Università degli Studi di Parma
Dipartimento di Fisica e Scienze della Terra

Corso di Laurea Magistrale in
Fisica

Controlling dynamics in flatland through
curvature-composition coupling in membranes.
Controllo della dinamica in sistemi quasi-2D
tramite accoppiamento curvatura-composizione
nelle membrane.

Relatore:

Candidato:

Luigi Cristofolini

Luigi Feriani

Correlatore:
Pietro Cicuta

Anno Accademico 2012/2013

Contents
1 Introduction

6

2 Background
2.1 Lipid membranes: model systems for biological processes . . .
2.2 Liquid-liquid phase separation . . . . . . . . . . . . . . . . . .
2.2.1 Role of cholesterol . . . . . . . . . . . . . . . . . . . .
2.3 Bending energy . . . . . . . . . . . . . . . . . . . . . . . . . .
2.4 Inducing curvature on ternary membranes . . . . . . . . . . .
2.5 Simple estimates of membrane bending on topographically
patterned surfaces . . . . . . . . . . . . . . . . . . . . . . . .

8
9
11
14
16
18

3 Materials and experimental methods
3.1 Soft Lithography . . . . . . . . . . . . .
3.1.1 Poly(dimethylsiloxane) chemistry
3.1.2 Surface preparation protocol . . .
3.1.3 Surface characterisation . . . . .
3.2 Giant Unilamellar Vesicles . . . . . . . .
3.2.1 Ternary lipid mixture . . . . . .
3.2.2 Electroformation protocol . . . .
3.2.3 Sample chamber . . . . . . . . .
3.2.4 Epifluorescence microscopy . . .

.
.
.
.
.
.
.
.
.

21
21
21
22
26
28
28
30
32
33

.
.
.
.
.

34
34
38
38
38
42

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

4 Analysis and results
4.1 Tracking . . . . . . . . . . . . . . . . . . . .
4.1.1 Features location . . . . . . . . . . . .
4.2 Mean Square Displacement analysis . . . . .
4.2.1 Mean Square Displacement calculation
4.2.2 Indirect assessment of the contact area
2

.
.
.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.

19

CONTENTS

4.3
4.4

4.2.3 Dependence on the radius . . . . . . . . . . . . . . . .
Caging analysis . . . . . . . . . . . . . . . . . . . . . . . . . .
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3
45
48
53

5 Concluding remarks and future work

54

Bibliography

55

List of Figures
2.1
2.2
2.3
2.4
2.5
2.6

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
4.1
4.2
4.3
4.4
4.5

Structure of phosphatidylcholine . . . . . . . . . . . . . . . .
Liquid phases . . . . . . . . . . . . . . . . . . . . . . . . . . .
Miscibility phase diagrams of four ternary mixtures show common features. . . . . . . . . . . . . . . . . . . . . . . . . . . .
Detailed phase diagram of a system close to the one studied
in this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . .
Equilibrium shapes and phase morphologies of phaseseparated vesicles . . . . . . . . . . . . . . . . . . . . . . . . .
3D model of the deformation induced by the PDMS features
on the membrane . . . . . . . . . . . . . . . . . . . . . . . . .

9
11
12
15
18
20

PDMS chemical structure . . . . . . . . . . . . . . . . . . . .
PDMS master preparation . . . . . . . . . . . . . . . . . . . .
PDMS double-casting . . . . . . . . . . . . . . . . . . . . . .
AFM: tip-sample convolution . . . . . . . . . . . . . . . . . .
AFM and SEM images of the PDMS surface . . . . . . . . . .
Chemical structures of the lipids used in this work, and phase
diagram from the literature . . . . . . . . . . . . . . . . . . .
Diagram of the electroformation chamber . . . . . . . . . . .
Diagram of the imaging chamber . . . . . . . . . . . . . . . .

22
23
25
26
27

Filtering and feature-recognition . . . . . . . . . . . . . . . .
Tracking of Ld domains, showing pinning on the bumps . . .
PDMS features (“bumps”) location . . . . . . . . . . . . . . .
Tracking of Ld domains highlighting interaction with features
Distribution of the Mean Square Displacement and of the diffusion coefficient, showing the different behaviour for Ld domains on bumps and not on bumps. . . . . . . . . . . . . . .

35
36
37
39

4

29
31
32

40

LIST OF FIGURES
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14

Example of MSD curve . . . . . . . . . . . . . . . . . . . . . .
Distance from the centre of the GUV . . . . . . . . . . . . . .
Effect of the distance from the centre of the GUV . . . . . . .
Scatter plot of the Mean Square Displacement . . . . . . . . .
Scatter plot of the diffusion coefficient, highlighting the reduced mobility of Ld domains on bumps . . . . . . . . . . . .
Trapping despite the drift of the GUV . . . . . . . . . . . . .
Effects of caging: the MSD/4D curve deviates from the line
describing the Brownian motion . . . . . . . . . . . . . . . . .
Caging dependence on the radius, in qualitative agreement
with confined Brownian motion simulations . . . . . . . . . .
“Depinning” due to domain-domain interaction . . . . . . . .

5
41
43
44
46
47
48
50
52
53

Chapter 1

Introduction
Over the last decades, artificial lipid bilayers have become an increasingly
popular topic for research, as they are an interesting system from many
different perspectives.
Aside from their self-assembling nature, that makes them relatively easy
to manipulate in ambient conditions, they are a useful 2D model system to
study new physics questions. In biology, their importance can not be overestimate, as they can approximate various aspects of biological membranes,
which in turn are a fundamental component of the cell. In particular, multicomponent lipid membranes are the simplest model to study liquid-liquid
phase separation, possibly the basis to the lipid “rafts” formation in cell
plasma membranes.
My work focuses on the influence of curvature on the lateral organisation
of liquid-liquid phase separated lipid bilayers. This particular aspect is very
interesting for biology, as it could shed some light on the sensitivity to the
curvature shown by some membrane protein, or on the growth of actin filaments, that seems to be influenced by curvature. Moreover, understanding
how phase separated bilayers laterally organise in presence of locally induced
curvature may lead to an active manipulation of such mechanism, leading to
technological applications.
To force the lipid membranes to locally assume a certain curvature a
microstructured poly(dimethylsiloxane) surface was employed.
Therefore in this report after a brief literature review and background
information (chapter 2) I will present the experimental methods employed,
which cover the crafting of the microstructured surface, the preparation of
lipid bilayers, and the imaging methods (chapter 3). The analysis performed
6
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will be reported in chapter 4, while chapter 5 will provide an overview of the
results obtained, alongside with promising aspects that could be the basis
for future research.

Chapter 2

Background
Lipids are a group of naturally occurring molecules, including, fats, waxes,
sterols, and phospholipids. Instead of being defined by molecular structure
(that can significantly vary in this group) the category is generally considered to include small molecules with amphiphilic or hydrophobic behaviour [85]. Most lipids are composed of acyl chains linked to an ester group
(e.g. phospholipids and fats). Many lipids are surfactants, therefore when
in an aqueous environment they self-assemble in a variety of structures. Depending on a number of factors as concentration, molecular geometry, and
temperature, lipids can form different aggregates such as micelles, bilayers,
bulk phases (lamellar, hexagonal, etc.) as well as bicontinuous configurations
[20, 14]. The aggregation process is usually driven by many factors, as steric
effects, hydrophobic effects and curvature modulus.
This work is focused on lipid mixtures containing mostly phospholipids,
in particular phosphatidylcholines (PC), as they are a major component of
biological membranes. Phospholipids are composed of a hydrophilic head,
that includes a phosphate group and a glycerol, and two hydrophobic tails,
typically hydrocarbon chains [85]. Phosphatidylcholines are distinguished
from other phospholipids by the presence of a choline molecule in the hydrophilic head [85] (see Figure 2.1).
The shape of lipid molecules is generally cylindrical, leading them to
assemble in locally flat bilayers [35]. The shape of the single molecule is
determined by the space occupied by its average motion, which is heavily
dependent on the length and saturation of its acyl chains. A double bond
between two carbon atoms yields a bend in the hydrocarbon chain, therefore
increasing the effective volume occupied and hindering close packing with
8
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Figure 2.1 – Structure of phosphatidylcholine. Schematic representation
of a phosphatidylcholine, that highlights the two main parts of a phospholipid:
the hydrophilic head group and the hydrophobic tails). Taken from [1].

neighbouring molecules.
2
The average surface area per molecule is generally between 65 and 70Å
in a typical phospholipid bilayer. This quantity is basically not influenced
by the hydrocarbon chain length [46], that has instead been found to have a
linear relationship with the bilayer thickness (typically 3 − 4nm) [46].

2.1

Lipid membranes: model systems for biological
processes

The study of the coupling between composition and curvature in lipid membranes is relevant in many different fields.
First of all, lipid membranes are in general a nice example of quasi 2D
systems, therefore they represent a good model system to investigate ordering in two dimensions. In particular, an improved comprehension of the
mechanism of sorting in laterally organised ternary membranes may possibly
lead to their manipulation to follow a pattern on the nano- or micro-scale.
A patterned, phase separated membrane may then be employed in nanoor micro-structured sensors [9], for example in combination with the phenomenon of plasmonic resonance.
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Moreover, the ability of forcing a lipid membrane to assume a desired
curvature can be useful to study the curvature sensitivity of membrane protein [59, 55], or the influence of curvature on the growth of actin filaments
[24]. The main reason the behaviour of lipid bilayers is being studied, though,
is again related to their biological relevance.
Over the last 30 years evidence has emerged of lateral heterogeneity and
organisation among lipids in biological membranes [41, 49, 64], going against
the “fluid mosaic model”. This model, which was dominant for biological
membranes, pictures the membrane as a passive “lipid sea”, in which the
proteins motion is purely diffusive [19].
The new model proposed after the new observation is the “raft model”
[72], that expects the biological membrane to be laterally organised because
of the assembly of certain lipid species into domains, called “lipid rafts”. In
this model, lipid raft are introduced as functional microdomains that could
selectively include or exclude proteins, therefore having a key role in the
membrane transport and in intracellular signalling [72]. Subsequent studies
have then linked these rafts with other different processes in the life of a
cell, such as adhesion, endocytosis, protein organisation, apoptosis, and lipid
regulation [72, 18, 81].
The interest for multicomponent lipid bilayers showing lateral organisation has consequently grown (as the number of papers on the topic clearly
states), hoping that understanding phase separation in model multicomponent lipid membranes could help explaining the formation of such structures
[17, 69].
Even if biological membranes are composed of thousands of lipid species
and have high protein concentration, they seem to exhibit a similar thermodynamical behaviour to a ternary system made of a saturated lipid, an unsaturated one and a sterol [81, 69]. The typical behaviour, common to a wide
range of proportions of the components of ternary mixtures, is a phase coexistence of regions enriched in the saturated lipid and cholesterol, and regions
enriched in the unsaturated lipid [81, 79] (see Figure 2.2). These regions are
formed in the first place because of the net interaction between lipids (sum
of various contributions as van der Waals forces, electrostatic and hydrophobic forces) resulting in a preference for demixing between saturated and
unsaturated lipids. The entropic contributions leads to the usual behaviour
of a phase separation below a critical temperature (Tc , which is strongly
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Figure 2.2 – Liquid phases differ in composition, order and thickness.
Schematic representation of a ternary lipid bilayer showing the two different
liquid phases. The Lo phase, where the lipid with high melting temperature
(blue) and the sterol (orange) are predominant, and the Ld phase, mainly
populated by the low melting temperature lipid (green). The picture also
shows the difference in thickness between the two phases. From [23].

dependent on the lipid species and their proportions), and a single mixed
phase above it [68]. Since these ternary saturated/unsaturated/cholesterol
model systems have shown to be a basic yet representative approximation
for the behaviour of biological membranes, many studies have focused on understanding the phenomenon of phase separation they present, hoping to get
some insight into a general mechanism of lateral organisation in biological
membranes.

2.2

Liquid-liquid phase separation

A wide variety of ternary lipid mixtures containing a high melting temperature (Tm ) lipid (usually with saturated acyl tails), a low Tm one (usually
unsaturated) and a sterol have been shown to exhibit coexistence of liquid
phases [83], named liquid-disordered (Ld ) and liquid-ordered (Lo ). These
liquid phases have been observed both in Giant Unilamellar Vesicles (GUVs)
and in supported bilayers.
Both phases are characterised by fast lateral diffusion, high rotational
freedom and short range order, but they present some important differences
in both composition and physical properties [28]. The Lo phase is enriched
in the saturated lipid, this causing a more effective packing of the lipid
molecules (hence the name “liquid-ordered”) than in the Ld phase, where the
unsaturated lipid, the dye and other impurities partition. The close packing
of lipids with saturated tails also causes the Lo membrane to be thicker.

CHAPTER 2. BACKGROUND

12

Figure 2.3 – Miscibility phase diagrams of four ternary mixtures show common features.
Miscibility phase diagrams reported for (a) PSM/DOPC/Cholesterol, (b) DPPC/DOPC/Cholesterol, (c)
PSM/POPC/Cholesterol, (d) DPPC/POPC/Cholesterol. Black circles indicate compositions that showed coexisting liquid phases, open circles compositions that only showed a single mixed phase for temperature as low as 10
°C while grey squares correspond to compositions with only gel/liquid phase
coexistence. The coloured area reports the extrapolated fit of measured mixing temperatures Tc . Comparing these phase diagrams reveals an interesting
similarity in the shape of the boundaries of the liquid-liquid coexistence region
across different mixtures. The diagrams also show the behaviour of the binary
mixture obtained by omitting cholesterol: as explained in section 2.2.1 they
only present a gel/liquid coexistence. Figure taken from [83].
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The difference in thickness has been characterised with AFM measurements
[7, 44], and found to be in the order of 1 nm, but dependent on the point of
the diagram phase (the thickness difference diminishes as the critical point
is approached) [13].
Lipid domains behaviour is determined mainly by two physical quantities: the line tension σ (2D analogue of surface tension) and the membrane
viscosity µ. The former, minimising the energy cost of the phase boundaries,
is responsible for the roundish shape of lipid domains. It has been characterised by flicker spectroscopy of fluorescently labelled domains in ternary
GUVs [30], and by AFM on supported lipid bilayers [13]. Membrane viscosity controls instead the scale of diffusion of domains and inclusions, and has
been estimated from the diffusion of lipid domains [10, 62].
It is important to note that the lipid domains have been shown to be in
registry between the two leaflet of the bilayer, due to interaction between
tails [39, 12, 11]. This means that there is matching between the positions
of the domains on the two layers: simulations state that mismatch between
the two leaflet is minimal, in the order of tens of lipids in a domain [52].
The bilayer phase behaviour depends strongly on composition and temperature, but it has been shown that also pressure influences the membrane
structure [6, 57, 86]. Phase diagrams have been constructed for many lipid
mixtures using several different techniques, such as fluorescence microscopy
on GUVs [83], fluorescence spectroscopy [16], NMR [84, 15], and X-ray and
neutron scattering studies (see [38, 26] and references therein), although so
far the exact shape of phase boundaries has not been found. As shown in
Figure 2.4 different techniques are still not in complete agreement, especially
on size of the coexistence regions and slope of the phase boundaries.
The critical behaviour of ternary model lipid membranes has been studied in recent works by looking at the fluctuations of the shape of the domains
with fluorescence microscopy and by AFM (in GUVs and supported bilayers
respectively) [13, 30]. The scaling of the line tension (obtained by an analysis of thermal fluctuations of the domains) and of the correlation length
close to the critical temperature has been found to be described by a critical exponent, identifying this system as belonging to the Ising 2D class of
universality [74].
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Role of cholesterol

Cholesterol (or any other sterol) plays a fundamental role in the phase behaviour of ternary membranes. It is concentrated mostly in the Lo phase,
in the hydrophobic environment provided by the tails, thus hindering the
close packing of the phospholipids. This causes the phospholipid+cholesterol
bilayer to show a fluid-like behaviour even at temperatures lower than the
melting temperature of the phospholipid alone.
Thanks to the shape of its molecule and its hydrophobicity, cholesterol
can move easily between leaflets of the bilayer, and it is likely to enhance
the registering of domains [40, 43].
Lack of cholesterol in a ternary lipid mixture has been shown to cause
the remaining binary mixture (saturated/unsaturated lipid) not to show the
Ld - Lo coexistence. Instead every phase transition would involve a gel phase
(see Figures 2.3 and 2.4). In binary lipid mixtures the mixing temperature
would fall between the melting temperatures of the two lipids [83].
Cholesterol presence affects many properties of lipid bilayers: the increasing of the cholesterol fraction yields an increasing of the bilayer’s thickness
[56] and rigidity, changing the elasticity of the membrane [50]. This can have
an effect on the sorting mechanism of membrane protein and on their functions, since they are strongly influenced by these parameters [2]. The large
gradient in cholesterol concentration across the cellular secretory system may
imply that this mechanism is actively exploited by the cell [72, 21, 54].
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Figure 2.4 – Detailed phase diagram of a system close to the one
studied in this thesis. Three of the most recent ternary phase diagrams
from the literature for DOPC/DPPC/Cholesterol, obtained by different techniques. (a) Isothermal slice (15 °C) of a proposed phase diagram from [84]
obtained using NMR. Full temperature dependent diagram in (b). The green
region represents the Ld /Lo /So (gel) phase coexistence, the blue one Ld /Lo
coexistence. The yellow spot marks the critical point. (c) Isothermal slice at
18 °C of the phase diagram using NMR [15]. Coexistence regions are marked:
the gel phase (So) is labeled as g and the magenta star marks the critical
point. (d) Suggested phase diagram at 15 °C determined from small-angle
x-ray scattering [78]. Whole figure taken from [28] .
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2.3

Bending energy

The shape of a lipid vesicle can be calculated by minimising the total energy functional under the constraints of fixed area and volume. Given a
certain area per molecule, at constant temperature and constant number
of molecules the bilayer area can be considered fixed. The volume is instead controlled by the difference in osmolarity between the inner and outer
solution: since the membrane has some permeability to water [27], a large
difference in osmolarity would cause a net water flow through the membrane
until the osmotic equilibrium is reached or the GUV bursts [5].
The free energy for a liquid-liquid phase-separated lipid vesicle has various contributions, arising from bending resistance, lateral tension and line
tension of the phase boundaries [4]. The interplay between these contributions causes the phase-separated vesicles to show a wide variety of behaviours
and shapes under different conditions, as extensively reported in [4].
Following [36], for a vesicle that presents two liquid phases α and β the
total energy can be written as
F = Fm + Fb + FG ,

(2.3.1)

where Fm and FG are, respectively, the normal and Gaussian bending energy,
while
Fm = A(α) f (α) + A(β) f (β) + Fl
(2.3.2)
denotes the free energy of the mixture (A(α) and A(β) are the total areas of
the two phases, f (α) and f (β) their free energy densities). Fl is the energy
of the phase boundaries, defined as
ˆ
Fl = σ

dl

(2.3.3)

∂α

where ∂α is the phase boundary.
Supposing to have N domains of the phase α in a continuous phase β,
the bending energies Fb and FG can be written as
ˆ
N ˆ




κ(β)
κ(α) X
(α) 2
(β) 2
dA C1 + C2 − C0
+
dA C1 + C2 − C0
Fb =
2
2 β
i=1 αi
(2.3.4)
and
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(α)

FG = κG

N ˆ
X
i=1

αi

(β)

dA C1 C2 + κG

ˆ
dA C1 C2 .

(2.3.5)

β

Here
+ C2 ) and C1 C2 are local quantities, and denote respectively
the mean and gaussian curvature of the lipid bilayer [36]. The bending
(α)
(β)
moduli (κ(α) , κ(β) , κG , and κG ) and the spontaneous curvatures (C0α and
C0β ) are constants, since the membrane is taken to be homogeneous within
each domain [36].
Equations (2.3.1)-(2.3.5) don’t take into account the coupling between
monolayers, which would be important if the flip-flop between the two monolayer was strongly suppressed. However, for phopholipid-cholesterol mixtures, this coupling should not be relevant, because of the high flip-flop rate
of cholesterol molecules [36].
It is possible to link the bending modulus with the stretching modulus
of the bilayer by considering the stretching and compression of the two leaflets, with respect to the neutral surface of the membrane (i.e. the bilayer
midplane) [5]. By doing so, one can find that the bending modulus κ of
a bilayer is proportional to the stretching modulus K and to the square of
the bilayer thickness h [73]: κ ∝ Kh2 . Both the measurements [77, 89] and
the calculations [37, 29] of the bending modulus of lipid membranes are in
agreement with this. In addition, again from [77, 89, 37, 29] it emerges that
in liquid-liquid phase-separated lipid membranes the Lo phase has a greater
bending modulus than the Ld phase.
While for a uniform GUV the geometric figure that yields minimal energy
is spherical, when two phases with different bending modules coexist the
energy functional can be minimised by other configurations [70], therefore
allowing the GUV to take spectacular shapes as those observed in [4] and
reported in Figure 2.5.
A useful parameter in the description of the shape of Giant Unilamellar
Vesicle is the volume-to-area ratio, defined as
1
2 (C1

v ≡ V/Vsp , where Vsp

 3
4π A 2
≡
3 4π

(2.3.6)

is the volume of a sphere with the same area A of the vesicle. This geometric quantity ranges from 0 (a completely deflated vesicle) to 1 (perfectly
spherical), and represents a control parameter that can be varied by changes
in temperature and osmotic conditions. Since thermal expansivity is larger
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Figure 2.5 – Equilibrium shapes and phase morphologies of phaseseparated vesicles. Two-photon microscopy images of ternary vesicles showing liquid-liquid phase-separation. Ld phases are shown in red, Lo in blue. (a)
Continuous Lo phase, Ld domains budding out of the vesicle. (b) Detail of the
separation between the two phases. (d) Labyrinthine Ld domains (red channel only). (e) Vesicle showing axially symmetric ring domains. (f ) Equatorial
section of a vesicle similar to (a). (b) (c) (f ) are equatorial section, while (a)
(e) hemispherical projections of image stacks taken at 0.5µm spacing. Scale
bars are 5µm. Figure adapted from [4].

for the lipid bilayer than for water, v decreases with increasing temperature.
Changes in osmotic pressure causes the inflation or deflation of the vesicle,
therefore respectively increasing or decreasing v [48].

2.4

Inducing curvature on ternary membranes

The difference in bending modulus of the two phases (Lo and Ld ) causes
an immediate consequence. Locally bending a liquid-liquid phase-separated
bilayer requires the payment of an energy toll that would be lower if the Ld
phase were the one with the highest curvature. Therefore one may expect
that a locally bent ternary membrane, evolving through the diffusion of lipid
molecules and domains in order to minimise its free energy, would naturally
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end up with Lo domains placed on flat (or less curved) areas, and Ld domains
on the most curved ones.This effect has been described in [4], where phaseseparated GUVs were observed in different conditions with two-photons microscopy, which allowed the high resolution of Figure 2.5.Many groups also
investigated this aspect using different techniques to induce a local curvature
in the lipid bilayer. In [59] and [75] for example the curvature-induced sorting
of lipids is inspected using a double bilayer system. This method consists in
the deposition via vesicle rupture of a first supported lipid bilayer of uniform
composition on a micropatterned surface, followed by another deposition,
again via vesicle rupture, of the DPPC/DOPC/Cholesterol bilayer. The
vesicle rupture method ensures a thorough mixing of the lipids, that partition again in the two phases once the bilayer is formed. Both works confirm
the presence of Ld domains in correspondence of the high-curvature features,
whereas the Lo phase prefers flat areas.
My work studies instead the effect of locally induced high curvature in
a ternary Giant Unilamellar Vesicle, pressed by buoyancy against a silicone
surface structured by micrometric spherical caps. Because of the difference
in bending modulus between the two phases, and since Ld domains diffuse
across the membrane [10], one would expect to see Ld domains placing preferably on high-curvature areas of the membrane, leaving the flat regions to the
stiffer Lo phase. This phenomenon would manifest itself as Ld domains casually arriving on the PDMS features during their diffusion motion and not
leaving them, the PDMS features acting as traps associated with an energy
barrier.

2.5

Simple estimates of membrane bending on topographically patterned surfaces

It is already possible to estimate the order of magnitude of the trapping
effect from geometric considerations only, assuming that there are no specific
interactions between the silicone surface and the membrane.
The vesicle being pressed against the surface by buoyancy, it is reasonable to assume that the membrane would follow the surface of the bump, and
then be slightly lifted to smooth the transition to the flat region. Therefore
I modelled the surface in proximity to a bump as a spherical cap stitched to
a surface of revolution generated by a catenary (see Figure 2.6). The ana-
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Figure 2.6 – 3D model of the deformation induced by the PDMS
features on the membrane.

lytical expression employed to model the deformed membrane allowed me
to calculate its bending energy using equations (2.3.4) and (2.3.5). Experimental values for the bending moduli of the two phases were taken from [89]
(∼ 100kT and ∼ 45kT for the Lo and Ld phase respectively). For a radius
of deformation (defined as the furthest distance from the centre of the bump
at which the membrane is still not flat) of 2.6µm the bending energy is at
its minimum value, that is ∼ 700kT and ∼ 300kT for the Lo and Ld phase
respectively. It is possible to extract two interesting informations from these
estimates.
First, the energy toll required for bending the membrane is two order of
magnitude smaller than the potential energy of the vesicle floating at 1µm
(the radius r of the features) from the silicone surface, that we can evaluate
as 4 /3 πR3 ∆ρgr ≈ 2.4 × 10−16 J ≈ 6 × 104 kT (where R is the radius of the
vesicle, roughly 60µm, and ∆ρ the density mismatch between the solution
that fills the vesicle and the outer medium). Therefore there is no doubt
that the membrane will bend in proximity of the high-curvature features.
Second, there is an important energy gain (∼ 400kT ) for a membrane
having the Ld phase deformed in lieu of the Lo one, although the value
obtained with this calculation may be overestimated for small domains. For
Ld domains with a smaller radius than the one employed in the calculations
the surrounding Lo phase is likely to be at least slightly bent, therefore
increasing the bending energy. The results of my experimental work are in
agreement with this result.

Chapter 3

Materials and experimental
methods
3.1

Soft Lithography

The term “soft lithography” refers to a family of techniques for fabricating or
replicating structures using soft, elastomeric elements in pattern formation
[65]. Soft lithography on poly(dimethylsiloxane) (PDMS) was used in this
work to prepare a substrate with micrometrical features. PDMS is broadly
used in soft lithography because it is easy and fast to work with, and ensures
a nanoscale precision in making replica of a mould [87].

3.1.1

Poly(dimethylsiloxane) chemistry

Poly(dimethylsiloxane) (PDMS) is a silicon-based organic polymer. It is
composed by a chain of repeating [Si(CH3 )2 O] monomeric units terminated
at both ends by a silicon atom with three methyl groups attached, thus making the formula CH3 [Si(CH3 )2 O]n Si(CH3 )3 (see Figure 3.1). The PDMS can
be cured by forming Si−CH2 −CH2 −Si bonds in multiple sites and between
different chains, therefore creating a 3D cross-linked structure. After the
cure the PDMS is solid, elastic, and optically clear.
The silicone used in this work was the Sylgard® 184 by Dow Corning,
which is a standard in soft lithography. It is a PDMS elastomer cured as
written above, using a proprietary platinum-based catalyst.

21
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Figure 3.1 – PDMS chemical structure.

3.1.2

Surface preparation protocol

The protocol used to prepare the PDMS surface can be divided in two parts.
In the first part (Figure 3.2), that ends with the production of a PDMS
master, [75] was closely followed, although with some variations. This part
of the protocol was also inspired by the soft lithography techniques described
in [60, 8, 61]. In the second part, the PDMS double casting, [25] was followed
(see Figure 3.3).
Firstly, 2µm diameter Sulphate-modified Polystyrene (PS) microsphere
from Invitrogen (8.1% solid volume) were diluted 1:10 with ultra-pure water
in an eppendorf tube. The suspension was then centrifuged so that the
colloids deposited at the bottom of the eppendorf, and the water was changed
with new ultra-pure water. This procedure was performed three times, to
clean the colloidal suspension. The clean suspension was then stored in glass
vials in a refrigerator. Aliquots were then taken from the vial and diluted
again with ultra-pure water and isopropanol (in a 2:4:4 proportion) in an
eppendorf tube.
The PDMS was prepared by thoroughly mixing the two components of
the Sylgard® 184 kit (base and curing agent) in a 10:1 proportion in a clean
plastic cup. The plastic cup was then covered with pierced parafilm and put
in vacuum for half an hour, in order to degas the PDMS (the parafilm was
needed to minimise contamination, e.g. by dust carried by air entering the
desiccator at the end of the degassing).
A 35mm Petri dish (by Cellstar) was filled halfway to the top with ultrapure water (18.2M Ωcm resistivity). Next, the colloidal suspension in water
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Figure 3.2 – PDMS master preparation. Soft lithography technique for
the preparation of the PDMS mould. (a) A Petri dish is filled halfway to the
top with ultrapure water. (b) Polystyrene beads are spread at the air/water
interface using a microsyringe. (c) A layer of PDMS is spread on top of the
colloids. (d) The Petri dish is left in an oven for the PDMS to cure. (e) The
cured PDMS is solid, and it embeds the colloids as it is peeled off the water
surface. (f ) The cured PDMS is soaked in toluene to dissolve the PS beads,
and (g) left to shrink under a fume hood.
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and isopropanol (IPA) was spread drop-wise at the air-water interface using
a 50µl microsyringe. A couple of minutes were then waited, so that the IPA
could evaporate, leaving the PS beads trapped at the air-water interface [63].
The PDMS was then carefully spread on the water surface using a disposable plastic pipette, trying to make a layer as even as possible (this was
hindered by the high cohesion of the PDMS). The PDMS was then cured
by placing the Petri dish in an oven at 60 °C for 2.5h, so that the colloids
became embedded in the PDMS layer.
After the curing process, the PDMS was lifted from the water surface and
soaked in a beaker with toluene for 6h, in order to dissolve the PS particles
while leaving the PDMS intact. Since the PDMS swells dramatically in
toluene, it was necessary to leave it shrinking overnight in an empty beaker
under a fume cupboard. The result of this procedure is a PDMS cylinder
with a flat surface with 1µm radius hemispherical holes, suitable to be used
as a mould in the double-casting process.
The mould was then placed on the bottom of an empty 35mm Petri
dish, with the patterned surface facing up, and subjected to a silanisation
process. Five moulds were placed in a glass desiccator and four 40µl drops of
1H,1H,2H,2H-per-fluorodecyltrichlorosilane were placed on aluminium trays
arranged symmetrically at the edges of the desiccator. A vacuum pump was
then connected to the desiccator and left running for 2 minutes, after which
the valve of the desiccator was closed. The moulds were kept under vacuum
in a silane atmosphere for 1.5h before being removed from the desiccator.
The effect of the silanisation process is the absorption, self-assembly and
covalent bonding (through −Si − O − Si− bonds) of silane molecules on
the PDMS surface, resulting in a densely packed self-assembled monolayer
necessary to achieve a non-adhesive behaviour of the PDMS surface [25, 45].
Next, uncured PDMS was cast on the silanised mould and cured at 60°C
for 2.5h. The new PDMS layer was then peeled away from the mould in
order to obtain a negative replica of the mould, i.e. a flat surface with
hemispherical 1µm radius features (“bumps”).
The PDMS substrates were stored in parafilm sealed Petri dishes.
While the procedure could have been stopped right after the first step in
order to obtain micrometric features on the surface, the double-casting technique was employed to obtain a chemically homogeneous patterned surface,
which was deemed preferable.
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Figure 3.3 – PDMS double-casting. (a) The PDMS mould is silanised via
vapour deposition, then (b) new PDMS is cast and (c) cured. When solid it
is peeled away (d) from the mould, resulting in (e), a negative replica of the
mould (therefore a flat surface with protruding features).
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Figure 3.4 – AFM: tip-sample convolution. Example of tip-sample convolution in Atomic Force Microscopy: due to the pyramidal shape of the tip,
the recorded image does not reproduce carefully the sample. Image adapted
from [42].

3.1.3

Surface characterisation

The preparation process of the patterned surface was monitored with different techniques. The proper spreading of the colloids at the air-water interface was checked using an optical microscope (Zeiss Axioplan) while more
sophisticated instruments were employed to assess the subsequent stages.
Two microscopy techniques have been used to characterise the final
PDMS patterned surface: Scanning Electron Microscopy (SEM) and Atomic
Force Microscopy (AFM). These two techniques have been chosen because
they compensate each other’s weaknesses, their combination allowing to overcome the limits of the single techniques.
The AFM is very accurate in the assessment of the profile of a sample,
being very precise in the vertical direction. However, its resolution in the xy
plane is limited by the physical dimensions of the probe. Any AFM image
is actually the convolution of the true shape of the studied object and the
shape of the probe, making protruding objects appear wider. This problem
is particularly severe when dealing with surfaces with important roughness,
and represents one of the biggest limitations to the use of AFM as it can
not be solved entirely: it is possible to deconvolve the AFM image and the
shape of the tip, but some information can not be retrieved (see Figure 3.4).

CHAPTER 3. MATERIALS AND EXPERIMENTAL METHODS

27

Figure 3.5 – AFM and SEM images of the PDMS surface. (left) AFM
scan, taken in non-contact mode, of the PDMS patterned surface. (right) SEM
image of a different portion of the same sample.

On the other hand a Scanning Electron Microscope offers very resolved
plan views of the samples, but estimates of height with this technique are
always indirect and subject to possible artefacts (e.g. freeze-fracture shadowcasting combined with cryo-SEM imaging, see [34]).
The combination of the two techniques allows then to assess both the
height and the lateral dimensions of the features of the PDMS surface.
AFM measurements of PDMS bumps were done with a XE-100 by Park
Systems in non-contact mode, using a Si probe (910M-NCHR, working at
317kHz). A different measurement, on PS colloids embedded in the PDMS
surface (at stage (e) of Figure 3.2) was performed in contact mode using an
AFM by NanoWizard II equipped with a PNP-TR-20 Silicon Nitride probe
by Nano World. The diameter of the PDMS bumps was measured instead
analysing SEM images (taken with a Supra™ 40 by Zeiss, equipped with
InLens detector, and operated with an incident beam of energy 2keV ).
The height of the bumps resulted to be 0.74±0.02µm, while the diameter
1.78 ± 0.01µm (see Figure 3.5). This, together with the value obtained for
the height of PS colloids from the PDMS surface (1.1 ± 0.02µm), seems to
suggest that the colloids employed were actually slightly smaller (0.9µm in
radius) than the nominal value. It is worth to point out, although it is
unlikely, that the silanisation process may have caused a backfilling of the
holes left by the dissolution of the colloids [76], leading to an underestimate
of the radius of the colloids.

CHAPTER 3. MATERIALS AND EXPERIMENTAL METHODS

3.2

28

Giant Unilamellar Vesicles

Different techniques are available to produce artificial lipid bilayers. According to which technique is employed different types of lipid bilayer will be
obtained: flat bilayers or vesicles [32, 53]. In this work Giant Unilamellar
Vesicles (GUVs, defined as ranging from 5µm to 200µm in radius) were employed. The analysis actually focused only on GUVs with radius larger than
55µm and smaller than 120µm (the upper limit being a physical constraint
due to the size of the imaging chamber, the problem will be addressed in
section 3.2.3).
GUVs were chosen since they had been shown to be a nice (and relatively
simple to reproduce) experimental system presenting liquid-liquid phase separation [81, 82].

3.2.1

Ternary lipid mixture

Various different lipid compositions have been used to achieve a liquid-liquid
phase separated membrane. The majority of them is very similar, being
composed by a sterol and two different phospholipids, one with high melting
temperature (Tm ), one with a low one.
In this work a mixture of diPhyPC (1,2-diphytanoyl-snglycero-3phosphocholine), DPPC (1,2-dipalmitoyl-sn- glycero-3-phosphocholine) and
dihydro-cholesterol (dChol, also known as cholestanol) was used. The phospholipids were supplied by Avanti Polar Lipids (Alabaster, AL), while the
cholestanol was from Sigma. DPPC is the high Tm component in the mixture
(41 °C) [71], while diPhyPC has a really low Tm (< −120 °C) [47]. Such a low
Tm is only due to the presence of numerous methyl groups branching from
the acyl tails, acting as a steric hindrance and preventing the close packing
of the lipid molecules, therefore reducing Tm [47].
This particular lipid mixture has been chosen because it is suitable for
imaging [80]. It is very similar to the diPhyPC/DPPC/cholesterol mixture
that has recently been used in many works [80, 89, 30, 31]. Both these two
mixtures present liquid-liquid phase separation for a wide range of lipid composition, and both employ only saturated phospholipids. This prevents the
risk for the lipids to undergo photooxidation, phenomenon which is known to
alter the physical properties of the bilayer [80, 3]. Preventing photooxidation
is also the reason why cholesterol was replaced by cholestanol, its saturated
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Figure 3.6 – Chemical structures of the lipids used in this work, and
phase diagram from the literature. (top, left) Structure of the DPPC,
employed as the high-Tm lipid in the ternary lipid mixture. (top, right)
Structure of the diPhyPC, low-Tm lipid. Methyl groups branching out of the
acyl chains are visible. Said groups act as steric hindrance, therefore impeding the close-packing of the lipid molecules. (bottom, left) Structure of the
cholestanol (also known as dihydro-cholesterol), saturated form of cholesterol.
(bottom, right) Taken from [80]. Diagram, determined by fluorescence microscopy , of the phase behaviour of vesicles composed of DPPC, diPhyPC
and cholesterol. Black circles denote compositions exhibiting coexisting liquid phases, grey squares denote gel-liquid coexistence, observed in membranes
without cholesterol. Miscibility transition temperature is shown by the colour
scale. Although the lipid mixture employed in this work was slightly different,
its behaviour is expected to be qualitatively similar.
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version. This of course caused the phase diagram of the composition to be
slightly different from the one in [80] and reported in Figure 3.6.
The use of the diPhyPC/DPPC/cholestanol mixture yielded phaseseparated GUVs, in which the Lo phase was enriched in DPPC (high Tm )
and cholestanol, while the Ld phase was mainly composed of diPhyPC (low
Tm ) [80]. In order to tell apart the two phases 0.8% mol of Texas Red
labelled DPPC (Texas Red DHPE, by Invitrogen) were added to the mixture. The dye is attached to the headgroup of the lipid, and causes the lipid
to behave differently than the standard DPPC: due to the extra volume,
the DHPE partitions preferably in the Ld phase [83]. The concentration
of Texas Red DHPE was chosen knowing that this particular lipid doesn’t
affect significantly crucial properties of the bilayer, such as the phase transition temperature, even in concentrations of 2% mol [82] (unlike other dyes
[22, 51, 66]).
DiPhyPC, DPPC and cholestanol were mixed in a proportion of 27:27:45
mol fraction (plus 0.8% mol Texas Red DHPE), ensuring GUVs with a similar
proportion of Lo and Ld phase and a transition temperature slightly above
room temperature. This turned out to be useful when the need of re-mixing
phase separated vesicles showed up, shortening the time needed for their
heating.

3.2.2

Electroformation protocol

The GUVs used in this work were prepared by electroformation, a standard
technique that relies on the hydration of dry lipid film in an oscillating
electric field. The protocol used is closely related to [83].
The ternary lipid composition was deposited on an Indium Tin Oxyde
(ITO) coated slide, provided by Visiontek Systems Ltd, that had previously
been cleaned by sonication in ultra-pure water and IPA. The deposition and
spreading, being performed by hand, was the least reproducible part of this
protocol, hence great care has been taken to replicate the procedure. Both
the ITO coated slide and the lipid composition were heated to 60 °C, a
30µl drop of lipid composition was deposited at the centre of the slide, and
the spreading was performed with the help of a clean coverslip, in two slow
strokes (from the centre to a side and back to the centre) without lifting the
coverslip. If performed correctly, this ensured an even spreading of the lipid
film, that resulted in a composition of the GUVs very similar to the starting
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Figure 3.7 – Diagram of the electroformation chamber. Schematic
representation of the electroformation chamber viewed from the top (a) and
from the side (b). Adapted from [23].

mixture.
The slide was then placed in vacuum for at least an hour, to remove
any solvent residue. Using a 0.5mm thick U-shaped spacer (cut from a
sheet of Altec AlteSil), the lipid coated slide and another, clean, ITO coated
slide an electroformation chamber was assembled, as schematically shown in
Figure 3.7.
The conductive slides were faced inwards and slightly shifted, separated
by the U-shaped spacer that seals three sides of the chamber. The chamber
was then filled with the swelling solution, a degassed and filtered (0.22µm)
glucose (from Sigma-Aldrich) solution in ultrapure water (200mMol), and
sealed with parafilm. Binder clips were employed to make sure that the
chamber held together.
Finally, the chamber was connected by two alligator clips to a function
generator that provided a sinusoidal signal with 1V peak-to-peak amplitude
and 10 Hz frequency. The signal was applied for 1 hour, during which the
chamber was heated at 60 °C, to enhance the mixing of the different lip-
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Figure 3.8 – Diagram of the imaging chamber. The bumps on the PDMS
surface are shown just for display purpose: they are neither visible to the naked
eye nor arranged in an ordered pattern.

ids. This protocol produced a great number of GUVs with a broad radius
distribution, typically between 10 and 100 µm.
After the electroformation the GUVs were stored in plastic eppendorf
tubes in the dark until the imaging, that was always performed within 4
days.

3.2.3

Sample chamber

Prior to the imaging the GUVs were suspended again in a filtered and
degassed sucrose solution with same osmolarity (197 mMol, from SigmaAldrich), usually in a 1:9 ratio.
A SecureSeal™ circular spacer (from Grace Bio-Labs, 9mm diameter,
120µm thickness) was placed on a coverslip, and the resulting well was filled
with the GUV suspension. The chamber was then sealed with the PDMS patterned surface placed on top, as schematically shown in Figure 3.8. The coverslip used was a hydrophobic one (provided by Trevigen), expressly chosen
to hinder the formation of leaks from the imaging chamber.
The buoyancy arising from the density mismatch between the glucose
solution filling the GUVs and the sucrose solution in the outer medium caused
the vesicles to float and press against the patterned PDMS surface, creating a
semi-supported bilayer. The lipid bilayer of the GUV follows the topography
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of the surface, therefore being forced by the micrometric features to take a
controlled, high curvature.
Unfortunately, the size of the sample chamber was a constraint for the
size of the GUVs that could have been observed. Any GUV significantly
bigger than 120µm in diameter (the thickness of the spacer) would have
exploded, being pressed between the coverslip on the bottom of the chamber
and the PDMS on top.

3.2.4

Epifluorescence microscopy

The imaging of the GUVs, labelled with Texas Red DHPE, was achieved
through epifluorescence. A Nikon Ti-E inverted microscope (imaging from
below) equipped with a 40x dry Nikon objective was employed, the light
source being a mercury lamp with a Texas Red filter (by Semrock). The
image sequences were acquired using a digital camera provided by Ximea
(either the MQ013MG-E2 or the MQ013RG-E2) and digitally recorded on
a linux workstation running a custom video grabbing program developed in
the lab (Dr Jurij Kotar). Using the 40x dry objective (NA 0.75), the pixel
size was 131.6 nm for both cameras. The frame rate was set to 20 fps, that
would have yielded an exposure time of 50 ms. However, when the actual
time stamps of the frames were read, the exposure time turned out to be
slightly smaller (48.7 ms, corresponding to a 20.53 fps frame rate).
The focal plan was at the region where the GUV’s membrane flattened
against the PDMS patterned surface. The PDMS features in contact with the
GUV were imaged in bright field, few seconds after the end of the acquisition
of the epifluorescence video of the GUV. All image sequences were acquired
at room temperature (23 °C).

Chapter 4

Analysis and results
As discussed in sections 2.3 and 2.4, the two liquid phases Ld and Lo are
characterised by different bending moduli, making it energetically favourable
for a lipid bilayer with locally forced curvature to laterally organise so that Ld
domains are placed in correspondence of high curvature points. But diffusion
of Ld domains in the GUV membrane has been found to be Brownian on short
timescale [10], after which effects of the presence of neighbouring domains
can be seen [70, 33]. These two aspects suggested that in the system studied
in this work domains would diffuse until they happened to be placed on a
bump, that would then act as a trap confining their motion. Our expectation
is that a Ld domain placing himself in correspondence of a bump would
significantly lower the energy toll that the bump-induced curvature takes,
therefore it would be energetically inconvenient for it to move away from the
high-curvature spot.
Thus, the behaviour of the semi-supported membrane showing liquidliquid phase-coexistence was investigated through the analysis of the Mean
Square Displacement (MSD) of the Ld domains across the Lo continuous
phase.
Data analysis. when not stated otherwise, was carried on using MatLab
code developed ad-hoc.

4.1

Tracking

The first step in data analysis is the tracking of the Ld domains in the Lo
phase. The Ld domains are brighter than the Lo continuous phase, because,
as mentioned in section 3.2.1 the fluorescent dye partitions in the Ld phase.
34
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Figure 4.1 – Filtering and feature-recognition. (a) Original, 16bit greyscale frame. (b) Same frame, after the bandpass Fourier filter was applied.
(c) Thresholded frame. (d) Detected domains. Scale bars are 10µm.

Every 16 bit greyscale frame is therefore treated with a 2D bandpass Fourier
filter (a difference of gaussians) and thresholded, in order to obtain a binary
image (see Figure 4.1). Connected white regions are then detected and, using
a function (from the Image Processing Toolbox in Matlab) that exploit their
properties, some of them are identified as Ld domains. To be identified as
domains, connected regions have to be approximately circular (domains in
coexisting liquid-liquid phases are supposed to), with a surface area ranging
from 40px2 (∼ 0.7µm2 , to avoid any noise that survived the bandpass filter)
to 3000px2 (∼ 52µm2 ). This upper limit was set to avoid to track small
vesicles floating inside the observed GUV as if they were domains.
The positions of the domains are determined from their centroids (i.e.
center-of-mass, with mass corresponding to pixel intensity), the diameters
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Figure 4.2 – Tracking of domains, showing pinning on the bumps. Ld
domains trajectories, superposed on a bright field image of the PDMS surface.
The colours are in order of detection: green trajectories belong to domains
detected early during the video, red ones were the last ones detected. Reasons
for different domains being detected for the first time at different frames are
diffusion, rolling of the GUV, and coalescing. In the former two cases the
domains are detected as soon as they appear in the video. Instead, when two
domains coalesce into one, this is seen as a totally new domain, therefore its
trajectory starts at the coalescence time. The bright field image of the PDMS
surface, in which the micrometric features appear as bright spots with a darker
outline, is taken at the end of the epifluorescence video. The big, dark circles
are profiles of vesicles. The biggest one is the analysed GUV, while the smaller
two in the bottom right corner just happened to be in the field of view of the
microscope, but were not analysed. The outline of the GUV in the bright field
image doesn’t enclose all the trajectories of the domains because the GUV
drifted during the imaging. Scale bar is 10µm.
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Figure 4.3 – PDMS features ("bumps") location. Detail of a bright
field image of the PDMS surface, with the micrometric bumps marked by the
features-locating script. Scale bar is 5µm.

from the average between short and long axis of the approximating ellipse.
The positions of the domains are then compared with the positions found
at the previous frames, in order to link each domain to the right trajectory
(each domain is matched with the nearest features in the previous image, and
if no preexisting trajectories are found close to a domain this is considered
as new).
The control on the eccentricity of domains automatically discriminates
coalescing domains: when two domains unite, their individual trajectories
end, and when the resulting domain equilibrates in a round shape a new
trajectory begins.
Since there is no tracking of the actual GUV, the tracking script so far
saves the positions of all round objects whose diameter falls within a certain
range. Thus these round objects can be totally unconnected with the GUV,
for example they could be small vesicles that floated in the field of view of
the camera. Therefore before proceeding to the analysis of the trajectories
a control step is needed, in which all trajectories that are suspected not to
belong to a Ld domain are manually deleted.
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Features location

The bumps on the PDMS surface are located submitting the bright field
image taken at the end of the imaging with epifluorescence to a peak-finding
function, that returns local maxima positions with a sub-pixel precision (see
Figure 4.3).

4.2

Mean Square Displacement analysis

In order to assess the influence that the PDMS features yields through the
high curvature they force on the bilayer, each trajectory is split in several
short “sub-trajectories”, each 20 frames long. These sub-trajectories are then
treated as if they belonged to different domains, and MSD(τ ) is calculated
for each of them.
Each of the aforementioned subtrajectories is then compared with the
location of the PDMS bumps. If the distance between the centre of the
domain and the closest bump ever falls below the radius of the domain, the
subtrajectory is flagged as “on a bump” (see Figure 4.4).
The expedient of splitting the trajectories is equivalent to splitting the
video in several 20-frames-long segments and analysing them separately, and
it is essential for the analysis. For example, let us assume that a Ld domains
diffuses freely for half the imaging time, and then places itself on a bump.
The simple calculation of its MSD from its trajectory over the entire imaging
time would average on the two (supposedly different) behaviours, therefore
making it very difficult to draw any conclusion. With this expedient instead
the two behaviours are analysed separately.
From Figure 4.4 it is already possible to see the effect of the bending
modulus difference, since some domains seem to get pinned by the PDMS
bumps, not moving away from them for the entire imaging time.

4.2.1

Mean Square Displacement calculation

The Mean Square Displacement is calculated for each of the subtrajectories
as
ttot
−τ
X
1
(ri (t + τ ) − ri (t))2 ,
M SDi (τ ) =
ttot − τ
t=0

(4.2.1)
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Figure 4.4 – Ld domains getting stuck on bumps. Trajectories of the
domains superposed to the bright field image of the PDMS surface. The sections of the trajectories flagged as “on a bump” are displayed in red. Scale bar
is 10µm

where ttot is the total time of each subtrajectory, ri the array of positions
(i.e. the i-th subtrajectory), τ the lag time.
The distribution of the MSDs is then plotted, at fixed lag times (see
Figure 4.5). This distribution, that turns out to be lognormal, gives statistics
both on different domains and on the history of the single domain.
In order to calculate the diffusion coefficients, I found it more reliable to
limit the calculation to the early times, because in this case the motion is
less affected by possible caging effects. Therefore only the first 5 points of
the MSD were fitted, where the squared displacement is linear with the lag
time, and the usual relation for Brownian motion in 2D holds:

CHAPTER 4. ANALYSIS AND RESULTS

40

Figure 4.5 – Distribution of the Mean Square Displacement and of
the diffusion coefficient, showing the different behaviour of Ld domains on bumps and not on bumps. (a-e) Histograms of MSD at different
lag times, and (f ) of the diffusion coefficient. Data have been found to follow
a lognormal distribution, as shown by the fit (lines) and (insets) by the histograms of the natural logarithm of the data, that follow a gaussian distribution.
Aside from the insets, histograms have been normalised to have unit area.
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Figure 4.6 – Example of MSD curve. Mean Squared Displacement curve
of a Ld domain, plotted against the lag time. The green line is the fit of the
first few (5) points of the curve (in red). Its angular coefficient, divided by 4,
is the diffusion coefficient of the domain (see equation (4.2.2)). For longer lag
times, the curve deviates from a linear behaviour, suggesting that the motion
of the Ld domain is not Brownian, but somehow confined.

M SDi (τ ) = 4Di τ.

(4.2.2)

Equation (4.2.2) is employed for subtrajectories “on a bump” as well,
even if their motion shouldn’t be described as normal diffusion. However,
even if the effect yielded by the bumps on the membrane is more likely to
be important at long times, it could start to show at short times already,
manifesting itself in the diffusion coefficient as well.
The striking aspect emerging from Figure 4.5 is that even such a rough
statistics shows a difference in the behaviour of high-curvature and lowcurvature domains, the high-curvature domains being consistently characterised by a more modest displacement at all lag times. The difference in
behaviour seems to become more evident with the increasing of the lag time,
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apparently supporting the idea of a lag time-dependent effect previously
suggested.
However, the analysis as described so far presents some serious flaws.
First of all, the radius of the domains is not taken into account at all,
while it has been found [67, 10] that the diffusivity of Ld domains in a Lo
continuous phase decreases with the increasing of the radius. Therefore the
results in Figure 4.5 could be distorted by different radii distributions in the
two sets of data (high- and low-curvature domains).
Moreover, the exact shape of the GUV when pressed against the PDMS
surface is unknown, and attempts made to directly assess the contact area
have been inconclusive because of lack of z-resolution. This is a problem
because of the depth of field of the microscope, that yields focused images
even of some domains which, due to the GUV curvature, are not in contact
with the PDMS surface. The only control on this aspect is given by the
eccentricity parameter in the tracking script: domains that are not in contact
with the patterned surface because of the GUV curvature appear distorted
as ellipses, since the objective records their projection on the focal plane.
Some solutions have thus been implemented to overcome the aforementioned problems.

4.2.2

Indirect assessment of the contact area

A possible non-contact of the membrane with the PDMS surface would result
in an increase of the mean diffusivity of Ld domains with respect to the
contact area (at least because if the membrane is not in contact with the
bumps there is no curvature effect). In order to exploit this to assess how
much of the focused area is in contact, the GUV is tracked and divided in
4 concentric regions (one circle and 3 annuli, see Figure 4.7). Domains are
then divided depending on the region their centre falls in, and the mean
diffusivity of domains for each region is plotted. The resulting plot is shown
in Figure 4.8.
Looking at the trend of D versus the distance from the centre it is possible
to approximatively determinate the radius of the region that is actually in
contact with the PDMS surface (in the GUV Figure 4.8 refers to, it is 3/4
of the imaging area). This threshold value is then used to exclude from the
MSD analysis all those domains that are further than it from the centre of
the imaging area.
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Figure 4.7 – Distance from the centre of the GUV. Frame extracted
from the analysis explained in section 4.2.2. The largest blue rings outlines
the GUV (as detected in the epifluorescence used to build this image), the
others delimit the different regions the GUV is divided into. Domains are
schematically represented as smaller circles, drawn using the positions and
the radii as detected by the tracking software (in the epifluorescence image).
Domains that were on a PDMS bump are in red, the others in green. The
picture is then superposed to a bright field image of the PDMS surface. Scale
bar is 10µm.
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Figure 4.8 – There is an effect of the distance from the center of the
GUV on domain motility. (top) First few points of the mean MSD curve
calculated for domains in different regions of the GUV. Regions are numbered
starting from the centre of the contact area, therefore the 1st is the inner
circle and the 4th the outer annulus (see Figure 4.7). (top, left) shows the
mean MSD curves for low-curvature domains, (top, right) for high-curvature
ones. (bottom) The values of the coefficient diffusion as extracted from the
fit of the curves in previous panels using equation (4.2.2). Full markers refers
to low-curvature domains, empty markers to high-curvature domains. This
plot shows a marked difference of diffusion coefficient between domains in the
outer annulus and in the other three regions, possibly indicating that the GUV
membrane is not in contact with the PDMS surface. Therefore, only the data
for the three inner regions were analysed. Error bars are omitted as they are
smaller than the markers.
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It is worth to point out that, since this analysis is just a control step, the
dependence of the diffusivity from the radius of the domain is still neglected
(approximation that implies that the radii distribution of Ld domains is the
same in the different annuli the GUV is divided into).
The amount of surface in contact, as determined with this method, varies
from GUV to GUV, depending on their excess area (compared to a sphere,
see section 2.3).

4.2.3

Dependence on the radius

The elimination of the dependence in the radius in the comparison of the
MSD of Ld domains is achieved in two steps.
The MSD of the domains at a fixed lag time is plotted against the radius,
for both domains on bumps and not on bumps. The trend of data points
corresponding to low-curvature domains is then fitted using an empirical
function, to extract an average behaviour. This is then considered to be the
“expected” behaviour for Ld domains without externally imposed curvature
in these experimental conditions.
The MSD of each high-curvature Ld domain is then plotted (at a fixed
lag time) against the “expected” MSD corresponding to its radius. By doing
so it is easy to highlight the difference in mobility between domains on and
not on bumps, comparing the data points of domains on bumps with the 1:1
line: data points below it correspond to domains showing less mobility than
the average obtained from the low-curvature domains, while points above
the line correspond to more mobile domains. The plot obtained is shown in
Figure 4.9.
The same procedure is applied to the diffusivity. The results for three
different GUVs are shown in Figure 4.10.
It is worth to point out that in order to plot Figures 4.9 and 4.10 all the
MSDs belonging to the same domain were averaged, yielding one data point
for each domain (or two data points in case the domain was on a bump for
just a fraction of the video). The uncertainties on the averaged data point
are the standard deviations of the means.
From the data in Figure 4.10 it is apparent that the lipid membrane
of the GUV shows an energetic preference for having high-curvature zones
occupied by the low bending modulus phase: Ld domains, when on a PDMS
feature, tend to stay there, showing less mobility than domains on flat areas.
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Figure 4.9 – Scatter plot of the Mean Square Displacement. Each data
point represents the MSD of a different domain. (left) shows both low- and
high-curvature domains (in red and blue respectively). The trend of domains
not on bumps is then fitted with an empirical function (M SD ∝ 1/r, showed in
green), to obtain a “theoretical” behaviour of MSD as a function of the radius
of the domains. In the plot on the (right) only the MSD of high-curvature
domains are plotted, against the expected values obtained from the fit in the
left plot (i.e. the value of MSD that each domain should have shown if it hadn’t
been forced to assume a local, high curvature). The green line in the plot on
the right is the 1:1 line. The colour of each data point shows its statistical
weight (1/σ 2 ): the uncertainty of points in blue is one order of magnitude
greater than that of red points. Both plots are in logarithmic scale on both
axes. The magenta line in the plot on the (left) is just a reminder of the size
of the PDMS features.

This seems to indicate the presence of an energy toll necessary to escape
from the high-curvature feature.
This energetic barrier seems to be quite strong too, since in some cases it
kept the Ld domains pinned on the PDMS bumps despite a moderate drift
of the GUV, as it can be seen in Figure 4.11.
As shown in Figures 4.9 and 4.10, not all data points related to domains
on a bump are below the empirical fit. Nevertheless, data points above it are
characterised by an uncertainty one order of magnitude greater than data
points below, therefore being far less significant.

CHAPTER 4. ANALYSIS AND RESULTS

47

Figure 4.10 – Scatter plot of the diffusion coefficient, highlighting
the reduced mobility of Ld domains on bumps. Each row shows, in logarithmic scale, the scatter plots of the diffusion coefficient, obtained following
the same procedure as explained in section 4.2.3 for the scatter plot of the
MSD shown in Figure 4.9. (left) Scatter plot of domains both on (blue) and
not on (red) bumps. Red points are fitted with an empirical function to obtain
an empirical dependence on the radius of the domains. Each high-curvature
point is plotted in the graph on the (right) using as abscissa the expected
value of the diffusion coefficient corresponding to its radius. Colour represents
the statistical weight of each data point.
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Figure 4.11 – Trapping despite the drift of the GUV. Here is shown
a GUV that drifted (from top left to bottom right) during the imaging time,
as shown by the trajectories of the domains (multicoloured lines in the (left)
picture). Despite the drift, Ld domains got pinned on the PDMS features,
as highlighted by the yellow circles. Some of them stayed still for the entire
imaging time. (right) Same picture, highlighting in red the trajectories of Ld
domains whenever they were on a PDMS bump.

4.3

Caging analysis

The analysis so far was concentrated on the first few points of the MSD
curves, and confirmed that it is energetically favourable for the phaseseparated membrane to laterally organise in order to place low bending modulus Ld domains at high-curvature features: Ld domains that with Brownian
motion end up on a PDMS feature tend to stay on it, as shown in the previous
sections.
However, to better highlight the trapping mechanism, the behaviour of
Ld domains has to be observed at longer times.
The hypothesis that naturally surfaces when observing the data and the
acquired videos is that the motion of a Ld domain placed on a PDMS bump
should not be affected by it as long as the bump is far from the border of
the Ld : as long as the only region deformed by the bump is the Ld region,
the bending energy should be independent from the actual relative position
of the bump and the domain. However, when the domain move so that
the Lo phase starts to bend, the bending energy increases, thus making
such movements not energetically favourable. The time at which the effects
of such caging mechanism become visible is intrinsically dependent on the
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radius of the Ld domain.
To analyse the behaviour of Ld domains at longer times, the MSD(τ ) is
calculated on 50 frames long segments (∼ 2.5s), instead of the 20 frames long
ones used in section 4.2. The diffusion coefficients are then calculated by the
fit of the first few (5) points of each MSD curve. By normalising each MSD
curve with 4 times its diffusion coefficient, it is possible to compare curves of
domains of different radius, even belonging to different vesicles. Of course,
this normalisation causes a loss of information, but it highlights the aspect of
interest in this section, namely the deviation of the behaviour of Ld domains
placed on a PDMS bump from brownian motion. The normalised MSD
curve of a domain moving of pure Brownian diffusion would be, following
from equation (4.2.2), the identity line, while any domain whose motion is
in any way confined would show a curve falling below that line.
To highlight the differences in the trend of the normalised curves depending on the radius of the domains, the Ld domains on bumps are divided in 3
groups of increasing radius, and compared to the curve of the domains not
on bumps.
As shown in Figure 4.12 the difference in behaviour is evident between Ld
domains on bumps and not on bumps, and it becomes more evident decreasing the radius. The MSD/4D curve for small radius domains deviates early
and significantly from the identity line, showing that movements on long
time scales are hindered by a trapping mechanism. Increasing the radius,
the deviation is less and less pronounced, trending toward the behaviour of
Ld domains with no curvature constraints (i.e. not on a PDMS bump).
To better investigate this dependence on the radius, the same analysis
was performed using smaller bins for the radius of the domains, i.e. averaging
on less domains, but more similar in size (see Figure 4.13). A parameter was
introduced to quantify the caging effects: the deviation of MSD/4D curves
from the identity line at a fixed lag time τ̄ , defined as:


∆h
h


=
τ̄

τ̄ − M SD(τ̄ )/4D
.
τ̄

(4.3.1)

As the function that fits the trend of this deviation was not trivial to
identify because of the small number of data points, a simple simulation was
used to try and identify the right model describing this phenomenon.
Since I found it easier to simulate the problem in the coordinate system
of the Ld domain, the simulation consisted in a single Brownian diffusor (the
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Figure 4.12 – Effects of caging: the MSD/4D curve deviates from the
line describing the Brownian motion. Each MSD/4D curve is the average
of several curves belonging to Ld domains with similar radiii (see legend). The
curve for domains moving of Brownian motion would overlap on the identity
line (green), while any deviation below it is the signature of a confined motion.

bump), moving every step of a determined length in random directions but
confined into a circular area. Of course, this simulation is rough and way
too simple to describe the real experimental system.
The simulation was performed several times, varying the radius of the
bounding circle. The MSD curve of the diffusor
 as described
 (calculated
2
2
−bτ
/R
, R being the
in section 4.2) was found to saturate as aR 1 − e
radius of the bounding circle and a and b being constants. As the diffusion
coefficient (proportional to the length of every step) was a constant in the
simulation, the very same function described the behaviour of MSD/4D, the
only difference being the value of a. From this it followed that, at fixed lag
time τ̄ ,




∆h
2
= 1 − a0 R2 1 − e−bτ̄ /R with, in general, a0 6= a.
(4.3.2)
h
τ̄
In qualitative agreement with what found in the simulations, (∆h/h)|τ̄ =
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Ar2 (B − e−C τ̄ /R ), where r is the radius of the Ld domain and A, B, and C
are constants, fits the experimental data for the deviation parameter shown
in Figure 4.13.
On a side note, also the MSD/4D curve of Ld domains not on bumps is
not a straight line, as it bends at long times. This is most likely because
of membrane mediated, domain-domain interaction [70]. In vesicles with
excess area, Ld domains can spontaneously have a different curvature than
the surrounding Lo phase, therefore budding outwards or inwards the vesicle.
When such two Ld domains are close the Lo phase is forced to bend, since
the membrane is smooth and can not have any sharp edges. The bending of
the Lo phase is associated to an energy toll, that is higher the closer the Ld
domains are. This mechanism acts like a repulsive force between domains,
hindering their coalescence, and it is visible on vesicles with excess area and
the right proportion of Ld and Lo phases [70].
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Figure 4.13 – Caging dependence on the radius, in qualitative agreement with confined Brownian motion simulations. The domains were
grouped by their radius in narrower bins, in order to highlight the trend that
surfaced in Figure 4.12. (a) are the curves thus obtained, while on the (b) is
the trend of the parameter defined in equation (4.3.1). The error bars were
not reported in the graph on the (a) to avoid overcrowding of the figure. The
magenta line in the (a) graph marks the lag time at which the parameter to
assess the deviation from the identity line is calculated. (c) MSD/4D curves
for a simulated random walker whose motion is confined in a circular area. The
green line is the identity line, and is the MSD/4D curve of pure Brownian diffusion. The magenta line marks the lag time at which the parameter to assess
the deviation from the identity line is calculated. (d) shows the dependence of
said parameter on the radius of the bounding box, fitted with equation (4.3.2)
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Discussion

From the analysis reported in section 4.2 and 4.3 it is possible to draw some
interesting remarks.
First of all, the lateral sorting of the lipid bilayer yielding Ld domains to
be preferentially placed on high-curvature portions of the surface is observed
in lipid vesicles. This finding is in agreement with experiments on Supported
Lipid Bilayers (SLB) [59, 75, 58, 88]. At difference with SLBs, the present
geometry allows the membrane to drift on the surface. The observation that
pinning persists to membrane drifting seems to be compatible with the high
difference in energy bending when the same curvature is applied to the two
phases, as estimated in section 2.5. Another signal of the strength of the
pinning is the fact that the only events of “depinning” observed were caused
by a Ld domain substituting another one on a bump (see Figure 4.14).
The analysis of the dynamics of Ld domains is however the most promising aspect. The MSD analysis revealed, already at short timescales, an
influence of the interaction between the membrane and the bumps on the
motion of Ld domains. Ld domains on the bumps resulted to be less motile
than domains not on a bump, being characterised by a lower value of the diffusion coefficient. However, this reduced motility seems to be nothing but a
signal of a much more interesting aspect, that becomes evident when extending the MSD analysis to longer timescales. The results of the measures and
the comparison with the simulations, as reported in section 4.3, point out
that a Ld domain placed on a high-curvature feature qualitatively behaves
as a Brownian diffusor in a confined region, whose extension is proportional
to the radius of the domain. Further analysis in this direction may lead to a
better understanding of the trapping mechanism.

Figure 4.14 – Depinning due to domain-domain interaction. The Ld
domain highlighted in red approaches the domain marked in green and takes
its place on top on the PDMS bump (orange). Scale bar is 5µm.

Chapter 5

Concluding remarks and future
work
The work reported in this thesis can be divided in two parts.
In the first part, described in section 3.1, I developed a protocol for
the preparation of a chemically homogeneous, microstructured surface. The
strength of this protocol, based on soft lithography techniques, is that it can
be modified in order to have different features structuring the surface. The
size of the features achievable through this technique, with a few changes
(as the employment of a clean room for the preparation), can reach the
nanometric scale.
Such a versatile surface can have many applications as a substrate in
lipid bilayer related experiments. For example, it can be used to investigate
the effects of curvature in the growth of actin filaments [24].
In the second part of my work the microstructured surface was employed
to force the lipid membrane of a Giant Unilamellar Vesicle to be locally
bent, in oder to investigate curvature-driven sorting mechanisms in liquidliquid phase-separated ternary membranes of DPPC/diPhyPC/Cholestanol.
Dynamic analysis on Ld domains shows that it is energetically favourable
for the membrane to place Ld domains on the high-curvature regions, as the
bending energy toll due to the forced curvature of the lipid membrane is
lower because of the lower bending modulus of the Ld phase in comparison
to the Lo phase. Mean Square Displacement analysis at long timescales
of Ld domains placed on the high-curvature features has shown that their
behaviour can be approximatively described by a Brownian diffusor confined
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to a circular region.
These results offer inspiration for deeper investigations. For instance, in
order to better understand the trapping mechanism that keeps Ld domains
pinned on the high-curvature features, the rough simulations used in section
2.5 can be improved with a more realistic potential (including for example
an harmonic term). This would enable us to extract physical parameters
(e.g. the pinning potential) out of the experimental data.
The acquisition of new data may enable to conduct a statistical analysis
comparing the percentage of high-curvature features occupied by Ld domains
with their probability of being occupied in absence of any energetic gain (e.g.
if the Ld domains were placed randomly).
More data together with a targeted analysis would also open the possibility to assess changes in the measured radius of Ld domains when migrating
from a flat region to a high-curvature feature, and to study the relative position of the centre of Ld domains and the features. This would shed some
light on the actual shape of the membrane in the close proximity of the micrometric features. N-body simulations could also be a valuable aid in doing
so.
It would also be interesting to study “inverted” vesicles (i.e. with Lo
domains in a continuous Ld phase), to verify that the Lo phase is reluctant
to be placed on the bumps.
The final goal of these measurements would be of course a complete characterisation of the gain that the lateral organisation yields in terms of bending energy, that in turn would be an important step in the understanding of
lateral organisation itself in phase-separated lipid membranes.
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