton 
is actually not the first sensor, but a secondary step affected by a gravity-sensitive 
sensor. In this model, it is Rho-a inactivation that is followed by cytoskeletal 
changes and transduction at FAs22. This particular model is based upon observed 
changes in activity of Rho-a after 7 days of exposure to simulated microgravity52. 
More recently Wan et al.89 showed changed Rho-a and β-catenin signaling after 
1 and respectively 2.5 hours of simulated microgravity on a slowly revolving clin-
ostat. Furthermore, their experiments using actin-disrupting drugs suggest that 
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β-catenin signaling is independent of actin cytoskeleton structure. Although it is 
important to take into consideration a model where alterations in the cytoskel-
eton are merely a consequence of primary changes of a cytoskeletal remodeler, 
at this point there is little experimental evidence to support such models. 

7.8  Hypergravity studies complement microgravity 
studies to characterize sensing mechanisms 

There are some inherent problems with observing the initial response of cells to 
introduction of a real or simulated microgravity environment. For spaceflight ex-
periments, observing over short timescales will be hindered by effects of launch, 
i.e., a hypergravity phase and oscillations. Simulating microgravity by rotation is 
based on time-averaging and thus especially differs from microgravity in space on 
short timescales. One often neglected tool to study cell alterations to changed 
gravity levels is the centrifuge. Remarkable advantages of this tool are that it 
allows for simulation of a well-defined hypergravity environment, fast switching 
between environments is possible and it allows for monitoring of the sample 
in real time. Together these advantages would allow for studying the initial re-
sponse to changes in gravity levels. Although it can, on ground, only simulate 
gravity levels >1 g, these advantages in combination with careful extrapolation 
could reveal some insights in the mechanism of sensing microgravity.

Various studies have focused on cytoskeletal changes in hypergravity. Again, the 
many different cell types used and different length and strength of the stimulus 
make it difficult to compare results. However, many studies report increased 
thickness of actin stress fibers53,64,65,90,91. Reports on the changes occurring in the 
microtubule network are less unified: among the observations are thicker fila-
ments53, loss of structure90, perinuclear clustering91 or no clear effect64,92. Discuss-
ing these papers in depth is beyond the scope of this review, since most papers 
don’t focus on the initial change occurring, but rather focus on effects after 
prolonged periods of centrifugation. It is worth mentioning though that some 
papers compared both microgravity simulation and hypergravity simulation. Ef-
fects are sometimes opposite53,59, but more often not55,64,93. Although this might 
make extrapolation to microgravity environments difficult, the mentioned ad-
vantages still make the centrifuge an interesting tool for studying initial response 
mechanism of cells to changed gravity. So far few studies made use of these 
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advantages, one notable exception being an AFM study on MC-3T3 osteoblasts8. 
Another recent study examined vesicle traffic in pollen tubes in hypergravity94. 
These studies illustrates that delicate measurements can be performed in real 
time in a centrifuge. 

7.9  Gravity-perception in plants: a better-characterized 
system

The initial response of cells to both changed magnitude and direction of gravity 
has been extensively studied in plants (reviewed by Morita95). Plants contain spe-
cialized cells, called statocytes, which contribute most to the sensing of the direc-
tion and magnitude of the gravity vector. These cells contain statoliths, particles 
that sediment under the force of gravity due to their higher density than the 
surrounding cytoplasm. Although sedimentation of statoliths has been known 
since 1900, research on the subsequent force transduction and conversion into 
a chemical signal remains active. These studies have been performed in a very 
different experimental setting, namely in living plants, but some of the results in 
this extensively studied system are relevant for understanding the response of 
single cells to an environment with a lack of gravity. Interestingly, although the 
focus has been on studies of statocytes, recently it has also become clear that 
non-specialized cells in plants are also sensitive to changes in gravity94.

That statoliths are involved in the response to changed gravity magnitude and 
direction is well established, since studies of magnetic manipulation of stato-
liths96. Interestingly, the force exerted by single statoliths or multiple statoliths 
in a single statocyte still seems negligible compared to other forces in cells. For 
a statolith with density 1.4*103 kgm-3 and radius 1 μm the gravitational force is 
roughly 0.05 pN, and the apparent weight in water even smaller. However, it has 
been shown that the mass of these particles does affect gravity sensing with mu-
tant plants deficient in starch. In these mutants the statoliths are still present, but 
have a smaller density. The response to altered gravity in these plants is present, 
but strongly reduced97. 

Suggested mechanisms for transduction of the mechanical signal induced by sta-
toliths are (1) through the (actin-) cytoskeleton to mechanosensitive structures 
such as membrane channels and FAs, (2) membrane-statolith contact induced 
response, (3) direct transduction of force from statoliths to the membrane and 
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mechanosensitive channels therein or (4) simply increasing the weight of the 
whole cell body pushing on the plasma membrane (review by Morita95 and Chebli 
et al.98). Interestingly, a strong role for the actin-cytoskeleton is now considered 
less likely because experiments showed that disruption of the network does not 
prevent the response and could even enhance it99. A recent review argues that 
the role of the cytoskeleton in gravitation sensing is fine-tuning during various 
steps in the response100.

Especially the second and third models are interesting to consider. They differ in 
the point whether it is merely the contact of statoliths with the membrane and 
coupling to an unknown receptor that induces the change101 or whether it is the 
gravitational force of statoliths, which does work on the membrane102. Merely 
establishing a contact could mean conversion to a chemical signal by bringing a 
receptor and its ligand together. Currently a known pair of interacting molecules 
is lacking, although possible candidates are reviewed in Stanga et al.103. For the 
case of exerting force, it has been shown that statoliths can push on the mem-
brane of the endoplasmatic reticulum (ER) inside Arabidopsis columella cells and 
can indent the ER membrane up to 200 nm102. Assuming a cluster of 3 statoliths, 
as observed in that study, with the same physical characteristics as mentioned 
above, the amount of work done would be about 7.5 kbT. Although this is a rough 
estimate and this is spread out over a larger piece of membrane, this estimate 
indicates that we cannot discard this model. Most important for this model is 
finding a possible mechanosensitive channel, as to our knowledge no specific 
one have been characterized yet. 

An important difference with the non-specialized mammalian cells that are the 
subject of this review is that in specialized plants cells the initial mechanism of 
sensing gravity is known. Although the subsequent mechanism is yet unknown, 
the models above show how the sedimentation of statoliths, which exert a small 
force over a long period of time, could result in a conversion from a mechanical 
to a chemical signals.

7.10 Concluding remarks

Experimental evidence for a strong influence of changed gravity on single non-
specialized (mammalian) cells was already found in 1984104, and the evidence 
has continued to accumulate ever since7,9–11. However, the mechanism of grav-
ity sensing and transduction remains mysterious and even controversial. Many 
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papers have focused on alterations in the cytoskeleton as the initial response to 
changed gravity levels. The inherent limitations of flight experiments, however, 
have left an incomplete picture, often because few time points can be assessed 
and only considerably after introduction of microgravity due to initial effects 
after launch. Many studies reviewed here focus on changes after hours or days 
in microgravity. The observed cytoskeletal changes in these studies could well 
be a secondary effect instead of a primary change, since altered gene expression 
is reported as early as 6 minutes into microgravity32. More recently in parabolic 
flight studies it was shown that after a 22 second period of  microgravity, but not 
after a similar period of hypergravity or vibrations, gene expression is already 
significantly changed41,105. Simulated microgravity has helped in confirming some 
observations and making the picture more complete by tracking changes at more 
time points, thereby revealing that the adaptation to a simulated microgravity 
environment is a very dynamic process. 

Finding the initial gravity sensor, if any, is of importance for understanding the 
response of organisms to microgravity. The reasons for changes of single cells in 
such an environment are essential to understand the influence of these changes 
on the level of an organism. Also, it could lead to new fundamental insights in 
how cells respond to force, because unloading is a unique stimulus resulting in an 
unexpected response.

Future experiments should focus on giving a consistent picture of the changes 
on short timescales after mechanical unloading. For example, experimental set-
ups could be adapted to allow studies in real time in simulated microgravity and 
later in elaborate spaceflight studies. This should provide useful information by 
assessing changes in real time. Also, quantitative data analysis could give more 
insight in the currently observed changes and allow comparison of studies. Novel 
biomechanical techniques could be of use too77. E.g., monitoring cell stiffness or 
traction forces could provide additional information on the mechanical changes 
occurring after mechanical unloading and could therefore help in evaluating dif-
ferent models. Finally, the centrifuge could complement current studies, since 
it allows for simulating a well-defined hypergravity environment, fast changes 
in gravity levels. Recent studies have shown that monitoring in real time with 
the centrifuge is possible. Although on ground it can only provide g levels above 
1 g, the advantages in combination with careful extrapolation could give more 
insight, particularly into initial changes in microgravity.
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8.1  General discussion

In this thesis mechanical measurements on small (<200 nm) vesicles have been 
further developed using atomic force microscopy. For this purpose, the ex-
perimental approach was refined (Chapter 2) and a new theoretical model was 
introduced for interpreting the data (Chapter 3). We applied this combination 
to study the mechanical properties of small unilamellar (Chapter 3) and multila-
mellar (Chapter 4) liposomes and vesicles excreted by red blood cells of healthy 
donors and patients with spherocytosis (Chapter 5). In this chapter these results 
are briefly discussed in a broader perspective, and an outlook is provided on how 
this approach can be improved for novel measurements and can be applied to 
new samples. 
 

8.1.1 Comparison with other bending moduli measurements

Measurements of the bending modulus of biomembranes have been performed 
elaborately in the last 4 decades. The most common techniques used for this 
purpose are micropipette aspiration and flicker microscopy of giant unilamellar 
vesicles (GUVs: > 1 μm)1,2. Helfrich theory3 has been used successfully to model 
the response of these vesicles. However, these techniques are typically used for 
> 10 μm vesicles and are not suitable for small vesicles since optical imaging of 
the membrane is needed for both methods. The bending modulus is an intrinsic 
membrane property and hence GUVs can be made with an identical lipid compo-
sition as small or large unilamellar vesicles (SUVs: < 100 nm: LUVs: 0.1 – 1 μm) to 
obtain the bending modulus of the SUV membrane in an indirect way. However, 
the technique used here allows the measurement of natural vesicles, which often 
only exist in small sizes.   

The model to interpret AFM nanoindentations of small vesicles introduced here 
(chapter 3) is based on the same extensively tested theory. The bending modulus 
we obtained for red blood cell vesicles (~15 kbT) is similar to previously reported 
values for the red blood cell membrane (~10 kbT from flicker spectroscopy stud-
ies4–6 to 50 kbT for micropipette aspiration studies7). Future experiments with 
liposomes of commonly used phospholipids (e.g. POPC2 or DOPC8) should be able 
to establish more accurately how obtained bending moduli compare to these 
techniques.

AFM was previously used to perform mechanical measurements of small vesicles 
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by AFM9–13. Here, we incorporated some changes to improve upon this approach, 
including a tip and deformation correction to obtain the geometry of vesicles 
(chapter 2), checkup procedures to ensure measurement with clean tips (chap-
ter 2) and measurement of unilamellar vesicles (chapter 4), a description of the 
effect of tip size on the indentation response, a new quantitative model based 
on Canham-Helfrich theory3,14 for derivation of the bending modulus that takes 
into account the fluidity of the membrane and finally a way to correct for the 
pressurization that happens during deformation on the surface (chapter 3). We 
stress the importance of these points to make accurate estimates of the bending 
modulus.

8.1.2 Implications for interaction with the target cell

Cellular uptake of vesicles is important for both extracellular vesicles that play a 
role in cell-to-cell communication15,16 and liposomes used as drug delivery contain-
ers17. Here, I discuss the consequences of the findings of this thesis on the cellular 
interaction. 

The results from chapter 3 showed that we can only explain the high stiffness 
of vesicles when taking into account the osmotic pressure built up during de-
formation on a surface. Our results with small multilamellar vesicles, in which 
we showed that the stiffness of vesicles goes up 20% per added bilayer, instead 
of >100% as expected when unpressurized, are consistent with the finding that 
vesicles are pressurized (Chapter 4). Both a theoretical model18 and molecular 
dynamics simulation study19 implied strong deformations of the vesicles during 
cellular uptake. The results in this thesis suggest that during deformations of 
this magnitude it is likely that the vesicles become strongly stiffened by osmotic 
pressurization. This osmotic stiffening might contribute to the internalization of 
vesicles and is a factor that should be incorporated in future models.

Moreover, in chapter 5 we showed that the mechanics of EVs excreted by red 
blood cells can be well described by a fluid membrane. Previously it was sug-
gested that the crowded interior of membranes could lead to behavior which is 
more rigid20. In current models the driving force for cellular uptake is the adhesion 
between the vesicle membrane and the cell membrane, which is approximated 
to be homogeneous. In reality, the adhesion between cell membrane and vesicle 
membrane will be heterogeneous, with specific interactions (e.g. ligand-receptor 
interactions).  The fluidity of the membrane will affect the diffusion of the ligands 
and receptors, which was previously suggested to have a critical role in receptor 
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mediated endocytosis21. Hence, the observation that extracellular vesicles have a 
fluidic membrane could have important consequences for their interaction with 
cells.

8.2  Pushing further: Outlook

The research in this thesis shows that AFM can be successfully applied for study-
ing the shape and bending properties of small vesicles. The potential of AFM in 
studying the mechanics of small vesicles stretches further. Here, I discuss how 
the methods in this thesis could be applied to measure the bending modulus of 
individual vesicles, measure the membrane stretch modulus and other vesicle 
samples of interest.  Finally, I look further ahead and ask what is needed to come 
to the point where mechanics of small vesicles in drug delivery can be tuned for 
optimal cellular uptake. This section is not intended to be conclusive; instead it 
explores further information that could be squeezed out of vesicles.

8.2.1 Towards bending modulus measurement of individual vesicles.

In this thesis (Chapter 3 & 5) a method is used to determine the geometry, tether 
force and stiffness of individual vesicles. However, for an accurate determina-
tion of the bending modulus, a population of vesicles is required, preferably with 
a large range of sizes. Especially for natural vesicles, variation from vesicle to 
vesicle is expected, and since the bending modulus is fit for a population, this 
will go unnoticed. Likely the best approach to measure mechanical properties of 
individual vesicles, is to make sure that vesicles are unpressurized. In that case 
the measured stiffness and radius are sufficient to derive the bending modulus: 
k ≈ 27κ/Rc

2 (Chapter 3). Experimentally, measurement of unpressurized vesicles 
can be achieved by limiting the deformation of vesicles on the surface, e.g. by 
specifically adhering vesicles to a surface using only a few linkers (Fig. 8.1). When 
vesicles do not spread, no osmotic pressure is built up, hence only the radius 
and stiffness of the vesicle are needed for a bending modulus estimate. An addi-
tional benefit of this approach is that it simplifies the determination of the vesicle 
geometry, since for a spherical particle only the height needs to be measured 
to know the entire geometry. To check if the vesicles are indeed spherical, the 
methods introduced in chapter 2 & 3 can be used. 
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For specific adhesion of liposomes biotinylated lipids can be included in the mem-
brane during assembly of liposomes (Fig. 8.1A). The sample surface can then be 
coated using biotin and streptavidin. Non-specific interactions between the lipo-
some and surface can be limited by using a blocking agent (e.g. BSA or casein) for 
the surface. To ensure that vesicles do not spread, it is easiest to limit the amount 
of biotin in the membrane (10 – 100 molecules/liposome). For natural vesicles, 
this approach cannot be used. In this case, it is probably best to use an antigen 
for specific adhesion to the surface (Fig. 8.1B). This comes at the risk of making 
a selection within the population of natural vesicles; therefore the antibody of 
choice should bind to a widely present protein/lipid on the vesicles. Another ap-
proach that results in unpressurized vesicles is the inclusion of membrane pores 
(Fig. 8.1C). Either ion channels or general membrane pores (e.g. α-hemolysin or 
clyA) can be included in liposomes. Many pore forming proteins, such as antibac-
terial toxins, can insert themselves into the membrane so could even be used 
for natural vesicles22. However, these pores affect the structure23 and thus likely 
the mechanical properties of the bilayer, so this effect needs to be quantified 
and the concentration of pores should be limited. Moreover, this approach does 
not result in spherical vesicles, so it does not have the benefits for geometry 
determination.

Figure 8.1: Approaches for measuring unpressurized vesicles. A) Biotinylated lipids (commer-
cially available) can be incorporated into vesicles. Vesicles can then be adhered to a surface 
that blocks nonspecific interactions (e.g. coated with BSA or casein), but with streptavidin 
added to allow specific interactions. B) For natural vesicles specific interactions can be estab-
lished by using antibodies against certain proteins or lipids. C) A different approach is to include 
membrane pores, which allow equilibration of salt concentration over the membrane and thus 
prevent osmotic pressure differences over the membrane. 
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Mechanical measurement of unpressurized vesicles brings a major challenge, 
which is that the stiffness of unpressurized vesicles will be much lower than of 
pressurized vesicles. The stiffness of an unpressurized vesicle is ~27κ/R2 in the 
bending dominated regime (Chapter 3). For a vesicle with R = 50 nm and κ = 20 
kbT, this turns out to be ~1 pN/nm. For larger vesicles or vesicles with smaller 
bending modulus, this value will quickly drop to unreasonable low values to mea-
sure using AFM. This will pose challenges both for imaging and nanoindentations 
studies.

For imaging, limitation of peak forces below ~100 pN is challenging. Forces of this 
magnitude would already result in a deformation of >100 nm of unpressurized 
vesicles if we are in the pure bending regime. However, during imaging in peak 
force tapping mode (~1 kHz), indentations are performed much faster than dur-
ing nanoindentations experiments (typically 0.1 – 1 Hz). If these indentations are 
performed sufficiently fast, there will not be enough time for the water to move 
across the lipid bilayer and hence the volume of the vesicle will stay conserved 
(see section 8.2.2). This leads to stretching of the membrane, and a much stiffer 
response. Possibly, the high frequency of cantilever oscillations in tapping mode 
(10 – 100 kHz) results in a response including membrane stretch. Even though the 
peak forces in tapping mode are less controlled, this could therefore lead to less 
deformation during imaging. Especially high speed AFM in tapping mode should 
be sufficiently fast (frequency of cantilever oscillations: ~1 MHz24) to move into 
the stretch dominated regime.

For force spectroscopy we cannot make use of this principle, since for measuring 
the bending modulus we need to be in the pure bending limit. The stiffness of 
larger vesicles will end up below the resolution limit of AFM (~0.1 pN/nm). For 
this reason, it could be beneficial to use blunt tips (with radius comparable to 
the vesicle radius). In chapter 3 we show that the stiffness can increase a factor 
5-10 for small indentations (~0.2 Rc) when a blunt tip is used. This would allow for 
detection of the mechanical response of unpressurized vesicles of similar size 
and bending modulus as the extracellular vesicles (EVs) derived from red blood 
cells (RBCs) used in chapter 5. For this purpose, the theoretical work in chapter 
3 has to be extended and the force response in the tip dominated regime should 
be derived, which will be a function of the vesicle radius, tip radius and bending 
modulus.  
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8.2.2 Complementary measurement of the stretch modulus

In this thesis I focused on measuring the bending modulus of small vesicles (<200 
nm). However, for a more complete quantification of the mechanical properties 
of vesicles the stretch modulus could be measured as well. Both the bending 
and stretch modulus of natural membranes can be affected by the presence of 
membrane peptides and proteins2. Interestingly, it has been reported that pep-
tides can affect the bending modulus without affecting the stretch modulus25. On 
the other hand, e.g. spectrin is believed to effect the stretch modulus of the RBC 
membrane, but not the bending modulus26,27. Hence, the bending and stretch 
modulus can be independently affected, and thus it is essential to measure both 
for a complete mechanical characterization of vesicles.  

AFM nano-indentation could be used for measuring the stretch modulus of adher-
ent vesicles. When indentation is sufficiently fast, there is no time for the water 
to diffuse out of the vesicle, forcing the membrane to stretch. The flux of water 
through the membrane J equals LpP, where Lp is the hydraulic conductivity and P 
is the hydraulic pressure. In the case of nanoindentation on vesicles the surface 
area A over which the pressure is applied equals the surface area through which 
the flux takes place. So the maximum flow through the entire vesicle membrane 
under an applied force F by the AFM cantilever is:

8.1 dV
dt = JA =

LpFA
A = LpF

Note that this flow is independent of the vesicle size. The absolute volume loss 
due to indentation however does strongly depend on the vesicle radius. The value 
of Lp is typically 4 * 105 nm3nN-1s-1, which equals Pf = 50 μms-1 at room temperature, 
where Pf is the more commonly reported osmotic permeability28. For small vesi-
cles (R0 = 50 – 100 nm) used in this thesis, the flow over the membrane at 0.5 nN 
applied force is approximately 5 – 40 % of the vesicle volume and has therefore 
negligible effect during indentation of these vesicles. The response of the vesicle 
can thus be approximated as pure bending. However, for larger vesicles (R = 10 
μm) this flow is just 5 millionth of a percent of the vesicle volume, which is much 
smaller than the volume loss occurring during indentation in our pure bending 
model. Hence, the limited flow over the membrane will resist deformation of the 
vesicle and forces the membrane to stretch. Even slow indentations lead to a re-
gime in which volume is approximately conserved and the response can there-
fore be approximated as pure stretching, therefore allowing the derivation of 
the membrane stretch modulus29. 
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For small vesicles, to establish a response in this regime, indentations have to 
be performed fast. Recently, using a high speed AFM it was shown AFM force 
spectroscopy can be performed at 4 mms-1,30 which is >10,000 times faster than 
the indentation speed used throughout this thesis. The rate of volume loss under 
indentation in our pure bending model (Chapter 3) can be compared with the 
estimated rate of flow through the membrane to determine the smallest vesicles 
for which indentations can be done in the pure stretching limit.

8.2.3 Application to and expectations for other vesicles of interest

In this thesis, mechanical measurements were performed on unilamellar lipo-
somes (SUVs and LUVs) of complex lipid mixture (Chapter 3), small multilamellar 
vesicles (SMLVs) (Chapter 4), RBC EVs from healthy donors and RBC EVs from 
patients with spherocytosis (Chapter 5). However, the method described here 
can be applied to many other vesicle samples. Here, I list a few types of vesicles 
of exceptional interest. 

Patient derived RBC EVs. In this thesis it was found that patients with spherocyto-
sis excreted vesicles which have lower bending modulus, potentially contributing 
to the stiffening of RBCs in this disease. In patients with different blood disorders 
the mechanics of vesicles are expected to be different. For example, a recent 
theoretical model suggested that patients with hereditary elliptocytosis (HE) 
will end up having spectrin inside their vesicles31. Mechanical characterization of 
vesicles from patients with various blood disorders could contribute strongly to 
the understanding of the vesiculation process. Moreover, it has been shown that 
rate of vesiculation is increased in malaria infected RBCs32. These vesicles are sug-
gested to play a role in communication between parasites33,34 and therefore need 
to enter other RBCs. Their functioning is thus very different and raises the ques-
tion if the mechanical properties of these vesicles are altered to suit this purpose.

EVs released by different cell types. The RBC EVs used in this thesis are only 
microvesicles shedded from the cell membrane and thus form a relatively ho-
mogenous sample. EVs derived by other cell types are often a combination of 
exosomes (40 – 100 nm) and microvesicles (0.1 – 1 μm) and hence show a larger 
spread in size. Vesicles excreted by other cell types are suggested to play a more 
direct role in cell-to-cell communication than RBC EVs. This could mean that 
their mechanical properties are optimized for this purpose. Especially for larger 
vesicles it is likely that interluminal proteins contribute to the mechanics of the 
vesicle. Indeed a preliminary study of vesicles excreted by epidermoid cancer cell 
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line A431 using cryoEM showed filaments inside the vesicle (Fig. 8.2).

Aside from EVs, there are many types of small vesicles in cell biology. Well studied 
examples include synaptic vesicles, clathrin-coated vesicles and virosomes. Syn-
aptic vesicles have previously been shown to contain macromolecular complexes 
that orient in a specific way during endocytosis and were suggested to contribute 
to the tensile strength to the vesicle membrane35. Clathrin-coated vesicles have 
a cage like protein structure around them. This protein structure helps bending 
the membrane and thereby vesicle formation and is believed to play an impor-
tant role in endocytosis36,37. However, how these proteins bend the membrane 
is still poorly understood, and our approach could shed light on the mechanism. 
Possibly, the coat leads to a shear resistance and thin shell like behavior. Viro-
somes often have a specific membrane structure, strongly enriched in particular 
proteins that could have a major influence on their mechanics and functioning. 
Previous work indeed reported a stiffening by these components10.

Next to natural vesicles, liposomal drug delivery formulations are also of special 
interest. To stabilize liposomes as drug delivery vehicles, lipid polymer hybrids 
have been created38. Multilamellar vesicles with cross linked bilayers have been 
shown to have benefits over non-crosslinked multilamellar vesicles for drug deliv-
ery purposes39. Our approach will be able to reveal if part of the benefits of these 
particles can be attributed to their mechanical properties. 

A B

Figure 8.2: CryoEM tomogram slices of an EV excreted by an A431 cell. A & B correspond to 
different slices of the tomogram through a single vesicle. Red arrows mark (presumably actin) 
filaments. Scale bar is 100 nm. Images were made by Alistair Siebert and Kay Grünewald (Uni-
versity of Oxford, UK). 
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8.2.4 Tuning the rigidity of vesicles for optimization of cellular uptake

One of the motivations behind the work in this thesis is the suggested influence 
of the mechanical properties of vesicles on cellular uptake. This hypothesis is 
now supported by theoretical18,40 and molecular dynamics models19,41 and by an 
increasing amount of experimental evidence with nanoparticles41–43. A profound 
understanding of this process could potentially lead to design of drug delivery 
containers with mechanical properties that optimize cellular uptake, improving 
the efficiency of these carriers and potentially reducing side effects. Further-
more, if various cell types preferentially take up particles of different stiffness, 
it could even be that the mechanical properties of vesicles can be used to target 
specific cell types. Likely, change of mechanical properties can be best utilized 
in combination with modification of other physical (e.g. size and shape) and 
chemical parameters. To approach this goal, work on multiple topics is needed: 
i) biomolecular studies revealing the efficiency and pathways of cellular uptake 
of vesicles by cells; ii) creation of vesicles with various well defined mechanical 
properties; iii) a deep understanding of the mechanics of small vesicles and iv) 
theoretical work of the underlying principles of particle uptake. In this thesis, we 
made progress in understanding the mechanical behavior of small vesicles. 

Currently, there is a large gap between the theoretical work and the experimen-
tal work done in this field. For example, the theoretical studies consider homo-
geneous materials, with homogeneous adhesive properties and ignore specific 
pathways cells have for taking up particles. To bridge this gap both more realistic 
theoretical models should be developed and more elaborate experiments should 
be designed. Current experiments mostly only quantify the uptake of particles by 
the cell, but reveal little regarding the process. Experiments can be designed to 
observe deformation of the vesicle during internalization (e.g. using high reso-
lution fluorescence) and potentially track forces during this process. Different 
approaches can be taken to make vesicles with various mechanical properties 
for this purpose. A simple way is to vary the osmotic pressure inside the vesicle; 
another approach is to incorporate polymerizable gels or natural filamentous 
proteins inside the vesicle. A synthetic biology approach could be complemen-
tary, which could look at the interaction between GUVs and small vesicles. This 
approach could lead to a better fundamental understanding of the uptake 
progress and complexity can be added in steps to unravel the role of the cellular 
machinery for particle uptake. 
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Introductie

Membraanblaasjes (ook wel vesikels) vervullen belangrijke rollen binnen de 
cellulaire biologie. Deze blaasjes bestaan uit een dubbele laag van fosfolipiden, 
waardoor ze een afgescheiden holte hebben. In de biologie spelen deze blaasjes 
bijvoorbeeld een belangrijke rol in het zenuwstelsel en voor het transport bin-
nen en tussen cellen. Daarnaast worden artificiele membraanblaasjes (ook wel 
liposomen) gebruikt als nanocapsules voor de toediening van medicijnen. In dit 
proefschrift komen liposomen en celblaasjes, membraanblaasjes die een rol spe-
len in de communicatie tussen cellen, aan bod.

Chemische en fysische eigenschappen van deze membraanblaasjes spelen een 
grote rol in hun gedrag, zoals hun stabiliteit in het bloed en de opname door 
cellen. Recent is duidelijk geworden dat ook de mechanische eigen-schappen 
van de blaasjes invloed lijken te hebben op dit gedrag. Maar op dit moment zijn 
mechanische metingen aan kleine blaasjes moeilijk te verrichten en is er geen 
geschikt model voor data interpretatie. Een complicatie hierbij is dat de blaasjes 
ongeveer een miljoen keer kleiner zijn (in volume) dan een cel en daarmee kleiner 
dan zichtbaar kan worden gemaakt met een lichtmicroscoop.

Hier maken we gebruik van een atoomkrachtmicroscoop om metingen te ver-
richten aan de mechanica van membraanblaasjes. Deze microscoop (ook wel 
tastmicroscoop genoemd) kan met zeer hoge resolutie afbeeldingen maken 
door met een scherpe naald een oppervlakte af te tasten. Deze scherpe naald zit 
vast aan een hefboompje, waar een laser op wordt geschenen. Bewegingen van 
de naald kunnen zeer nauwkeurig worden gedetecteerd op deze wijze. Dezelfde 
techniek kan ook gebruikt worden voor mechanische metingen. 

Doel van dit proefschrift

Het doel van dit proefschrift is om nauwkeurige mechanische metingen aan 
kleine membraanblaasjes (beide aritificeel en natuurlijk) mogelijk te maken en te 
begrijpen welke factoren de stijfheid van deze membraanblaasjes be-ïnvloeden. 
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De bevindingen in dit proefschrift

Het gebruik van een atoomkrachtmicroscoop voor het meten van mechanica van 
kleine biologische materialen is eerder veel toegepast voor metingen aan virus-
deeltjes. Maar er zijn een aantal complicaties die optreden bij de zachte mem-
braanblaasjes. De membraanblaasjes vervormen bijvoorbeeld sterk wanneer ze 
in aanraking komen met het oppervlakte, waardoor bijvoorbeeld de vorm lasti-
ger is om te bepalen. Daarnaast kan het materiaal waaruit de membraanblaasjes 
bestaat, gemakkelijk aan de tip van de atoomkrachtmicroscoop vastplakken. In 
hoofdstuk 2 beschrijf ik hoe deze experimenten zorgvuldig uitgevoerd kunnen 
worden. 

In hoofdstuk 3 wordt deze aanpak gebruikt voor het meten aan synthetische 
blaasjes, ofwel liposomen. We laten zien dat de grote van de tip in de atoom-
krachtmicroscoop een grote invloed heeft op de uitkomst van experimenten, 
en de verscheidenheid in observaties in eerdere experimenten kan verklaren.
Hier introduceer ik ook een nieuw model voor de interpretatie van mechanische 
metingen aan kleine blaasjes. Dit model is gebaseerd op de uitgebreid geteste 
theorie van Canham en Helfrich, die de mechanica van grote blaasjes goed be-
schrijft. Het gedrag dat ons model beschrijft komt zeer goed overeen met de 
experimentele bevindingen. Daarnaast laten we zien dat door deformatie op het 
opperlvakte de blaasjes veel stijver worden door de opbouw van een osmotische 
druk binnen de blaasjes. Dit effect is waarschijnlijk ook van groot belang tijdens 
vervormingen van de blaasjes door middel van andere prikkels. Uiteindelijk schat-
ten we de buigmodulus, een belangrijke intrinsieke elastische eigenschap van de 
membranen van deze liposomen.

Er bestaan ook membraanblaasjes die door meerdere membranen omgeven 
zijn, deze zijn het onderwerp van hoofdstuk 4. Deze blaasjes hebben voordelen 
voor het gebruik als nanocapsule voor het toedienen van medicijnen. Ze heb-
ben bijvoorbeeld meer volume voor hydrofobe drugs. Hier laten we zien dat we 
kunnen bepalen hoeveel membranen blaasjes hebben; dit doen we aan de hand 
van de penetraties van membranen. Dit staat ons toe de vorm en stijfheid van 
blaasjes met 1 tot 5 membranen te vergelijken. We zien dat de blaasjes met meer 
membranen in een rondere vorm blijven en stijver zijn. Dit zijn eigenschappen 
die eerder waren gesuggereerd om het binnenkomen van de blaasjes in de cel te 
vergemakkelijken. Dit zou een extra voordeel kunnen zijn voor het gebruik van 
blaasjes met meer membranen voor medicijntoe-diening.

Tot nu toe hebben we op artificiële membraanblaasjes gefocust, maar in hoofd-
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stuk 5 komen natuurlijke celblaasjes aan bod. We bekijken de eigenschappen 
van celblaasjes uitgescheiden door rode bloed cellen van gezonde donoren, 
maar ook van een patiënt met een bloedaandoening (Hereditary Spherocytosis). 
Deze patiënten hebben stijvere rode bloedcellen, die sneller verwijderd worden 
uit het bloed, en daarmee het ziektebeeld (bloedarmoede met symptomen als 
vermoeidheid en hoofdpijn) veroorzaken. De natuurlijke blaasjes bevatten veel 
eiwitten, beide in de waterige binnenkant en in de membraan. Toch zien we dat 
de vervorming van deze celblaasjes zeer sterk overeenkomt met het gedrag 
geobserveerd in hoofdstuk 3 voor artificiële liposomen. Verder zien we dat de 
patiënten celblaasjes uitscheiden die een significant lagere buigmodulus hebben 
dan de celblaasjes uitgescheiden door donoren. De rode bloed cellen van deze 
patiënten zijn stijver dan van gezonde donoren en het uitscheiden van zachtere 
blaasjes zou daaraan bij kunnen dragen. 

In hoofdstuk 3 hebben we tips van verschillende grootte gebruikt om de geob-
serveerde mechanica van membraanblaasjes beter te begrijpen. Deze tips waren 
gemaakt door middel van het slijpen van tips op ruwe oppervlaktes. Normaal 
gesproken is tipslijtage een beperking voor de toepassing van atoomkracht-
microscopie: tipslijtage vermindert de resolutie van plaatjes en maakt atoom-
krachtmicroscopie experimenten minder reproduceerbaar. In hoofdstuk 6 laten 
we zien dat mits dit gecontroleerd gebeurd er juist ook gebruik kan worden 
gemaakt van tipslijtage. We laten zien dat tipslijtage op ruwe oppervlaktes onder 
lage krachten geleidelijk plaats vindt en leidt tot tips met grotere radius, maar 
een afgeronde geometrie. We suggereren dat deze aanpak gebruikt kan worden 
voor het bekijken van de rol van tipgeometrie in de vele applicaties van atoom-
krachtmicroscopie.

In hoofdstuk 7 verplaats ik de focus van membraanblaasjes en atoomkrachtmi-
croscopie naar de invloed van een altijd aanwezige mechanische stimulus op 
de cel: zwaartekracht. Op het cellulaire niveau lijkt zwaartekracht een verwaar-
loosbare kracht (vergelijkbaar met de kracht uitgeoefend door enkele motorei-
witten, waarvan er zeer veel in een cel aanwezig zijn). Maar individuele cellen 
laten wel veranderd gedrag zien in condities (in de ruimte of gesimuleerd) met 
micrograviteit. In dit hoofdstuk bekijk ik de huidige li-teratuur op zoektocht naar 
het mechanisme waarmee zwaartekracht wordt waargenomen.

Het werk in dit proefschrift legt een basis voor de verdere verkenning van de me-
chanica van membraanblaasjes en de rol hiervan voor de interactie met de cel. In 
hoofdstuk 8 bespreek ik vervolgexperimenten op, en verdere toepassingen van, 
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dit werk. In het bijzonder behandel ik het meten van de buigmodulus van enkele 
membraanblaasjes en aanvullende metingen van de strekmodulus. Ook adres-
seer ik verwachtingen en wat we kunnen leren over andere kleine blaasjes met 
de aanpak beschreven in dit proefschrift. Uiteindelijk bekijk ik hoe we toe kunnen 
werken naar het optimaliseren van de stijfheid van liposomen (als nanocapsule 
voor medicijntoediening) voor optimale opname en misschien wel targeting van 
medicijnen.
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