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Notation

Symbol Meaning Used in

A‖ Projected surface of the membrane Section 1.3

A0 Total surface area of the liposome Chapter 2,

Chapter 3

Chapter 4

Ac Total surface of the non adhering part of Chapter 2

a spherical-cap-shaped vesicle

Total surface of the non adhering part of Chapter 3

a hat-shaped vesicle

Ac‖ Projected surface of the non adhering part of Chapter 2

a spherical-cap-shaped vesicle

Projected surface of the non adhering part of Chapter 3

a hat-shaped vesicle

Aedge Area of the pore Chapter 4

A∗edge Area of the pore belonging to the activation energy Chapter 4

Atot Entire surface of the membrane Section 1.3,

a Width of a lipid molecule Section 1.3

Chapter 4

b Intermonolayer friction coefficient Chapter 2

cb Drag coefficient along the inner contact line Chapter 3

ci
s Concentration of the solute molecule inside the vesicle Chapter 2

co
s Concentration of the solute molecule outside the vesicle Chapter 2

cs Drag coefficient along the contact line Chapter 2,

Chapter 3

Ds Diffusion coefficient of the solute molecule Chapter 2

d Thickness of the bilayer Chapter 2

7
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Symbol Meaning Used in

E0 Energy of the pore Section 1.5,

Chapter 4

E∗0 Activation energy of pore formation Section 1.5

E∗I Activation energy of pore formation (First scenario) Chapter 4

EII Energy of the pore (Second scenario) Chapter 4

E∗II Activation energy of pore formation (Second scenario) Chapter 4

F Free energy of a membrane Section 1.3

f Local free energy per unit area of the membrane Section 1.3

fcap Local bending energy per unit area of Chapter 5

a spherical vesicle

fnp Local bending energy per unit area inside Chapter 5

the nanopore

H Mean curvature of a bent surface Section 1.3

Hc Height of a spherical-cap-shaped vesicle Chapter 2,

Chapter 5

Height of the crown of a hat-shaped vesicle Chapter 3

Heq
c Height of the vesicle belonging to Chapter 5

the mechanical equilibrium

h Displacement of the membrane Section 1.3

hm Distance between two adjacent membrane sites Chapter 3

hnp Height of the vesicle inside the nanopore Chapter 5

hp Height of the pore with a shape of a circular segment Chapter 4

h∗p Height of the pore with a shape of a circular segment Chapter 4

belonging to the activation energy

K Gaussian curvature of a bent surface Section 1.3

Km Apparent membrane extension modulus Chapter 2

k Rate of pore formation Chapter 2

Chapter 4

k0 Local attempt rate Chapter 2

Chapter 4
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Symbol Meaning Used in

kB Boltzmann constant Section 1.3,

Chapter 2

Chapter 4

L Linear size of the membrane Section 1.3

Lp Persistence length of the membrane Section 1.3

l Length of the membrane cylinder Section 1.4

Npore Number of pores during vesicle rupture Chapter 2

Ns Number of the solute molecules inside the vesicle Chapter 2

p Permeability coefficient of the membrane Chapter 2

∆p Pressure difference in the micropipet Section 1.3

prup Probability of vesicle rupture Chapter 2

R Radius of the surface adhered area Chapter 2,

Chapter3,

Chapter 5

R0 Equivalent square radius Chapter 2,

Chapter3,

Chapter 5

R1, R2 Curvature radii of a bent surface Section 1.3

Rb Radius of the crown of a hat-shaped vesicle Chapter 3

Rc Curvature radius of a spherical-cap-shaped vesicle Chapter 2,

Chapter 5

Curvature of the crown of a hat-shaped vesicle Chapter 3

Rcl Curvature radius at the contact line Section 1.4,

Chapter 4

Chapter 5

Rdb Radius of a double bilayer, above this value of R Chapter 2

the rupture was considered to be completed

Rinit Initial radius of the surface adhered area Chapter 2

Rvesicle Radius of the vesicle Section 1.3

r Radius of the pore Section 1.4,

Chapter 2,

Chapter 3

Chapter 4

r∗ Radius of the pore belonging to the activation energy Section 1.4,

Chapter 2

Chapter 4
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Symbol Meaning Used in

r† Typical radius of a pore Chapter 2

r∗I Radius of the pore belonging to the Chapter 4

activation energy (First scenario)

rmp Radius of the micropipet Section 1.3

rnp Radius of the nanopore Chapter 5

T Absolute temperature Section 1.3,

Chapter 2

Chapter 4

t Time Chapter 2,

Chapter 3

∆t Time step in the simulation Chapter 2

V Volume of the vesicle Chapter 2,

Chapter 3

Vs Volume of a solute molecule Chapter 2

Vw Volume of a water molecule Chapter 2

W Adhesion energy per unit area between the Section 1.4,

membrane and the solid support Chapter 2,

Chapter 3,

Chapter 4,

W init
crit Critical adhesion energy depending on the initial Chapter 2

geometry of the vesicle

W pore
crit Critical adhesion energy depending on the rate Chapter 2

of pore formation

W therm
crit Critical adhesion energy according to Chapter 2

thermodynamics

Wi Adhesion energy per unit area between the Chapter 5

membrane and the surface inside the nanopore

W crit
i Critical adhesion energy per unit area between the Chapter 5

membrane and the surface inside the nanopore

for vesicle spanning

Wm Adhesion energy per unit area between two Chapter 3

adjacent membrane sites

Wmin(τrup) The minimally necessary adhesion energy to Chapter 2

complete rupture within τrup
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Symbol Meaning Used in

Wo Adhesion energy per unit area between the Chapter 5

membrane and the surface out of the nanopore

W eff
o Effective adhesion energy per unit area Chapter 5

along the contact line

α Relative difference between the projected and Section 1.3,

the entire surface of the membrane Chapter 2

η0 Viscosity of the aqueous medium Chapter 2

ηm Viscosity of the membrane Chapter 2

θ Central angle of a circular-segment-shaped pore Chapter 4

θ∗ Optimal central angle of a Chapter 4

circular-segment-shaped pore

κ Bending rigidity of the membrane Section 1.3,

Section 1.4,

Chapter 2,

Chapter 4,

Chapter 5

κG Gaussian bending rigidity of the membrane Section 1.3

λ Line tension of the membrane Section 1.4,

Chapter 2,

Chapter 3,

Chapter 4

λII Effective line tension (Second scenario) Chapter 4

λeff Effective line tension Chapter 5

along the contact line

σ Surface tension of the membrane Section 1.3,

Section 1.4,

Chapter 2,

Chapter 3,

Chapter 4,

Chapter 5

σI Effective surface tension (First scenario) Chapter 4

τr Typical lifetime of a pore Chapter 2

τrup Time needed for vesicle rupture Chapter 2

τσ Timescale of the relaxation of the surface tension Chapter 2
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Symbol Meaning Used in

ϕ Contact angle Section 1.4,

Chapter 2,

Chapter 3,

Chapter 4,

Chapter 5

ϕ∗ Angle along the radius of curvature at the contact line Section 1.4

assumed to be constant

ϕ̃ Inclination angle Chapter 2

ϕb Contact angle at the inner contact line Chapter 3

ϕcap Contact angle belonging to the spherical cap with the Chapter 3

same surface and volume as the vesicle has

ϕi Contact angle at the contact line inside the nanopore Chapter 5

ϕo Contact angle at the contact line on the surface Chapter 5

ω Dimensionless activation energy Chapter 4



Chapter 1

Introduction

Biological membranes play key roles in cell life. Their main function is the sepa-

ration of the interior of the cell from the environment, or the organelles from the

cytoplasm in eukaryotic cells. However, they are also involved in cell adhesion, cell-

to-cell communication, signaling, ion transport, and cell metabolism. A biological

membrane is a lipid bilayer with transmembrane and membrane associated proteins

(Fig. 1.1).

The Cell Theory was formulated in the middle of the 19th century, however,

at that time, the membrane was not considered as an essential part of the cell [2].

Furthermore, its existence was rejected in 1857 by Leydig. In 1860, De Bary thought

that the existence of the cell membrane (and also of the cell wall) depended on the

cell type. Many scientists tried to prove the absence of the cell membrane in the

second half of the 19th century, however, the first osmotic studies were ongoing at

that time [2].

At the turn of the 20th century, Bernstein studied the electrophysiology and

electrochemistry of excitable cells, and his results led to the articulation of the

“membrane theory of electrical potentials” in 1902. Some other experiments (Over-

ton’s permeability, Chamber’s microinjection, and Höber’s electrical studies) verified

Bernstein’s theory and the presence of the cell membrane became generally accepted.

However, the doubt was disclosed when the cell membrane observed directly by elec-

tron microscope [2].

In the 1880s, it was thought that one of the cell membrane’s components should

be a thin lipid film, if the membrane existed. The work of Gorter and Grendel in

1925 legitimated this hypothesis, they concluded that the cell is surrounded by a

lipid bilayer [2].

Lipid bilayer forms through the self-assembly of lipids molecules, e.g., phos-

13
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Figure 1.1: The illustration of the eukaryotic cell membrane [1]. The cell is sep-

arated from its environment by the cell membrane, which has several different com-

ponents, such as pores, ion channels and pumps, receptors, and signaling molecules.

All of these components are embedded in the lipid bilayer, which consists of am-

phiphilic molecules with hydrophilic head group and hydrophobic tail section. Source

of figure: http: // en. wikipedia. org/ wiki/ Cell_ membrane (5 Dec, 2014)

http://en.wikipedia.org/wiki/Cell_membrane
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pholipids, which are amphiphilic molecules with hydrophilic “head” region and hy-

drophobic “tail” section [1]. If the lipid molecules have appropriate geometry and

concentration, the bilayer will arrange spontaneously, therefore the hydrophobic

region will be isolated from the surrounding aqueous medium by the hydrophilic

region, resulting in a continuous bilayer. Hydrophobic interactions are the most re-

levant driving forces in bilayer formation, however, hydrogen bond, van der Waals,

and non-covalent interactions also contribute to the formation of the bilayer [1].

The cell membrane also contains proteins. In the 1930s, the paucimolecular

model was widely accepted. The bilayer was considered to be coated by mem-

brane proteins on both the inner and the outer surface. This was a very popular

idea, although there were some competiting theories, the mosaic models, which tried

to explain the membrane’s permeability. Small molecules, e.g., water, can perco-

late through the membrane, but the lipid bilayer is generally impermeable to large

molecules and ions, however, these can be transferred somehow [2].

New observations regarding membrane fluidity, artificial lipid bilayers, the frac-

ture of frozen membrane, and protein lipid interactions led to a new membrane

structure model, which was presented in 1972 by Singer and Nicolson. The mem-

brane is a lipid bilayer with hydrophobic part in the interior; proteins can interact

with the polar parts, and a lot of protein is partially or totally embedded in the

bilayer, the hydrophobic protein parts interact with the hydrophobic lipid parts [2].

This model is the fluid mosaic model. The embedded transmembrane proteins op-

erate as channels and pump, which control the transfer of molecules and ions that

cannot percolate through the bilayer. Cell–cell communication, signaling, and cell

adhesion are also ensured by proteins embedded in the lipid bilayer [1].

Lipids and lipid bilayers have a great significance in both medicine and biotech-

nology. Closed bilayer shells called liposomes play key role in drug-delivery systems

used in various fields of nano-medicine, e.g., cancer therapy. Some lipids are de-

signed to be prodrugs to enhance the efficacy of the drug or the permeability of the

cell membrane [3]. Lipid bilayers are also used in biotechnology as mimics of cell

membrane in membrane protein studies [4].

Despite investigating a biological membrane lipid bilayers are used for permeabil-

ity studies. A particular artificial membrane system, called supported lipid bilayer,

is used in the parallel artificial membrane permeability assay (PAMPA) technique.

This is used for drug delivery experiments, but it also correlates with, e.g, the blood-

brain barrier, the skin, and the gastrointestinal tract [5, 6, 7]. As a consequence,

artificial bilayers are suitable for studying permeability properties of biological mem-
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branes.

1.1 Model membranes

Here we wish to present the most commonly used model membrane systems.

1.1.1 Black lipid membrane (BLM)

Chronologically, the black lipid membrane (BLM) was the first membrane model

[8]. In this setup, two sides of a chamber are separated by a sheet of plastic (usually

teflon) with an aperture in the center. The area around the aperture is painted

with a solution of lipids dissolved in a hydrophobic solvent. After the aperture has

dried, salt solution is added to both sides of the chamber. The aperture is then

painted with a lipid solution (generally the same solution that was used before),

and a lipid monolayer spontaneously forms at the interface between the organic and

aqueous phases. A droplet forms at the edge of the aperture because the lipid–

solvent solution wets the hydrophobic walls of the aperture. If the monolayers on

two sides of the droplet come close enough together, the lipid monolayers will fuse,

rapidly excluding the small remaining volume of solution. Thus, a bilayer, i.e., black

lipid membrane, is formed in the center of the aperture, but a significant annulus

of solvent remains at the perimeter. (Fig. 1.2). This membrane is called “black”

because it is dark in reflected light. The electrical properties of the bilayer can be

measured by putting an electrode into each side of the chamber. BLM is also applied

for studying channels and pumps by embedding these molecules in the bilayer.

However, this method has several limitations. The BLM has a lifetime of a

couple of hours and it decreases by the diameter of the aperture. Furthermore, the

hydrophobic solvent may also have an effect on the function of membrane proteins

[9].

1.1.2 Liposomes

Liposomes, or vesicles, are closed shell lipid bilayers enclosing a small amount of

water or solvent. A general method to create liposomes is the hydration of thin

lipid films or lipid cakes1 (Fig. 1.3) [10]. First, the adjacent lipid edges fuse pre-

venting the interaction of water and the hydrocarbon chains, which usually results

1These are commercially available
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Figure 1.2: A schematic figure of BLM in electrical measurements. Source

of figure: http: // en. wikipedia. org/ wiki/ Model_ lipid_ bilayer (15th Jan

2015.)

in multilamellar large vesicles. Unilamellar vesicles are made by sonication2 and/or

extrusion3. Unilamellar vesicles can be classified by their size as small unilamellar

vesicles (SUVs), large unilamellar vesicles (LUVs), and giant unilamellar vesicles

(GUVs), their radii are less than 100 nm, approximately 100–400 nm, and over

400 nm, respectively.

On the other hand, it is also possible to isolate vesicles from cell cultures or

tissue samples [11]. Vesicles play a role in the transportation of molecules between

the cell and the environment as well as within the cell. The naturally isolated vesicles

are composed of a complex mixture of lipids and proteins. Artificial liposomes are

preferred when the precise knowledge of the liposome’s composition is a must.

2The most common instrumentation bath and probe tip sonicators, which produces liposomes

with diameters 15− 50 nm.
3A lipid suspension is forced through a polycarbonate filter to yield particles having a diameter

near the pore size of the filter applied.

http://en.wikipedia.org/wiki/Model_lipid_bilayer
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Figure 1.3: Schematic figure of liposome preparation via lipid film hydra-

tion. Adapted from http: // www. avantilipids. com/ index. php? option= com_

content&view= article&id= 1384&Itemid= 372

http://www.avantilipids.com/index.php?option=com_content&view=article&id=1384&Itemid=372
http://www.avantilipids.com/index.php?option=com_content&view=article&id=1384&Itemid=372
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1.1.3 Supported lipid bilayers (SLBs)

Several surface-confined membrane systems have been described [12] which are

shown in Fig. 1.4, one of these is the supported lipid bilayer (SLB). The appli-

cation of SLBs became popular in the last few decades for both membrane studies

and biotechnological applications [13]. The most relevant advantage of SLB is its

stability: instead of BLM, the appearance of a single pore does not destroy the

bilayer4, and it remains intact when vibration or high flow rates of the surrounding

medium are applied [14].

Figure 1.4: Surface-confined membrane models: (A) solid-supported lipid bilayer;

(B) polymer-cushioned lipid bilayer; (C) hybrid bilayer, consisting of a self-assembled

monolayer (e.g. thiols on Au, silanes on glass, or silica) and a lipid monolayer; (D)

tethered lipid bilayer; (E) freely suspended lipid bilayer; (F–G) supported vesicular

layers. Figure has been published in Ref. [12].

The two most commonly applied techniques to construct a solid supported bilayer

are Langmuir–Blodgett/Langmuir–Schaefer transfer [15] and the spontaneous depo-

sition of liposomes [16]. In Langmuir–Blodgett transfer, two monolayers are com-

bined into a bilayer in two steps. On the air-water interface, amphiphilic molecules

are oriented as the hydrophilic region is solvated in water and the hydrophobic re-

gion is in the air preventing the interactions with water. By compressing the solvent

molecules on the interface, a continuous monolayer develops (Fig. 1.5). In the first

step of Langmuir–Blodgett transfer, the solid support is pulled slowly through the

this monolayer at a 90 degree angle. Secondly, the monolayer-coated support is

4The overall configuration of SLB, e.g., its position on the solid support, may be altered due to

the appearance, but the bilayer remains intact.
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Figure 1.5: Construction of a Langmuir film. Source of picture: http: // idol.

union. edu/ malekis/ ESC24/ KoskywebModules/ cp_ lang. htm .

pushed against the recompressed monolayer5 at the air-water interface (Fig. 1.6)

[15]. In Langmuir-Schaefer transfer, the solid support positioned parallel to the

plane of the Langmuir film. When the solid support gets in touch with the Lang-

muir monolayer, some of the lipid molecules adhere to it. Repeating this method, a

lipid multilayer can be created (Fig. 1.7)

In liposome deposition, liposomes get in touch with the solid support, adhere to

the surface, rupture, and form a continuous bilayer. However, the exact pathway

of this process is unknown, Richter et. al. have made some suggestions for SLB

formation, which are shown in Fig. 1.8.

The scope of this thesis is SLB formation via liposome deposition.

5The monolayer should be recompressed because the number of the molecules decreases in the

first step of the transfer and a lower area ensures the continuous bilayer.

 http://idol.union.edu/malekis/ESC24/KoskywebModules/cp_lang.htm
 http://idol.union.edu/malekis/ESC24/KoskywebModules/cp_lang.htm
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Figure 1.6: Langmuir–Blodgett transfer. Figure has been published in Ref. [17].

Figure 1.7: Langmuir–Schaefer transfer. Figure has been adapted from http:

// www. biolinscientific. com/ application/ langmuir-schaefer-film/ .

Figure 1.8: The suggested pathways of SLB formation. A: spontaneous rupture

of a single vesicle, B: rupture after the fusion of the adjacent vesicles, C: induced

rupture by the presence of a high energy membrane edge, D: the rupture of a seed

vesicle facilitates the rupture of the neighboring vesicles. Picture has been adapted

from Ref. [12].

http://www.biolinscientific.com/application/langmuir-schaefer-film/
http://www.biolinscientific.com/application/langmuir-schaefer-film/
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1.2 Experimental methods applied for studying

SLB formation

In this section, we would like to present the experimental methods used for the most

relevant results for our work.

1.2.1 Optical methods

Fluorescent microscopy

Some molecules of the sample may emit a photon after absorbing light or other elec-

tromagnetic radiation. In most cases, the emitted photon has a longer wavelength

(and lower energy) than that of the absorbed radiation, therefore these beams can

be separated by using filters. Some biological molecules are fluorescent in vivo,

however, artificial fluorescent dyes are usually applied. Some types of dyes can be

embedded into the phospholipid bilayer, these offer a method to study membrane

dynamics. The other group of dyes can be localized inside the liposome during prepa-

ration, which is useful for the investigation on transport properties [18]. However,

the molecules used for labelling may alter membrane dynamics [19].

Sandre et. al. used this technique to study the dynamics of a single pore [20].

The applied viscous medium made the whole process slower, thus it can be observed

in detail.

Interferometric scattering microscopy (iSCAT)

The essence of iSCAT measurements is the interference of the incident beam and

the light scattered on the sample [21]. Particles as small as 5 nm are detectable,

it is a label free method, thus the effects of label molecules can be eliminated [19].

However, viruses and gold nanoparticles are used as scattering labels, which offer

nanometer precision [22].

iSCAT was used by Andrecka et. al. An image made by her group is shown in Fig.

1.9. Their study described the phenomena occurring during liposome deposition.

Ellipsometry

Ellipsometry is a technique for studying the dielectric properties (complex refrac-

tive index or dielectric function) of thin films. The measured signal is the change of
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Figure 1.9: This iSCAT image has been published by Andrecka et. al. [23]. Panels

A to F shows the process of bilayer formation: the empty surface (A), adhering and

rupturing vesicles (B-E), and the complete bilayer (F). Panel G shows the same

process in higher resolution. In panels H and J the time-tracks of the points selected

by the black arrow and the red circle on panel G are shown, respectively.
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polarization of the reflected light during the interaction of thin films6 and the inci-

dent light. The change in polarization is quantified by the amplitude ratio and the

phase difference of the reflected polarized light [24]. These two quantities depend

on material properties and the thickness of the sample as well, which offer a proper

method to measure adsorption–dissociation kinetics [22].

Surface plasmon resonance (SPR)

Surface plasmon resonance is the resonant oscillation of electrons at the conduction

band at the interface between a positive and a negative permittivity material stim-

ulated by incident light. The condition of the resonance is established when the

impulse parallel with the surface of incident photons matches the natural impulse of

surface electrons which oscillate against the restoring electrostatic force of positive

nuclei [22].

This resonance frequency is very sensitive to boundary conditions, such as the

surface of a solid SPR chip. When any material, e.g., a liposome, attaches to it, the

resonance frequency changes, which can be detected. By using the Fresnel formulas,

the thickness of the adsorbed material and the refractive index of the examined

solute can be determined.

Optical waveguide lightmode spectroscopy (OWLS)

The OWLS technique relies on the incoupling of a laser beam into a waveguide by

an optical grating, which occurs at two defined angles. These angles depend on the

refractive index of the evanescent field above the surface. These are determined by

measuring the incoupled light intensity with a photodetector placed at the edge of

the waveguide while the incident angle of the laser beam is changed continuously.

Any change in the evanescent field leads to the change of the incoupling angles.

Dual polarisation interferometry (DPI)

A laser beam is incoupled into two waveguides. One of these serves as reference

beam, the other is the “sensing” waveguide. When the two passing light beams are

combined, a two-dimensional interference picture is formed. Two polarization modes

of the waveguides are excited alternately by rotating the polarization of the laser.

Analysing the interference pattern for both polarizations allows for the calculation

both the thickness and refractive index of the adsorbed layer.

6The sample is typically a few tens of nanometer thick.
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Ellipsometry, SPR, OWLS, and DPI are very sensitive to any change on the sur-

face, therefore these techniques are used to measure association-dissociation kinetics

of liposomes [25, 26], or any other interactions with the bilayer [27], however, these

do not give any information on the liposome’s position or geometry.

1.2.2 Electron microscopy

An electron beam has a significantly shorter wavelength than visible or ultraviolet

light, thus the resolution is increased by at least one order of magnitude [1].

During the preparation, the samples have to be fixed and either be labelled by

metal atoms or cracked after freezing. This second method is called freeze-fracture

electron microscopy and is often used in membrane studies.

Due to the preparation needed for electron microscopic experiments, the sample

is fixed in a particular state, which allows for only one snapshot of any process per

sample.

Electron microscopy is important, since the presence of membranes was verified

by this technique.

1.2.3 Atomic force microscopy (AFM)

This is a scanning method, which means that the picture taking method is different

from other microscopy techniques: the device collects data in discreet (x, y) points

and a computer draws the picture according to these data [1]. Fig. 1.10 is such an

image of surface adhered liposomes.

In AFM, the data-collecting device is a sharp tip (its radius of curvature is in the

order of nanometer) mounted on a cantilever, and the data-collecting method relies

on the force between two adjacent atoms. When the pin gets close to the sample,

the cantilever deflects. The collected data depend on the applied user mode, which

can be:

1. Contact (static) mode. Either the deflection of the cantilever or the feedback

signal required to maintain the cantilever at a constant deflection is measured.

2. Tapping (dynamic contact) and non-contact mode. The cantilever oscillates

above the sample near its resonance frequency with a typical amplitude of a

few hundred nanometers. This amplitude depends on the force acting on the

cantilever, it decreases as the tip gets closer to the sample. By adjusting the



26

Figure 1.10: AFM image of liposomes [28]. The larger square is 9µm ×9µm, the

smaller squares are 3.5µm ×3.5µm.

height, the amplitude of the oscillation can be set as the cantilever is scanned

over the sample.

The AFM’s resolution is subatomic in vacuum and sub-nanometer in liquid,

thus, the proper geometry of the liposome can be recorded (e.g., Refs. [28, 29]).

AFM is chemically insensitive, but using functionalized AFM tips (chemical force

microscopy) makes it possible to measure tip-sample interactions [22].

The AFM tip may rupture the liposome when large force setpoints are used [30],

which can lead to the modification of data, however, it can also be used as a method

to manipulate membranes, e.g., to facilitate vesicle rupture and spreading.

1.2.4 Quartz Crystal Microbalance with Dissipation Moni-

toring (QCM-D)

The heart of this technique is a quartz crystal sandwich between two electrodes [31].

The two measurable quantities are:

1. the change of the resonance frequency which is related to the mass adsorbed

to the crystal. This mass-measuring method is very sensitive, thus it is an

appropriate technique to study adsorption-dissociation kinetics.

2. the dissipation factor which is related to the viscoelasticity (softness) of the
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Figure 1.11: A QCM-D record of SLB formation. Picture has been published in

Ref. [22]. The black solid lines are direct data from QCM-D, the blue solid line is the

measured mass using ellipsometry, and the dashed blue line is the calculated mass

from QCM-D data.
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sample. This method is useful for detecting changes in the studied material

such as phase transitions.

This technique is used for studying mesoscopic dynamic rearrangements during

liposome deposition, but it gives no information on the detailed geometry of vesicle

spreading. A QCM-D record of bilayer formation is shown in Fig. 1.11.

1.3 Mathematical description of membranes

Figure 1.12: A bent surface with the curvature radii R1 and R2

The thickness of a lipid membrane is typically a few nanometers, however, the

typical size of membrane structures is a couple of hundreds of nanometers [32], thus

a lipid membrane can be considered as a two dimensional surface. As it is shown in

Fig. 1.12, in a particular point, the surface is characterized by the curvature radii

R1 and R2. The mean curvature, H, and the Gaussian curvature, K, can be defined

by these radii as

H =
1

2

(
1

R1

+
1

R2

)
, (1.1)

and

K =
1

R1

1

R2

, (1.2)
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respectively.

According to the classical curvature model for symmetric membranes, in the

lowest order, the local bending energy (per unit area) of a curved membrane is

calculated as [32, 33, 34]

f =
κ

2
(2H)2 + κGK , (1.3)

where κ, and κG are the bending rigidity and the Gaussian bending rigidity, re-

spectively. Both κ and κG are elastic constants depending on the lipid composition

[35, 36, 37, 38] with energy dimension.

The free energy of the whole structure is the surface integral of the local free

energy:

F =

∫
S

fdA =

∫
S

(κ
2

(2H)2 + κGK
)

dA , (1.4)

where S is the whole surface.

Due to the Gauss-Bonnet theorem, the surface integral of the Gaussian curvature,

K, along a closed surface is topologically invariant, therefore this term can be ignored

when the optimal shape is calculated [32]. Thus, the free energy of the membrane

(which is also called Helfrich-Canham free energy) is

F =

∫
S

κ

2
(2H)2 dA , (1.5)

In the case of asymmetric membrane, its spontaneous curvature also has to be

taken into account [32].

At room temperature, a lipid bilayer is a highly fluctuating structure. The

persistence length is defined as the length scale where the membrane’s shape is not

affected significantly by the thermal fluctuation, and it can be estimated as a planar

membrane. It is assumed that the membrane is oriented in the z = 0 plane with

displacements h(x, y). The linear size of the membrane is L, the molecular cut-off

length, which is equivalent with the width of a single lipid molecule, is a. The mean

curvature can be written as [32, 39]

2H =
1

R1

+
1

R2

= −∇2h{1 +O[(∇h)2]} . (1.6)

It is consistent to ignore the higher-order terms as long as

< (∇h)2 >� 1 . (1.7)
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Analytic calculation revealed that the membrane can be considered planar only

if L� Lp, where

Lp = a exp

(
2πκ

kBT

)
(1.8)

is the persistence length [32, 40]7. Since the typical value of the bending rigidity is

κ ' 10 − 25 kBT [32, 41], the persistence length is Lp ' a exp(60 − 150) which is

an astronomically large number. Thus, it makes sense to use the concept of a mean

orientation of the membrane.

Due to the thermal fluctuation, the membrane’s visible (or projected) area is

smaller than the entire area, this difference is [39]

Atot − A‖ =
1

2

∫
(∇h)2 dA , (1.9)

which is restored in the undulations caused by thermal fluctuation.

The strain of the membrane is described by surface tension, σ. In the presence

of surface tension, the free energy of the membrane is

F =

∫ (κ
2
H2 + σ

)
dA (1.10)

Calculations revealed that the relative difference between the entire and the

projected area, α, is [42]

α =
Atot − A‖

A‖
=

1

4

kBT

κ

[
1

2
ln
(σ
κ

+ q2
)]q=π/a

q=π/L

. (1.11)

Since κ and T are constants in a particular situation, the surface tension is

determined by the instantaneous geometry of the membrane. Depending on the

value of the surface tension, we can distinguish three cases:

1.
σ

κ
�
(π
L

)2

→ α =
1

4

kBT

κ
ln
L

a
. (1.12)

In the first case, the total area of the undulations takes up between 2-6% of

the total area of the membrane.

2. (π
L

)2

� σ

κ
�
(π
a

)2

→ α =
1

8

kBT

κ
ln

(
π2

a2

κ

σ

)
. (1.13)

7Despite polymers, membranes are two dimensional objects, thus, one more integration is in-

volved, which led to the exponential dependence on the bending rigidity.
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2rmp
Rvesicle

Figure 1.13: The technique applied for measuring the bending rigidity, κ, of the

membrane.

3. (π
a

)2

� σ

κ
→ A‖ ≈ Atot . (1.14)

In the second case, the ratio of the surface tension and the bending rigidity

appears in the expression, thus, the bending rigidity κ can be measured by the

following technique [43]. The Laplace pressure inside a vesicle is p = σ/Rvesicle,

where Rvesicle is radius of the vesicle. The membrane is grabbed by a micropipette

with radius rmp (Fig. 1.13). When the pressure in the micropipette is decreased, the

vesicle adsorbs to the inner surface. The surface tension must be constant along the

vesicle, thus the pressure difference is

∆p = 2σ

(
1

rmp

− 1

Rvesicle

)
, (1.15)

Rvesicle can be measured, rmp, and ∆p are controlled parameters, thus the surface

tension can be calculated by using Eq. (1.15). If the surface tension is known in

several configurations, the bending rigidity will be able to be defined by using Eq.

(1.13).



32

W

σ

σ

ϕ

Figure 1.14: A surface adhered liposome. W , σ, and ϕ are the adhesion energy

per unit area, the membrane tension, and the contact angle, respectively.

1.4 Surface adhered vesicles

When a liposome gets close to a hydrophilic surface, it adheres to this surface,

which is the first step of SLB formation. The liposome takes a spherical-cap-like

shape (Fig. 1.14) to maximize the contact area by constant area and volume [32, 44].

In equilibrium, the sum of the forces must be zero, which results in the Young-Dupre

law:

W = σ (1 + cosϕ) , (1.16)

where W is the adhesion energy per unit area between the membrane and the surface

(W is positive for attractive interaction), σ is the surface tension of the membrane

(Section 1.3) and ϕ is the contact angle.

The radius of curvature by the contact angle is another interesting issue. Along

a short length, l (l is much less than the radius of the contact area), the contact

line, which is the boundary of the surface contact area, can be assumed as linear.

Along this length, the energy near the contact line has two components:

1. the cost of decreasing the touched surface: WRcllϕ
∗,

2. the cost of bending the membrane: κ/(R2
cl)Rcllϕ

∗,

where Rcl is the radius of curvature at the contact angle, ϕ∗ is the angle along

which the radius of curvature is assumed to be constant8 (Fig. 1.15), and κ is the

bending rigidity of the membrane. By minimizing the sum of these two energy

components [45], the radius of curvature at the contact angle is

8The radius of curvature continuously increases from Rcl to Rc, Rcl denotes only the radius of

curvature of closest membrane shell to the adhesion area
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Rcl

ϕ

*ϕ

Figure 1.15: The contact edge of a surface adhered liposome. Rcl, ϕ, and ϕ∗ are

radius of curvature at the contact angle, the contact angle, and the angle along which

Rcl can be assumed as constant, respectively.

Rcl =

√
κ

2W
. (1.17)

Since the typical values of κ and W are 4−10×10−20 J and 10−3 N/m, respectively

[32], it is in the order of 10 nm, that is typically much smaller than the radius of

the vesicle.

1.5 Dynamics of a single pore

After adhering to the solid support, the vesicle should lose its volume, thus, we

suppose that the second step of liposome deposition is pore formation.

Due to the thermal fluctuation of the membrane, it occurs that the hydrophilic

head regions oriented as shown in Fig. 1.16, and a free, high-energy bilayer edge

appears. This is not a long-lasting configuration, however, some further fluctuation

can lead to the opening of the pore.

Pore opening is an activated process, and it can occur anywhere along the mem-

brane. The energy of a pore of radius r at the non-adhering upper part of the cap

(where membrane bending is negligible, and surface adhesion is lacking) is [46, 47]

E0 = 2πrλ− πr2σ , (1.18)

where the first term is the energy contribution of the free bilayer edge characterized

by the line tension λ, and the second term accounts for the energy gain due to the
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shrinkage of the membrane under surface tension σ. The line tension is typically of

the order of 10 pN, as deduced for various types of lipids from the pore dynamics

of surface bound [48] and micropipette-aspirated [49] vesicles. The pore energy E0

has a parabolic barrier at a radius

r∗ =
λ

σ
(1.19)

with an activation energy of

E∗0 = π
λ2

σ
. (1.20)

Due to the Laplace pressure, the vesicle loses its volume through the opened pore.

This process was studied both experimentally [20, 49] and theoretically [50]. Sandre

et. al. [20] studied giant unilamellar vesicles in viscous medium (mixture of water and

glycerol), which led to a slower pore closure, and the analysis of this process. The

detailed theory of pore dynamics was developed by Brochard-Wyart et. al. They

defined a dimensionless leak-out parameter, which depends on the ratio of the pore

and vesicle radii and the ratio of the viscosity of the medium and the membrane

[50], and it is higher for larger vesicles or more viscous medium. According to their

work, when this leak-out parameter is large enough (more than 10), the following

four stages can be distinguished during the lifetime of a pore:

Figure 1.16: The configuration of lipids at pore nucleation. Source of figure:

https: // en. wikipedia. org/ wiki/ Lipid_ bilayer

1. the exponential growth, when the pore reaches the maximum radius,

2. the stop of the growth,

3. the slow closure, when the surface tension decreases due to the volume loss,

which leads to the shrinkage of the pore,

https://en.wikipedia.org/wiki/Lipid_bilayer
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Figure 1.17: A schematic figure of a free bilayer edge. The hydrophobic part of

the lipid molecules is enclosed, which has an energy cost. Figure has been published

in Ref. [52].

4. the fast closure, when the pore’s radius drops below the critical value, the

leak-out becomes ignorable and the pore reseals immediately.

Otherwise, when the leak-out parameter is small, the dynamics has only three

stages: growth, stop, and fast closure.

Studying the dynamics of a single pore has given the opportunity to measure

the value of the line tension λ, which is typically in the order of 10 pN [49, 48], but

it can be reduced by two orders of magnitude by using special detergents [51].

The hydrophobic region of the lipid molecules is always bound from the aqueous

medium. When a pore opens and a free bilayer edge appears, the lipids rearrange as

shown in Fig. 1.17. The line tension that describes the energy cost of this configura-

tion was calculated analytically by taking into account the unfavorable exposure of

hydrocarbon chain segments to aqueous environment, head group interactions, and

the conformational free energy of the hydrocarbon chains [52]. This calculated line

tension compares well with the experimental measurements.

Electric pulses were applied to open pores in micropipet-held liposomes, and

small membrane tension was created by managing the suction pressure in the mi-

cropipet [49]. This study has revealed that the lifetime of the pore increases by the

surface tension, and only one pore is stable along the liposome at the same time.

Pore opening can also be facilitated by osmotic shock [53]. Depending on the

diameter of the vesicle and difference between the inside and the outside solute

concentration, short-lived and long-lived pores can open, and the inside concentra-

tion significantly drops through the lifetime of the long-lived pore. However, pore

nucleation is always driven by the thermal fluctuation.

Pore opening may happen in living cells as well, however, its lifetime is typically
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in the range of a few microseconds [49].

1.6 Vesicle spreading

The propagation of the contact line9 is an experimentally proven phenomenon [12,

23, 25, 54]. It has been studied at different lipid compositions [55] and in the pres-

ence of inhomogeneous, rough, or chemically structured surfaces [56, 57]. Contact

line propagation has also been taken into account in the coarse-grained Monte Carlo

simulations of the surface kinetics of vesicles. The spreading of SUV on SiO2 and

different vesicle adsorption scenarios have been simulated [58] , a thermodynamical

analysis revealed that the critical vesicle size and the critical strength of adhesion

between the liposome and the solid support depends on the time scale of the ex-

periment logarithmically [47] and a higher critical surface concentration of intact

vesicles is necessary for bilayer formation at lower temperature [59], other studies

have indicated that the radius of the surface-contact area may depend on the vesicle

composition [60].

QCM-D [61] and SPR [25] studies suggest that a critical vesicle coverage is needed

for SLB formation. During fluorescent [18], electron microscopic [54], and AFM [29]

experiments the rupture of individual surface bounded vesicles was observed. AFM

and fluorescent microscopic studies [18, 29] recommend that vesicle fusion is needed

for SLB formation.

However, according to a recent fluorescent microscopy study [62], this critical

vesicle coverage is not needed, and the first step of bilayer formation is the rupture

of a single vesicle. It results a small bilayer patch, which then becomes the core

of bilayer formation due to its high energy edge. iSCAT studies [23] are in great

agreement with this statement. They have observed vesicle adsorption, rupture,

movement of the adhesion front, and a wave-like spreading of bilayer patches which

were proposed earlier. They have found that the rate of spontaneous vesicle rupture

decreases with vesicle size (which is in agreement with earlier AFM measurements

[29]), and that the close proximity of vesicles does not catalyze spontaneous vesicle

rupture, nor does it result in vesicle fusion, which is against the conclusion of Refs.

[18, 29].

By varying the strength of the adhesion between the vesicles and the substrate

(using surface treated glass and mica) the expected result, i.e., stronger interaction

9The contact line is the boundary of the surface-contact area.
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leads to faster vesicle rupture, has been obtained [63]. This is also consistent with

the behavior often observed, namely that while on certain substrates (such as glass

and mica) vesicle adsorption is followed by SLB formation, on other substrates (e.g.,

TiO2, oxidized Pt, oxidized Au) vesicles adsorb but remain intact [61]. Similarly,

varying the interaction strength by using charged lipids can lead to either no ab-

sorption, or the formation of a stable vesicular layer, or the deposition of adsorbed

vesicles into SLB [64].

1.7 Aims

The above experimental results [62, 23] suggest that the key step in SLB formation

is the rupture of individual vesicles. This is, however, a complex process involving

membrane pore formation, membrane dynamics, as well as hydrodynamics, which

have never been integrated into a single self-consistent theoretical description. Our

goal here is to understand the rupture process of individual vesicles by constructing

a simple coarse-grained model that simultaneously takes into account the dynamics

of spontaneous pore opening and closing along the membrane, the volume loss of the

vesicle via leakage through the pores, and the propagation of the contact line. Such

a model can be highly beneficial in interpreting experimental data and planning new

experiments. The numerical simulations of our model, complemented with analytic

estimations, reveal the details of the rupture process. We show, e.g., that under

certain conditions several transient pores can open before the vesicle reaches its

final state (either an SLB patch or a partially flattened vesicle). We present our

result regarding liposome spreading in Chapter 2.

However, the interaction of bilayers was not taken into consideration, but the

work of Jass et. al [28] suggests that sometimes it is not negligible. Our goals in

Chapter 3 are (i) to extend our model by taking membrane-membrane adhesion

into account; (ii) to examine how frequently brim formation occurs during vesicle

rupture if membrane-membrane adhesion is present; (iii) and under what conditions

hat-shaped vesicles can last long enough to be observed experimentally.

Several studies (e.g., Refs. [23, 62, 65]) have revealed that the bottleneck of SLB

formation is the spreading of a single vesicle and then the other vesicles spread much

more easily. In Chapter 3, we have to assume the presence of a pore near a free

bilayer edge to explain the observations [28]. In Chapter 4 we discuss the effect of

a free bilayer edge on liposome deposition.

The combination of BLM [8] and SLB [15, 16] results in a new experimental tech-
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nique to study membrane properties. The membrane may span across the nanopore

etched into the solid support forming a nanopore spanning lipid bilayer or NPSLB.

Such structures can be constructed by shear flow in microfluidic channels [66], using

giant liposomes [67], and the rupture and fusion of liposomes [68]. Interestingly,

Kumar et. al. has also reported that sometimes the membrane follows the contour

of the nanopore instead of spanning across it [68]. This observation inspired us to

describe the necessary and sufficient conditions for NPSLB formation, which are

presented in Chapter 5.



Chapter 2

A model for the rupture of

liposomes near solid surfaces

The observed wave-like spreading suggests that SLB formation is initiated by the

rupture of individual seed vesicles [62], and the major role of critical coverage is to

ensure efficient propagation of the bilayer. Thus, the bottleneck in SLB formation

is the deposition of a single vesicle. There are several results and observations in

the literature related to this process, but the theoretical model was scarce.

We have built up a model based on overdamped dynamics in which we have

combined the observations on the dynamics of a single pore and the propagation

of the adhesion front [69]. At the beginning, when the vesicle was adhered to the

surface, we did not study this process. A schematic picture of our model is shown

in Fig. 2.1.

2.1 Geometry

When a vesicle gets in contact with a flat hydrophilic surface, it takes a cap-like

shape (Fig. 2.2, top view Fig. 2.3) to maximize its contact area with the surface

[44, 32]. For strong adhesion (which is a prerequisite of rupture, as described later)

the radius of curvature of the membrane at the contact line is very small (a few tens

of nm, see Eq. (1.17)). From now on we will consider vesicles that are significantly

larger than this radius of curvature, thus, their shape can be well approximated by

a perfect spherical cap. The volume of the cap is

V = π
3R2Hc +H3

c

6
, (2.1)

39
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Surface bound
vesicle

Volume leakage
through a pore

Surface bound vesicle
 with less volume

Surface supported
lipid bilayer

Figure 2.1: Schematic figure of SLB formation. A liposome gets in touch with the

surface. Due to pore formation, the vesicle loses some of its volume. This leak-out

facilitates both the resealing of the pore and the propagation of the adhesion front.

If the closure of the pore is faster, it will result in a flatter vesicle and a new pore

may form depending on the system parameters. Supported lipid bilayer is the result

of a pore which cannot reseal.

the contact angle ϕ can be calculated from

cosϕ =
Rc −Hc

Rc

, (2.2)

the cap radius is

Rc =
R2 +H2

c

2Hc

, (2.3)

the projected area of the non-adhering part of the vesicle can be calculated as

Ac‖ = 2πRcHc − πr2 , (2.4)

the total area of the non-adhering part (if the undulations along the strongly adher-

ing contact area are neglected) is
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Ac = A0 − πR2 , (2.5)

and the equivalent sphere radius is

R0 =

√
A0

4π
, (2.6)

whereR, Hc, r, and A0 denote the radius of the contact area, the height of the vesicle,

the radius of the pore, and the total surface area of the liposome, respectively.

As discussed in Section 1.3, the surface tension of the membrane is determined

by the visible and the entire area of the bilayer. We ignored the undulations in the

surface adhered area (colored with red in Fig. 2.2), thus, the entire area that should

be taken into account when the surface tension is calculated is the entire surface of

the liposome minus the adhered surface, which is labelled with Ac. The visible area

of the membrane is the area of the top of the spherical cap minus the area of the

pore (colored with blue in Fig. 2.2), which is labelled with Ac‖.

2.2 Dynamics

The first step after vesicle adhesion is pore formation, its activation energy is E∗ ∼
λ2/σ (Eq. (1.20)) [70]. Since the typical values of λ and σ are 10−11 N and 10−3 N/m,

respectively, the typical energy needed for pore formation is approximately 10−19 J.

The energy of thermal fluctuations at room temperature is kBT ≈ 4 × 10−21 J,

where kB is the Boltzmann constant, T is the absolute temperature. The ratio of

the activation energy and the energy of thermal fluctuations is approximately 25,

which means that the thermal fluctuations may activate pore formation.

The rate of thermal fluctuation activated processes is described by the Arrhenius

law [1], thus pore opening occurs at a rate of

k = k0
Ac

a2
exp

(
− πλ2

σkBT

)
, (2.7)

where a2 is the surface area of a lipid molecule, k0 is the local attempt rate of pore

nucleation.

Since the Reynolds number at molecular and cellular scale is much less than unit,

all the variables follow overdamped dynamics.

When a pore opens, the change of its radius is determined by the competition

of the line tension and the surface tension as [20, 50]
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ṙ =
σr − λ
2ηmd

, (2.8)

where ηm is the viscosity of the membrane and d is the thickness of the bilayer. The

radius of the pore grows until the numerator σr − λ becomes zero, which usually

occurs when the area of the pore is a few percent of the entire area of the vesicle.

Eq. (2.8) is valid until r � R, which is true until the final stages of the rupture.

Due to the Laplace pressure, the vesicle loses its volume via this pore [20, 50, 71]

at a rate of

V̇ = −2

3

r3σ

Rcη0

, (2.9)

where η0 is the viscosity of the aqueous medium.

Pore formation leads to the decrease of the surface tension1, which allows the

contact line of the adhered surface to propagate. If this propagation is faster than

the reseal of the pore, the liposome will spread on the solid support forming a

bilayer patch. If the pore reseals, the contact line will move until the equilibrium

described by the Young–Dupre law (Eq. (1.16)) is satisfied. The rate of the contact

line propagation, regardless of the presence of the pore is

Ṙ =
W − (1 + cosϕ)σ

η0cs

, (2.10)

where cs is the drag coefficient.

Both the opening of the pore and the dynamics described by Eqs. (2.8)–(2.10) of

the vesicle strongly depend on the value of the surface tension σ. As it is described

in Section 1.3, the surface tension is determined by the instantaneous geometry of

the membrane, it is defined by the geometrical variables as (inverting Eq. (1.11)):

σ =
κ

exp
(

8πκ
kBT

α
)
− 1

(
π2

a2
− π

R2
0

exp
( 8πκ

kBT
α
))

, (2.11)

where κ is the bending rigidity of the membrane, kB is the Boltzmann constant, T

is the absolute temperature, and α = (Ac − Ac‖)/Ac‖. When σ is in the 10−3 N/m

(strong adhesion) range, it is approximately

σ =
π2κ

a2
exp

(
− 8πκ

kBT
α

)
, (2.12)

1The growth of the pore reduces the visible area Ac‖, which results in the drop of the surface

tension. During this process, the membrane is crushed by the pore at the beginning, and this has

to dissipate along the membrane. Its timescale is assumed in Section 2.3.
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The final stage of the rupture process begins with a pore which cannot reseal.

Due to the propagation of the adhesion front, the surface tension is large enough

for the growth of the radius of the pore. The differential equations above lose

their validity if r becomes comparable to R0, however, from that point, the rupture

completes anyway.

2.3 Assumptions

Homogeneous membrane tension

Pore opening reduces σ locally2. If its relaxation occurs much faster than any other

aspect of the dynamics, σ can be considered homogeneous.

The relaxation of the surface tension is characterized by the elastic properties

of the bilayer, e.g., the Hookean elastic modulus and the apparent area expansion

modulus. After pore formation, the Hookean elastic modulus is ignorable [70], thus

the relaxation time depends on the apparent area expansion modulus, which can be

expressed as

Km =

∣∣∣∣dσdα

∣∣∣∣ =
σ8πκ

kBT
, (2.13)

where α = (Ac − Ac‖)/Ac‖.

Assuming σ = 10−4 N/m 3, one order of magnitude less surface tension after

pore formation than before it, Eq. (2.13) yields Km ≈ 6.2× 10−2 mN/m, which is in

the same order of magnitude as it has been measured [72]. The equilibration time

of the surface tension can be estimated by dimensional analysis as

τσ =
η0R0

Km

=
η0R0kBT

σ8πκ
. (2.14)

The fastest time scale of the dynamics belongs to pore closing, which is

2The radius of the pore is included in the surface-tension-defining formula. σ depends on the

relation of the total and the projected area of the non-adhering part of the vesicle. Eq. (2.4), which

describes the projected area of the non-adhering part of the vesicle, depends on the radius of the

pore. If the radius of the pore grows, the projected area will decrease, which means that more

undulating area is contained in the membrane, which leads to a drop in the surface tension. This

surface tension drop appears at the edge of the pore, and has to relax along the whole membrane.
3The typical value of the adhesion energy per unit area between the membrane and the surface

for vesicle rupture is W = 10−3 N/m. At the beginning of the process, due to the Young-Dupre

law (Eq. (1.16)), the surface tension can be estimated as being in the same range. Here we suppose

that after pore opening the value of the surface tension decreases one order of magnitude.
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τr =
2ηmdr

†

λ
=

2ηmd

σ
, (2.15)

where r† is the typical radius of the pore. The ratio of these two time scales is

τσ
τr

=
η0

ηm

R0

d

kBT

16πκ
, (2.16)

which is smaller than unit as long as the size of the vesicle (R0) is smaller than

about 1 mm, which is true in most experimental situations. Therefore, the surface

tension can be considered homogeneous along the membrane in each moment.

Homogeneous adhesion energy

We supposed that the adhesion energy is homogeneous on the area needed for vesicle

spreading. If the adhesion energy is not homogeneous, the growth of the adhered

area will be not isotropic. The exact spatial dependence of the adhesion energy and

the exact position of the liposome must be taken into account.

Local attempt rate (k0)

Pore formation is observed when the surface tension σ is in the 10−3 N/m range,

which is equivalent with an activation energy lower than 40 kBT (about 100 kJ/mol).

Experiments reported 70± 8 kJ/mol [61] and 42± 4 kJ/mol [59] values of the acti-

vation energy of SLB formation. Thus, we estimate k0 to be of the order of 108 1/s,

which is also consistent with the nanosecond time scale of molecular diffusion at

nanometer distances, and with the molecular dynamic simulations of the formation

and disappearance of a single file of water across a lipid bilayer as well [73, 74]. Its

exact value and even its exact order of magnitude are unknown, however, these are

largely irrelevant, because an order of magnitude offset in k0 can be compensated

by only a 6% change in σ (about 2.3 kBT change in the activation energy).

Pore opening along the adhered surface

Pore formation along the adhered surface has been neglected because it leads to the

decrease of the contact area.

Cylindrical symmetry

We have assumed that the vesicle always has a cylindrical symmetry, pores always

open at the top. Due to the homogeneous surface tension the exact position of the
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pore is irrelevant until the final stages of the rupture.

Curvature at the contact line

In reality, the vesicle is not sharp at the contact line (Section 1.4), but the radius

of curvature is Rcl ≈ 10 nm, which is much smaller than the radius of a commonly

used vesicle, thus it is neglected in this model.

Drag coefficient (cs)

The drag coefficient has three different components:

1. Hydrodynamic friction. In aqueous medium this is in the order of unit.

2. Intermonolayer friction. During the propagation of the contact line, the two

monolayers should slide over each other, and the inner layer has a smaller area.

Dimensional analysis suggests that this process provides a contribution to the

order of ηm/η0 ≈ 200, when the membrane is considered to be an isotropic

viscous fluid, or bd/η0 ≈ 100, when the intermonolayer friction coefficient is

taken as b ≈ 2× 107 Pa s/m [75].

More detailed geometrical considerations give an additional (π − ϕ) cofactor

at the contact line. Each surface element at the highly curved cylindrical

region of the contact line adds to the drag force per unit length of the contact

line by Ṙηm∆ϕ̃. This expression holds as the product of the velocity gradient

across the membrane Ṙ/Rcl, the membrane viscosity ηm, and the azimuthal arc

length of the surface element Rcl∆ϕ̃. The integral of ∆ϕ̃ from ϕ to π provides

the cofactor (π − ϕ). (The contact line is characterized by a local radius of

curvature Rcl, see Subsection 1.4, and inclination angle ϕ̃ with respect to the

solid support.)

Similarly, an additional 2ϕ cofactor (where factor 2 comes from the spherical

geometry, and ϕ is the integral of the inclination angle ϕ̃ from 0 to ϕ) is

provided by the non-adhering spherical cap region of the vesicle.

These cofactors together result in cs ≈ 1000.

3. Surface inhomogeneities and impurities. These can further increase the drag

coefficient by several orders of magnitudes [76].
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Technical solutions

• We used adaptive time-steps for the simulations. When the changes of the

variables in one step dropped below the limit, the time-step was duplicated.

When one of these values was larger than the upper limit, the time-step was

halved.

• The pore opening was simulated stochastically. When a random number was

larger than k∆t (where k is the rate of pore formation - Eq. (4.6) and ∆t is the

time-step), a pore opened with initial radius rinit = 1.05r∗ = 1.05λ2/σ (Eq.

(1.19)). The pore resealed when r ≤ 0 had become true. Only one pore is

allowed at the same time [49], because after pore formation the surface tension

drops rapidly, thus the formation of an additional pore is an unlikely event.

• At the final stage of the rupture, our equations lost their validity, therefore

spreading was considered to be completed when R > Rdb =
√
A0/(2π) had

become satisfied. Rdb is the radius of a double-bilayer with total surface A0.

If R is larger than this critical value, the vesicle will spread anyway and this

final stage can be calculated analytically.

• The observation time was τobs = 105 s. IfR had not reached the threshold value

Rdb for spreading by this time, it was considered as a not-spreading-vesicle.

We chose this observation time to detect any long-term event, however, after

100 s simulation, we could not detect anything. For this reason, we plotted

our results in the 0→ 100 s time range.

• When the typical behaviors of the vesicles was studied, the strength of the

adhesion between the membrane and the solid support (W ) and the drag

coefficient along the surface (cs) was changed by a factor two and several data

related to the process (rupture time, number of pores, geometrical variables

at the end) were collected in discreet points in the W–cs parameter space.

2.4 Parameters used

For the simulations we used fixed, slightly and highly variable parameters as well.

All these are shown in Table 2.1.
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Variable Value Ref.

κ ≈ 10−19 J [70]

η0 0.001 Pa s (water)

ηm 0.2 Pa s [46]

d ≈ 5 nm [32]

a ≈ 0.8 nm [32]

k0 ≈ 108 1/s

kBT 4× 10−21 J (at approximately room temperature)

λ 5, 10 , 20 pN [49, 48]

A0 1, 100µm2 (R0 = 280 nm, 2.8µm) [1]

W 10−5 → 10−2 N/m [32]

cs 1→ 106

Table 2.1: Parameters used for simulations

2.5 Results and discussion

We tried to figure out the typical behaviors of this system. Two drastically different

processes can be seen in Fig. 2.4. In the upper case, spreading is rapid, it happens

in much less than a second. In the lower case, it is very slow and it is not completed,

no more pore opening was observed after a while.

We measured the ratio of the totally ruptured vesicles as a function of the adhe-

sion energy W and the drag coefficient cs. The transition is very sharp, no regions,

where the ratio (prup) of the ruptured vesicles was 0 < prup < 1, were found.

Measuring the average time needed for spreading (〈τrup〉) and the average number

of the pores opened during spreading (〈Npore〉) is more interesting. The results are

shown in Figs. 2.5 and 2.6, respectively. An almost spherical initial geometry has

been supposed in these cases.

However, in experimental situations, the initial geometry, i.e., the relative volume

of the vesicle is not a well-controllable parameter, which addresses another intrigu-

ing question, the influence of the initial shape. The simulations revealed that the

occurrence of vesicle rupture strongly depends on the initial geometry of the vesi-

cle, the more spherical the initial geometry of the liposome, the lower the adhesion

energy needed for rupture. These results are shown in Fig. 2.7.
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Figure 2.2: A surface adhered liposome. R, Rc, Hc, ϕ, and r denote the radius of

the contact area, the cap radius, the height of the vesicle, the contact angle, and the

radius of the pore, respectively; W , σ, and λ are the adhesion energy per unit area,

the membrane tension, and the line tension, respectively.
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Edge of the pore
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Figure 2.3: Top view of a surface adhered liposome with a pore.
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Figure 2.4: Two examples of the time evolution of the three main geometrical

variables (V , r, and R) for an initially spherical vesicle of size R0 = 280 nm.

System parameters are λ = 10 pN, W = 10−3 N/m, cs = 6× 103 (top), cs = 3× 105

(bottom).
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Figure 2.5: The average time (based on 30 runs) needed for complete vesicle

rupture (or SLB formation) 〈τrup〉 as a function of W and cs, for two vesicle sizes:

R0 = 280 nm (top row),R0 = 2.8 µm (bottom row); and three line tensions: λ =

20 pN (left column), λ = 10 pN (middle column), λ = 5 pN (right column). The

data values are indicated by both color codes and contour lines (the scales are at the

top right corner). The coordinates W and cs gridded in steps of a factor 2 (hence the

raggedness of the coloring). W therm
crit , W pore

crit , and Wmin(1ms) are also plotted as gray

dashed line, black dashed-dotted line, and black dotted line, respectively. If rupture

was not completed the rupture time was taken as 〈τrup〉 = 100 s.
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Figure 2.6: The average number of pores sequentially opened 〈Npore〉 (until either

rupture or time 105 s) for the same parameters as in Fig. 2.5.
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Figure 2.7: The average rupture 〈τrup〉 time for three initial geometries: Rinit =

0.33R0 (left), Rinit = R0 (middle), Rinit =
√

2R0 (corresponding to zero initial

volume, right), for R0 = 2.8 µm and λ = 10 pN. Colors and lines are the same as

in Fig. 2.5, and W init
crit is also drawn as a gray dashed-dotted line.
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We have drawn four lines in Fig. 2.5, 2.6, and 2.7, which describe different

criteria:

1. Thermodynamics dictates that rupture can occur only if the energy gain

(4πR2
0W ) due to adhesion is larger than the energy cost (4πR0λ) of the free

edge of the final bilayer patch of radius 2R0. Therefore, the adhesion energy

must be larger than the critical value of

W therm
crit =

λ

R0

, (2.17)

which depends reciprocally on the vesicle size. This critical value is drawn as

a gray dashed line, whenever it falls into the depicted parameter range.

2. As Eq. (4.6) shows, the rate of pore formation depends on several parameters,

e.g., the surface tension of the membrane. Its value has to be large enough

for pore formation. For a pore to open during the observation time τobs, the

surface tension has to exceed the value (see Eq. (4.6)) of

σcrit =
πλ2

kBT ln(τobsk0A0/a2)
. (2.18)

According to Eq. (1.16), for small initial contact radius the surface tension is

much larger than this threshold value, which leads to a quick pore opening

at the beginning. After the resealing of this pore, the surface tension may

drop below this threshold value. The worst case scenario is when the vesicle

is almost flat (ϕ ≈ 0), which means σ ≈ W/2. Therefore, pore opening is

ensured only if W is larger than

W pore
crit = 2σcrit , (2.19)

which value is illustrated as a black dashed-dotted line in Figs 2.5, 2.6, and

2.7.

3. If W therm
crit < W < W pore

crit , vesicle rupture is not guaranteed and depends on

several factors:

(a) The initial geometry has a dramatic effect (see Fig. 2.7). Rupture cannot

be observed if the initial surface tension, given by the Young-Dupre law

(Eq. (1.16)), is below σcrit (see Eq. (2.18) above), thus, if W is smaller

than
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W init
crit = σcrit

2πRinit2

A0 − πRinit2 . (2.20)

It is drawn as a gray dashed-dotted line in Fig. 2.7.

(b) When a pore opens, the surface tension drops, and the contact line prop-

agates according to Eq. (2.10) It can be estimated that after pore for-

mation the surface tension is low enough for the assumption σ = 0 and,

without any drag, the rate of the contact front propagation is 2R0/τrup.

Therefore, the minimally necessary value of the adhesion energy to allow

rupture within τrup can be determined by replacing Ṙ with 2R0/τrup and

setting σ = 0 in Eq. (2.10):

Wmin(τrup) =
2R0η0cs

τrup

, (2.21)

which runs diagonally in the W − cs parameter space. As a guide,

Wmin(1ms) is drawn as a black dotted line.

To summarize, vesicle rupture is guaranteed if W > W pore
crit . It occurs rapidly

for W ≥ Wmin(1ms), and slowly otherwise, often accompanied by the appearance

of several transient pores. In the range W therm
crit < W < W pore

crit the rupture process

is highly sensitive to the initial geometry of the vesicle. Since the spherical shape

is the most advantageous, we predict that vesicle fusion (leading to less spherical

vesicles, e.g., Rinit ≈ 1.2R0 after the fusion of two identical spheres) cannot help

SLB formation. This is consistent with the experiments by Andrecka et al. [23],

who never observed any fusion events.

2.6 The effect of osmosis

In an iso-osmotic state, when the inside and outside osmotic pressures are the same,

water molecules can percolate through the membrane, but, in average, it results in

no volume loss or gain. If any difference in the inside and outside osmotic state is

present, and the movement of water molecules becomes considerable, and Eq. (2.9)

is replaced by [53]

V̇ = −2

3

r3σ

Rcη0

+

+ pAVw

(
cin

s − cout
s −

σ

2RckBT

)
− 4rDs

(
cin

s − cout
s −

σ

2RckBT

)
Vs , (2.22)
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Variable Value Ref.

p 10−3 m/s [53]

Ds 10−10 m2/s [53]

couts 10 mM [53]

cins 100→ 500 mM [53]

Vs 1.95× 10−28 m3 (glucose) [53]

Table 2.2: Parameters used for studying osmosis

where p is the permeability coefficient of the membrane (for water), Ds is the dif-

fusion constant of the solute molecule, Vs is the volume of the solute molecule, Vw

is the volume of the water (medium) molecule, cin
s is the concentration of the solute

molecule inside the vesicle, cout
s is the concentration of the solute molecule outside

of the vesicle. The terms describe the volume loss through the pore due to the

Laplace pressure (Eq. (2.9)), the change caused by the water percolating through

the membrane, and the diffusion of the solute molecules through the opened pore,

respectively.

The change of the number of the solute molecules is [53]

Ṅs = −4rDs

(
cin

s − cout
s −

σ

2RckBT

)
− 2

3

r3σ

Rcη0

× cin
s , (2.23)

where the first term denotes the change caused by the diffusion and the second

term describes the number of solute molecules in the leak-out caused by the Laplace

pressure (Eq. (2.9)). Table 2.2 shows the parameters used.

When the inside concentration is lower than the outside concentration, water

percolates out of the vesicle through the membrane (second term of Eq. (2.22)),

which results in a less spherical geometry. Otherwise, the spontaneous percolation

of water leads to a more spherical shape, which facilitates bilayer formation. Our

simulations have revealed that, when the concentration difference is high enough,

irrespectively of the initial geometry of the liposome, the adhesion energy–drag

coefficient (W–cs) plots are similar to the case of Rinit = 10 nm. If the adhesion

energy at the beginning is lower than W init
crit (Eq. (2.20)), the first pore will open

when W init
crit = W is satisfied due to the spontaneous percolation of water, which

results in a longer rupture time (Fig. 2.8).
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Figure 2.8: The average time (based on 30 runs) needed for complete vesicle

rupture (or SLB formation) 〈τrup〉 as a function of W and cs, for vesicle size R0 =

2.8 µm and line tension λ = 10 pN in three different cases: an almost spherical

initial geometry without osmosis (left), an approximately half-sphere initial geometry

without osmosis (middle), and an approximately half-sphere initial geometry with

osmosis (right). The data values are indicated with the same color codes as in Fig.

2.5.

2.7 Comparison to experimental data

Although our results are difficult to compare with existing experimental data in a

quantitative manner (which would require the precise knowledge and experimental

control of all the parameters involved and, preferably, a high spatio-temporal reso-

lution), those are in good qualitative agreement with a large body of experimental

observations. This includes

1. the lack of vesicular fusion events [23];

2. the often observed high sensitivity of SLB formation on the surface properties

and adhesion strength [61, 63, 64];

3. the decreasing rate of spontaneous vesicle rupture for decreasing vesicle size

[23, 29];

4. the Arrhenius-like temperature dependence of SLB formation [59, 61, 77];

5. the prerupture of a fraction of vesicles, suggesting the sensitivity of rupture to

the initial geometry [18];
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6. the facilitation of SLB formation by the application of an osmotic shock that

makes the surface-bound vesicles more spherical [18, 78]; and

7. the visualization of transient pores in highly viscous media [20].

All these qualitative experimental agreements, together with the simultaneous

consideration of all the basic physical processes that play role in vesicle adsorption

and rupture justify the applicability and predictive power of our model.

2.8 Theses

1. By varying the used parameters in a realistic range we have reproduced several

previous experimental data such as:

• the vesicle spreads or not along the surface depending on the strength of

the adhesion between the surface and the membrane.

• the larger the vesicle, the higher the probability it ruptures.

• the time-scale of the rupture is in the same range as it has been experi-

mentally measured.

2. Our work has revealed that rupture is very sensitive to the initial geometry of

the vesicle which explains that some vesicle liposomes rupture instantly upon

adhesion and others do not.

3. By using an osmotic shock the problem of the initial geometry can be solved

but this cannot solve the problem of the non-rupturing spherical vesicles.



Chapter 3

The extended model with

membrane–membrane adhesion

Our model presented in Chapter 2, however, cannot account for brim formation

(Ref. [28]), because the interaction of bilayers has not been taken into consideration

in any of those models. Our goals here are

1. to extend our model by taking membrane-membrane adhesion into account;

2. to examine how frequently brim formation occurs during vesicle rupture if

membrane-membrane adhesion is present;

3. and to examine under what conditions hat-shaped vesicles can last long enough

to be observed experimentally.

3.1 New geometrical equations

In the presence of membrane-membrane adhesion [79], the stable geometry of a

vesicle (at fixed volume and surface area) attached to a solid support is either a

spherical cap [44, 32] or a hat, as illustrated in Figs. 3.2(a) and (b), respectively.

The top view of a hat-shaped vesicle is shown in Fig. 3.3. For simplicity, we assume

that the radius of curvature of the membrane at both the vesicle-support and the

crown-brim contact lines is small compared to the size of the vesicle, i.e., the system

is in the strong adhesion regime.

In principle, the crown could be positioned anywhere with respect to the brim (as

long as it does not touch the brim edge). The central position is, however, preserved

57
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Figure 3.1: The reproduction of Fig. 3C of Ref. [28]. Panel (a) is the AFM cross–

section with the original aspect ratio, the three dotted lines (separated by the bilayer

thickness) indicate that the brim is two bilayers thick, and that the brim on the left

lies on top of a single bilayer. Panels (b) and (c) show the observed cap-shaped and

hat-shaped vesicles, respectively, at a 1:1 aspect ratio the dashed orange-white lines

denote the fitted spherical cap.

(i.e., the cylindrical symmetry remains unbroken) if the hat evolves via an isotropic

shrinkage of its crown.

We have assumed that there is no volume between two adjacent membrane sites,

the entire volume of the liposome is in the crown, which is

V = π
3R2

bHc +H3
c

6
, (3.1)

the crown radius is

Rc =
R2

b +H2
c

2Hc

, (3.2)

the visible and the entire area of the crown are

Ac‖ = 2πRbHc − πr2 , (3.3)
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Figure 3.2: Schematic pictures of the cross–sections of surface attached (a) cap-

shaped and (b) hat-shaped vesicles in the limit of strong adhesion, with membrane

pores at the top. Several parameters and force vectors (per unit length) are also

indicated: R is the radius of the surface-adhered area, Rc is the cap/crown radius,

Hc is the height of the cap or crown, Rb is the radius of the crown, ϕ is the contact

angle by the vesicle–support contact line, ϕb is the contact angle by the crown–brim

contact line, r is the radius of the pore, W is the adhesion energy per unit area

between the surface and the membrane, Wm is the adhesion energy per unit area

between two membrane sites, σ is the surface tension, and λ is the line tension per

unit length along the free bilayer edge.



60

Outer contact line Double bilayer brim

Inner
contact
line

Membrane crown
Edge of the pore

Pore

Figure 3.3: Top view of a hat-shaped liposome with a pore.

and

Ac = A0 − π(2R2 −R2
b) , (3.4)

respectively. The contact angle between the crown and the brim is

cos(ϕb) =
Rc −Hc

Rc

. (3.5)

R and Rb denote the radius of the surface–adhered area, and the radius of the crown,

respectively , Hc, is the height of the crown, r is the radius of the pore, and A0 is

the total surface area of the liposome (see Fig. 3.2). Eqs. (3.1)–(3.5) are used only

in the presence of the double bilayer brim, otherwise Eqs. (2.1)–(2.5) have to be

applied.

3.2 Dynamics and results

In equilibrium, the Young-Dupre law has to be fulfilled at both the inner and outer

contact lines. For hat-shaped vesicles, the force balance conditions at the vesicle–

support and the crown–brim contact lines are
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σ =
W +Wm

2
, (3.6)

and

σ =
Wm

1− cosϕb

, (3.7)

respectively, where Wm is the membrane–membrane adhesion energy per unit area.

Wm characterizes the adhesion between a surface–bound and a free-standing mem-

brane, and this adhesion may be stronger than it would be between two free standing

membranes, because the surface bound membrane is flatter and has already lost a

portion of its entropy. After eliminating σ from Eqs. (3.6) and (3.7), the value of

ϕb can be expressed as

cosϕb =
W −Wm

W +Wm

, (3.8)

which is independent of the geometrical properties of the vesicle. cosϕb is also

defined by geometrical parameters in Eq. (3.5).

Plugging in Eq. (3.2) to Eq. (3.5), and comparing it with Eq. (3.8) results in

Wm

W
=

(
Hc

Rb

)2

, (3.9)

where the height and the radius of the crown are two easily measurable quantities,

thus this process provides a simple way for measuring the adhesion strength between

two membrane sites for equilibrium hat-shaped vesicles.

The propagation of the adhesion front follows Eq. (2.10) until the transition from

a cap to a hat shape occurs. When the transition condition Ṙ − Ṙb > 0 becomes

satisfied, the dynamics of radius of the adhered area R and the radius of the crown

Rb decouples, and both contact lines propagate toward the Young-Dupre equilibrium

independently from each other at rates of

Ṙ =
W +Wm − 2σ

2πη0cs

, (3.10)

and

Ṙb = −Wm − (1− cos(ϕb))σ

2πη0cb

, (3.11)

respectively, where cb and cs are the drag coefficients at the inner and outer contact

lines, respectively (Fig. 3.2), and η0 is the viscosity of the medium. Because cb

is affected only by hydrodynamic and intermonolayer friction, it is expected to be
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of the order of 103 (Section 2.3). The transition condition from cap to hat shape

was checked in each step of the simulation whenever the vesicle had a cap shaped

geometry.

The transition back to a cap shape requires that the width of the brim, R−Rb,

decreases to zero.

We make a remark here. We have neglected the curvature energy cost associated

with brim formation, which can offset the transition between the cap shape and the

hat shape to lower values of ϕ. For strong adhesion however, the curvature energy

of the membrane at the outer edge of the brim [45] (which scales as RRclW , where

R denotes the vesicle-support contact radius and the local radius of curvature Rcl of

the brim edge is only a few tens of nm - see Section 1.4) is indeed small compared

to the total adhesion energy (which scales as R2W ).

The hat shape is always a stable stationary state, because any perturbation

of the position of the crown-brim contact line (by increasing its radius, Rb, and

simultaneously decreasing its contact angle ϕb, or oppositely) results in a net force

that points towards the stationary position. Therefore, whenever the geometry of

the vesicle allows both cap-shaped and hat-shaped geometries, (when ϕ < ϕb), the

hat-shaped geometry will be the stable one, because any infinitesimal brim along

the cap-shaped geometry will grow until the stationary hat shape is reached.

The volume loss can be described in two significantly different ways.

3.2.1 Slow spreading with numerous pores

The schematic picture of this process is shown in Fig. 3.4.

This case is very similar to the “Basic model” presented in Chapter 2: the rate

of pore opening, the dynamics of the radius of the pore, and the volume loss are

described by Eqs. (4.6), (2.8), and (2.9) (in the presence of a brim, Rc denotes the

crown radius (Eq. (3.2)) in Eq. (2.9)), respectively. The difference is the propagation

of the contact lines: it was considered as discussed above.

The numerical simulations have revealed that brim always occurs after pore

formation. Due to sudden drop of the surface tension caused by pore opening, the

condition Ṙ − Ṙb > 0 gets satisfied, and a brim formation becomes energetically

favorable. However, after the resealing of the pore (if it happens), in most cases,

the brim vanishes sooner or later. Only if ϕcap < ϕb becomes true (see Eq. (3.8)),

where ϕcap denotes the contact angle of a spherical cap with the same surface and

volume as the liposome has, will the hat-shape be the stable stationary state after
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Surface bound
cap-shaped vesicle

Surface bound
hat-shaped vesicle

Surface 
supported

lipid bilayer

Figure 3.4: Schematic figure of SLB formation with a hat-shaped intermedier

liposome.

pore closure. If ϕcap < ϕb is satisfied at the beginning of the process, brim appears

without pore opening.

However, long lasting transient brim is a very rare phenomenon, it may be ob-

servable only in a very narrow range of parameters. The time evolution of the four

geometrical parameters (r, R, Rb, and V ) during a process with long lasting brim

is shown in Fig. 3.5. A few percent change in W , Wm, cs, or the size of the vesicle

has a dramatic effect on the dynamics.

If the strength of adhesion is too large or the drag coefficient is too low, the

pore will not reseal, and the vesicle spreads on the surface. If W is lower or cs is

higher by a few percent, no more pore will open after the resealing of the pore in

the observation time, the hat-shape will be the final state.

According to our simulations, long lasting transient brims occur in a very nar-

row range of relative volume Vrel (Vrel = 1 denotes the volume of a sphere with

the same surface as the liposome studied). The fluid leak-out reciprocally depends

on the cap or crown radius Rc (Eq. (2.9)), which results in the smaller the vesicle,

the larger the relative volume loss during one pore’s lifetime by the same system

parameters. Although pore formation is observable in small vesicles, the parameters

should be much more well-tuned so that long lasting transient brims could be ob-

served. This might be one reason, why hat-shaped vesicles have not been reported

in other experiments.
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Figure 3.5: An example of the time evolution of the four main geometrical variables

(V , r, R, and Rb) of a hat forming vesicle. The brim appears at about 530 s, and the

crown diminishes at about 620 s. The system parameters are W = 4 × 10−3 N/m,

Wm = 4 × 10−4 N/m, λ = 10 pN, cs = 5 × 107, cb = 103, A = 100 µm2. r, R, Rb,

and V denote the radius of the pore, the radius of the adhered surface, the crown

radius, and the volume of the vesicle, respectively.
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Surface bound
cap-shaped vesicle

A flatter surface bound
cap-shaped vesicle

Surface bound
cap-shaped vesicle

Surface bound
double bilayer

Surface supported
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Figure 3.6: Process with a pore with small radius near a free bilayer edge. The

vesicle loses its volume via this pore, and it transforms into a hat, when its contact

angle ϕ decreases to ϕb. This hat-shaped vesicle keeps losing volume, until the vesicle

loses all of its volume and becomes a flat disc. The brown line denotes the free bilayer

edge.

3.2.2 Slow outflow near a free bilayer edge

Jass et. al. [28] have reported that hat-shaped vesicles occur near bilayer patches.

We assumed that a pore with small radius may be permanently open near this free

edge.

The rate of Poisseuille flow driven by a pressure difference ∆p between two paral-

lel plates of length Lx and width Ly separated by distance hm is h3
m∆pLy/(12η0Lx).

Although the flow geometry inside the brim is slightly different, the rate of the

volume loss of the vesicle can be estimated by Poisseuille flow rate under the as-

sumptions that the driving pressure is the Laplace pressure (2σ/Rc) and that the

effective width and length of the plates are of the same magnitude (both comparable

to the width of the brim):

V̇ ≈ −1

6

h3
mσ

Rcη0

(3.12)
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where hm is the separation of the top and bottom bilayers of the brim and it is

a couple of nanometers. This tiny pore appears due to the presence of a high

energy bilayer edge, its size is the same all over the process, therefore the rate of

pore opening and the dynamics of the pore radius (Eqs. (4.6) and (2.8)) should be

ignored and Eq. (2.9) should be replaced by Eq. (3.12).

This outflow is slow enough for quasi-static time evolution, the liposome is al-

ways very close to the equilibrium geometry. When a vesicle gets in touch with

a hydrophilic surface, it takes either a cap or a hat shape depending on its initial

geometry, and develops a surface tension σ given by Eq. (1.16) or Eq. (3.6), respec-

tively. In this case, the Laplace pressure caused by the surface tension will drive the

internal fluid out of the vesicle, and make the vesicle lose its volume. Because the

leakage is slow, the shape of the vesicle always remains close to equilibrium. Even

if the initial geometry is a cap, it will transform into a hat, when its contact angle

ϕ decreases to ϕb. As this hat-shaped vesicle keeps losing volume, because there is

no force which may make the pore near the bilayer patch reseal, its crown shrinks

and its brim grows with fixed contact angle ϕb. Eventually, the vesicle loses all of

its volume and becomes a flat disc.

Assuming hm ≈ 2 nm, strong adhesion (W ≈ 10−3 N/m), using the crown

geometry of Fig. 3.1(c) (R ≈ 300 nm, Hc ≈ 30 nm, leading to Rc ≈ 1500 nm –

Eq. 3.2), the volume loss rate is about 4× 105 nm3/s. The volume of the same hat-

shaped vesicle is about 4× 106 nm3 (Eq. 3.1), i.e., it takes about 10 s for the vesicle

to completely lose its volume. Although this is a rough estimation (e.g., the real

value of W might be considerably smaller, which results in a slower volume loss), it

is consistent with the minute-long flattening times observed by Jass et al. [28], and

supports their hypothesis that hat formation is induced by a free membrane edge.

To conclude, the simple extension of the “Basic Model” with membrane–membrane

adhesion may produce long lasting transient brims, however, it is a rare phenomenon.

We could explain observed minute-long transient brims by assuming a constantly

open pore with small radius near a free bilayer edge. However, long lasting brims

without bilayer formation may occur if the adhesion energy between the surface and

the membrane is not too large and the vesicle’s relative volume is low.

3.3 Theses

1. After pore formation we have detected the appearance of double bilayers in

each case, but usually these have a very short lifetime.
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2. By varying the used parameters we have produced long lasting double bilayers

but the parameters are fine tuned.

3. Assuming that a little pore is always open nearby the contact line we have

detected long lasting double bilayers in a wide range of parameters which is in

great agreement with experimental data.
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Chapter 4

Pore formation along the contact

line of surface-adhered liposomes

Vesicle spreading is believed to be preceded by the formation of either a single or

a series of transient membrane pores [69, 80]. Due to the rapid nature of pore

formation it is very difficult to observe experimentally where and how often pores

can form. It has been recently suggested that pore formation is more likely to

occur at the highly bent part of the membrane near the contact line of the vesicle

[81]. Here we investigate analytically the energetic aspects of pore formation at

geometrically different locations of a surface-adhered liposome, including the contact

area, the contact line, and the non-adhering surface. Our results are the first that

quantitatively confirm the preference of pore formation along the contact line [82].

It was observed experimentally that a critical vesicle coverage is needed for SLB

formation [25, 61], in agreement with Monte Carlo simulations [59, 83]. Oversatu-

ration of the surface, when vesicle rupture is hindered by the close proximity the

vesicles was also detected [84]. Other studies [23, 62, 65] revealed that the bottle-

neck of SLB formation is the rupture of a single vesicle and then the rupture of the

rest of the vesicles occur much faster. Numerical simulations of SLB formation are

often assume that the presence of a bilayer edge enhances the adsorption and rup-

ture of vesicles [85, 86]. All these studies indicate the significance of pore formation

along the contact line, where even a transient pore has the chance to interact with

a preexisting bilayer edge, become stabilized, and eventually lead to vesicle rupture.

69
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Figure 4.1: Schematics surface-adhered vesicle with a pore at the contact line.

4.1 Results

When a membrane vesicle gets in contact with a flat hydrophilic surface it first forms

a spherical cap (see Fig. 4.1) to maximize its contact area with the surface [44, 32].

In equilibrium, the surface tension of the membrane (σ) is given by the Young-Dupre

equation [45], which is the condition of force balance at the vesicle-support contact

line:

σ =
W

1 + cosϕ
, (4.1)

where W is the adhesion energy between the membrane and the surface per unit

area (it is positive for attractive interaction), and ϕ is the contact angle (see Fig.

4.2).

As discussed in Section 1.5, pore nucleation is an activated process, and it can

occur anywhere along the membrane. The energy of a pore of radius r0 at the non-

adhering upper part of the cap (where membrane bending is negligible, and surface

adhesion is lacking) is [46, 47]

E0 = 2πr0λ− πr2
0σ , (4.2)

where the first term is the energy contribution of the free bilayer edge characterized

by the line tension λ, and the second term accounts for the energy gain due to

the shrinkage of the membrane under surface tension σ. The pore energy E0 has a
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ϕ
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W

Figure 4.2: Cross section of the vesicle near the contact line. Rcl is the radius of

curvature of the membrane at the contact line, ϕ is the contact angle, σ is the surface

tension of the membrane, and W is the adhesion energy between the membrane and

the surface per unit area.

r
θ

λ

λII

hp

Figure 4.3: Parametrization of the pore with a shape of circular segment. r, hp,

and θ are the radius, the height, and the central angle of the pore, respectively. λ

and λII are the line tensions along the arc and the chord of the circular segment.
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parabolic barrier at a radius

r∗0 =
λ

σ
=

λ

W
(1 + cosϕ) (4.3)

with an activation energy of

E∗0 = π
λ2

σ
= π

λ2

W
(1 + cosϕ) =

π

ω
(1 + cosϕ)κ , (4.4)

where

ω =
Wκ

λ2
(4.5)

as the only dimensionless combination of the elastic and energetic parameters of

the system, which can be considered as the dimensionless adhesion energy, has been

introduced.

Pore opening can thus occur with an Arrhenius like fashion at a rate of

k = k0
A0

a2
exp

(
− E∗0
kBT

)
, (4.6)

where kB is the Boltzmann constant, T ≈ 300 K is the absolute temperature, A0 is

the non-adhering surface area of the cap-shaped vesicle, a2 is the surface area of a

lipid molecule with linear size a ≈ 0.8 nm [32], and k0 is the local attempt rate of

pore nucleation, which is estimated to be of the order of 108 1/s [69].

Pore opening at the contact area between the vesicle and the surface has an

additional energy cost, due to the loss of adhesion, which can easily be taken care

of by formally subtracting W from σ in Eqs. (4.2) to (4.4). The elevated activation

energy makes pore opening at the contact area less likely to occur.

Pore opening at the highly bent area near the contact line (Fig. 4.2), on the other

hand, is energetically more advantageous, because it involves the release of curvature

energy. Determining the activation energy, however, requires care. Whether the pore

at the transition state (i.e., at the top of the energy barrier) is smaller or larger than

the width of the highly bent region along the contact line makes a difference. The

radius of curvature of the membrane at the contact line is

Rcl =

√
κ

2W
, (4.7)

where κ is the bending rigidity of the membrane [32]. Although the curvature

monotonically decreases as the membrane converges to the spherical top region, the

radius of curvature can be well approximated with Rcl all along the highly bent area,

where it takes a turn of an angle of π − ϕ. Consequently, the width of the highly

bent region along the contact line can be estimated as Rcl(π − ϕ).
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4.1.1 Smaller pore than the highly bent region

First, let us assume that the pore is smaller than this width. In this scenario (which

we designate by the subscript “I”) the curvature energy released by the opening of

a pore is κ/(2R2
cl) = W per unit area. This means that Eqs. (4.2) to (4.4) can be

used to describe pore nucleation by formally adding W to σ, and introducing an

effective surface tension

σI = σ +W = W
2 + cosϕ

1 + cosϕ
. (4.8)

Thus, the radius of the pore at the transition state becomes

r∗I =
λ

σI

=
λ

W

1 + cosϕ

2 + cosϕ
=

√
2√
ω

1 + cosϕ

2 + cosϕ
Rcl (4.9)

and its activation energy is

E∗I = π
λ2

σI

= π
λ2

W

1 + cosϕ

2 + cosϕ
=
π

ω

1 + cosϕ

2 + cosϕ
κ , (4.10)

After rearrangement, the condition for this scenario, i.e., 2r∗I < Rcl(π − ϕ) can

be expressed as

1 <
Rcl

r∗I

π − ϕ
2

=
√
ω

2 + cosϕ

1 + cosϕ

π − ϕ
2
√

2
. (4.11)

4.1.2 Larger pore than the highly bent region

The other scenario (designated by the subscript “II”) is when the pore is larger than

the width of the highly bent region. In this case we assume that all the curvature

energy that is released affects only the line tension of the pore near the contact line,

reducing it by Rcl(π − ϕ)κ/(2R2
cl) = λ(π − ϕ)

√
ω/
√

2, and resulting in an effective

line tension

λII = λ

(
1−
√
ω
π − ϕ√

2

)
. (4.12)

The line tension elsewhere and the area related energy of the pore remain intact.

The presence of the two types of line tensions breaks the circular symmetry of the

pore at the transition state. Because the effective line tension is confined to the

contact line, here the pore must have a straight segment. The longer this segment

the more curvature energy is released. The rest of the circumference of the pore

must, however, have a circular shape, because at the transition state the pore is in

mechanical equilibrium and all of its points with identical elastic properties must

also have identical geometries. What follows is that the pore takes the shape of a



74

circular segment, as demonstrated in Fig. 4.3, where its radius and central angle are

denoted by r and θ, respectively. The energy of such a pore is

EII = θrλ+ 2 sin

(
θ

2

)
rλII −

r2

2
(θ − sin θ)σ , (4.13)

where the first term is the energy cost of the bilayer edge along the arc of the pore,

the second terms is the energy cost of the edge at the chord (running along the

contact line), and the third term describes the energy gain due to the shrinkage of

the membrane. The coefficients of λ, λII, and σ are the arc length, the chord length,

and the area of the pore, respectively.

The transition state is a saddle point of the energy function in the configuration

space, therefore, at the transition state the first derivatives of EII with respect to

both r and θ must be zero. After taking the derivatives and setting them to zero,

the radius and the central angle of the pore at the transition state can be expressed

as

r∗ =
λ

σ
(4.14)

and

θ∗ = 2 arccos

(
−λII

λ

)
, (4.15)

respectively. It is not surprising that this radius is identical to the radius of the

transition state of a circular pore localized completely along the non-adhering part of

the vesicle, as given by Eq. (4.3), because both correspond to mechanical equilibria,

characterized by the same elastic and geometric properties. Plugging r∗ and θ∗ into

Eq. (4.13) the activation energy of the pore becomes

E∗II =

arccos

(
−λII

λ

)
− λII

λ

√
1−

(
λII

λ

)2
 λ2

σ

=

arccos

(
−λII

λ

)
− λII

λ

√
1−

(
λII

λ

)2
 1 + cosϕ

ω
κ . (4.16)

The condition for this second scenario, i.e., for the appearance of a pore with a

shape of a circular segment is that the height of the pore, h∗p = r∗(1− cos(θ∗/2)) =

r∗(1 + λII/λ), be larger than the width of the highly bent region along the contact

line, Rcl(π−ϕ). After some rearrangements we find that this condition is the exact

complement of the condition for the first scenario, given in the inequality (4.11).

This is very surprising, because we used different assumptions for describing the

two scenarios. At the same time, it is very fortunate that the scenarios divide the
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Figure 4.4: The activation energies E∗0 , E∗I , and E∗II for three different values of

the dimensionless adhesion energy ω, as a function of the contact angle ϕ. The lines

are dashed where the condition for the corresponding scenario is not met.

parameter space into two disjunct regions. Moreover, as Fig. 4.4 demonstrates the

activation energies of the two scenarios are very similar near the border between the

two parameter regions.

4.2 Discussion and comparison to experimental

data

The bending rigidity of membranes is typically of the order of κ ≈ 10−19 J [70,

41], while the typical line tension is about λ ≈ 10−11 N [49, 48]. The adhesion

is considered to be strong when the adhesion energy W exceeds 10−3 N/m, i.e.,

when the dimensionless adhesion energy ω = Wκ/λ2 exceeds unity. The ω ≈ 1

value separates not only the regimes of strong and weak adhesion, but also the two

scenarios by which pores open at the contact line. When ω . 0.2 (see Fig. 4.4) pore

formation occurs according to the first scenario (via circular transition pores), and

when ω & 0.8 pores form according to the second one (with the transition state being

a circular segment). In either scenario the energy barrier against pore formation is

typically less than half of that at the spherical top of the vesicle (with the exception
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at ϕ ≈ π, when the energy barrier is negligible anyway). From SLB formation the

activation energy is estimated to be 70 ± 8 kJ/mol [61] and 42 ± 4 kJ/mol [59].

For such high values a factor of two makes pore formation at the contact line many

orders of magnitude more probable than at any other part of the vesicle.

This finding is supported by several experimental and theoretical studies. The

bilayer patches produced by the rupture of giant unilamellar vesicles appear to be

heart-shaped rather than circular [65], indicating that the opening of the last pore

must have occurred at the contact line. Sandre et al. slowed down the dynamics by

applying a viscous solvent and directly observed that pores preferentially open near

the contact line of surface adhered vesicles [20]. In one of our previous works [87]

we also had to assume that pores open at the contact line to be able to explain the

emergence of hat-shaped vesicles [28].

Note that our calculations are valid for single vesicles adhering to a solid surface.

If SLB patches are also present and a free bilayer edge gets in contact with the

contact line of a vesicle, then pore opening proceeds without having to overcome

any elastic energy barrier. The fusion of the free bilayer edge with the edge of the

opening pore together with the release of the curvature energy makes the change

of the elastic energy negative. In this case the rate of pore formation is limited by

factors other than membrane elasticity (e.g. edge fusion). A range of experimental

studies confirm that the presence of bilayer edges can induced the rupture of vesicles

that would not rupture spontaneously [88, 89, 90].

In conclusion, we have provided the first quantitative characterization of the

formation of pores along the contact lines of surface adhered vesicles, and shown

that under most circumstances pore formation predominantly occurs at the contact

line.

4.3 Theses

1. Our calculations have revealed that the activation energy of pore opening

decreases due to the disappearance of the curvature energy of the contact

edge and the prompt adhesion of the membrane next to the nucleation point.

2. If the pore opens nearby a free bilayer edge the activation energy is zero.

This is consistent with the experimental observation that bilayer formation

significantly speeds up after the rupture of the first vesicle.

3. The effects on vesicle rupture: i) this “new” activation energy should be taken
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into account when the rate of pore formation is calculated, ii) the growth of

the adhered area is not isotropic, however, it has relevance only at the final

stage of the rupture.
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Chapter 5

Nanopore in the surface

Previous studies have revealed that the lifetime of BLMs increases by decreasing

nanopore size [91], which is consistent with the observed long-life BLMs spread-

ing across nanosized holes [92, 93]. The combination of BLM [8] and SLB [15, 16]

results in a new experimental technique to study membrane properties [94]. The

membrane may span across the nanopore etched into the solid support forming a

nanopore spanning lipid bilayer or NPSLB. Sometimes the nanopore is filled with

polimer before spanning [95]. Choosing the right polimer can facilitate the rupture

of proteoliposomes, i.e., vesicles with embedded membrane proteins [96]. NPSLBs

can be constructed by shear flow in microfluidic channels [66], applying Langmuir-

Blodgett or Langmuir-Schaefer transfer [97], using giant liposomes [67], and the rup-

ture and fusion of liposomes [68]. Interestingly, Kumar et. al. has also reported that

sometimes the membrane follows the contour of the nanopore instead of spanning

across it [68]. This observation inspired us to describe the necessary and sufficient

conditions for NPSLB formation.

Interestingly, Kumar et. al. have also reported that sometimes the membrane fol-

lows the contour of the nanopore instead of spanning across it [68]. This observation

inspired us to describe the necessary and sufficient conditions for NPSLB formation

[98].

In this section, we do not discuss what happens if a pore opens in the membrane,

our scope is whether spanning may occur or not.

5.1 Model and methods

In our approximation, the nanopore on the surface has a cylindrical shape with

radius rnp. We looked for equilibrium of this system by constant volume and area
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Figure 5.1: The illustration of the problem. We used the notations according to

this figure: Rc is the radius of curvature, Hc is the height of the outside part of the

vesicle, ϕi and ϕo are the contact angles, hnp is the height inside the nanopore, r is

the radius of the nanopore, R is the radius of the adhered area, Wo is the adhesion

energy per unit area outside the nanopore and Wi is the adhesion energy per unit

area inside the nanopore.

of the liposome. In this chapter, “surface” (A) and “volume” (V ) quantities denote

the surface and volume of the out-of-the-nanopore part of the vesicle instead of the

surface and volume of the whole vesicle, respectively. The detailed setup is drawn

in Fig. 5.1.

In the model, the entire surface and the entire volume of the vesicle was consid-

ered to be constant all over the time.
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5.2 Assumptions

We assumed that the vesicle is always large enough for spanning the nanopore.

Local bending energy

The typical value of the bending rigidity of the membrane is κ = 4 − 10 × 10−20

J [41] and the size of smaller vesicles is 2R0 ≈ 50 nm in diameter [23]. The local

bending energy per unit area of a membrane sphere is (using Eqs. (1.1) and (1.3)1)

fcap = 8
κ

R2
0

, (5.1)

where κ is the bending rigidity and R0 is the radius of the membrane. fcap is

lower if the liposome is flatter or larger. The local bending energy is approximately

10−4 N/m when the vesicle is a sphere with 2R0 ≈ 50 nm (small) diameter. This is

at least one order of magnitude lower than the typical adhesion energy between the

surface and the membrane per unit area, therefore it can be neglected.

Inside the nanopore, the first radius of curvature is the radius of the nanopore,

the second is infinitively large, because the wall of the nanopore is straight. Thus,

the local bending energy per unit area of the nanopore–adhered part of the vesicle

is

fnp =
κ

2r2
np

= Wo

(
Rcl

rnp

)2

(5.2)

which is approximately 10−3 N/m in the case of rnp ≈ 10 nm nanopore radius, which

is in the same order of magnitude as the adhesion energy between the surface and

the membrane. It is lower when the nanopore is wider, thus it can modify the in-the-

nanopore adhesion energy depending on the nanopore’s diameter. This modification

is not detailed but included in the in-the-nanopore adhesion energy Wi.

Pseudo-line tension along the contact line

By the contact line, the radius of curvature is Rcl ≈ 10 nm2 [32] (see Section 1.4),

which leads to an effective line tension along the contact line, which can be calculated

as

1As discussed in Section 1.3, the second term of Eq. (1.3) is negligible, therefore we do not take

this into consideration.
2The radius of curvature along the contact angle continuously increases from Rcl to Rc. Con-

sidering a constant radius of curvature of Rcl results in a higher curvature energy.
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λeff =
κ

2Rcl

(π − φo) = WoRcl(π − φo) , (5.3)

where R is the radius of the contact area. This also modifies the adhesion energy

along the contact line as

W eff
o = Wo − λeff = Wo (1−Rcl/R(π − φo)) (5.4)

In most experimental situations, the condition Rcl << R holds, therefore, W eff
o ≈

Wo, this effect is negligible.

All the above estimations show that only the adhesion energy between the mem-

brane and the surface inside and outside the nanopore has to be taken into account

to define the equilibrium.

5.3 Results and discussion

In mechanical equilibrium, the sum of the forces is zero, thus the surface tension is

homogenous all over the membrane; the little non-adhering piece of membrane inside

the nanopore has the same curvature as the spherical cap of the out-of-the-nanopore

part of the vesicle, because the Laplace pressure must be the same.

Both inside and outside the nanopore the contact angles are defined by the

Young-Dupre law (Eq. (1.16)), therefore

σ =
Wi

1 + cosϕi

=
Wo

1 + cosϕo

, (5.5)

where σ is the surface tension of the membrane, ϕi and ϕo are the contact angles

at contact line inside and outside the nanopore, respectively, Wi and Wo are the

adhesion energies between the membrane and the surface inside and outside the

nanopore, respectively.

The cosine of the contact angles can be defined by geometrical variables as

cos(ϕi) = −rnp

Rc

(5.6)

and

cos(ϕo) = −Hc −Rc

Rc

, (5.7)

where Rc and Hc are the radius of curvature and the height of the cap, respectively.

Rearranging the above three equations leads to
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Figure 5.2: W crit
i (proportinal to Wo) depending on the ratio of Rc and r.

Heq
c = Rc

(
2− Wo

Wi

)
+
Wo

Wi

rnp . (5.8)

It means that in mechanical equilibrium, the height of the out-of-the-nanopore part

of the vesicle (Heq
c ) depends on the vesicle’s radius, Rc, the nanopore’s radius, r,

and the ratio of the adhesion energies. According to Wi, H
eq
c is a monotonically

decreasing function, therefore, a critical value of Wi can be defined, when Heq
c = 0:

W crit
i =

Wo

2

rnp +Rc

Rc

. (5.9)

Above this value Heq
c is negative, which means that the vesicle cannot reach a

mechanical equilibrium. If the radius of the pore is much less than the radius of the

vesicle, the second term of Eq. (5.8) will be negligible, which leads to W crit
i = 0.5Wo.

It is obvious that the adhesion energy inside the nanopore must be lower than

outside of it for NPSLB formation. Surprisingly, our calculations have revealed that

Wi < 0.5Wo is needed for liposome spanning. Since the curvature energy inside the

nanopore is comparable to the adhesion energy (Eq. (5.2)), decreasing the diameter

of the nanopore also leads to a decrease in Wi, thus spanning is more likely when

smaller nanopores are applied.

When the nanopore is not deep enough to reach the mechanical equilibrium there

are two possibilities. The first one is when it has a bottom, in this case the above

mechanical equilibrium cannot be reached. In the second case, when the nanopore
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has no bottom, the vesicle goes through it and the Eq. (5.5) criterion must be true

(in this case, Wi denotes the adhesion energy on the other side of the chip). Due

to the different geometry, the cosine of ϕi (Eq. (5.6)) has a different value, however,

all the other calculations are the same. On one hand, it can be avoided by using

smaller vesicles or thicker chips, on the other hand, using large vesicles and thin

chips may lead to vesicles which go through the nanopore.

Using too small vesicles leads to another problem, when the diameter of these

are smaller than the diameter of the nanopore. In this case, the liposome can hit

the nanopore and start adhering just inside of it not using the surface of the chip.

In this work we did not study the effect of pore formation in detail. According

to our previous results [69] (Chapter 2), after the resealing of the pore, the vesicle

will reach its new mechanical equilibrium, or, if the pore cannot reseal, the lipid

bilayer will span accros the nanopore, if Wi < Wo.

Our work has revealed that reducing the adhesion energy inside the nanopore of

the surface to the half of the adhesion energy outside of the nanopore leads to vesicle

spanning. The spanning phenomenon has already been observed experimentally by

using hydrophobic nanopores [68] or chemically modified nanopore surface [67, 99].

5.4 Theses

1. We have calculated the values of the adhesion energy when spanning occurs

depending on the radii of the vesicle and the nanopore analytically.

2. We have shown that vesicles always span above the nanopore if the adhesion

energy inside this is lower than the half of the adhesion energy outside the

pore.



Chapter 6

Conclusion

We have developed a theoretical model by combining the elastic theories of mem-

branes, hydrodynamics, and the activated process of pore opening, which explains

numerous observed phenomena related to the behavior of lipid vesicles near solid

surfaces, including vesicle rupture. The model involves three ordinary differential

equations (Eqs. (2.9), (2.8), and (2.10)) and a stochastic process (with a rate given

by Eq. (4.6)), which are coupled to each other through the dependence of the surface

tension on the geometry of the vesicle (as described by Eq. (2.12)). The model relies

on two basic but plausible assumptions: homogeneous surface tension and spher-

ical cap shape, and also incorporates a few simplifications: geometry-independent

drag coefficient, pore formation only at the non-adhering part of the membrane,

undulations neglected at the contact area, omission of the elastic expansion of the

membrane. Although the simplifications are expected to have little effect on the

results, they are not inherent parts of the model, and can be relaxed at will.

Our results have revealed that the bottleneck during the rupture process is the

pore formation. Its rate depends exponentially on the reciprocal of the surface ten-

sion of the membrane (Eq. (4.6)), which depends on the geometry of the vesicle

(Eq. (1.16)). Varying the size and the shape of the vesicle and the strength of

the adhesion between the surface and the membrane, we have been able to repro-

duce several experimental results such as the lack of vesicle fusion [23, 62], the size

dependence [23, 29], the dependence on the strength of the adhesion between the

lipids and the surface [61, 63, 64], the effect of the initial geometry and osmosis

[18, 78], temperature dependence [77], and the time-scale of rupture [18, 65]. The

model also predicts some experimentally inaccessible behavior, such as the opening

of transient pores, but most importantly, it provides a tool for determining under

what conditions vesicle rupture and SLB formation is expected to occur. While the
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analytically determined criteria (from Eq. (2.17) to (2.21)) can serve as guidelines,

in the experimentally relevant parameter range, where the cross-over between slow

and rapid rupture takes place, the simulations of the model are indispensable.

We have explained the presence of double bilayers experimentally observed dur-

ing rupture [28] with taking into account membrane-membrane adhesion. It adds

one more ordinary differential equation (Eq. (3.11)) and another acceptable assump-

tion (the cylindrical symmetry of hat-shaped vesicles) to the original model. Our

simulations have revealed that the occurrence of double bilayers is a general phe-

nomenon, however, these are hard to be observed due to their short lifetime. This

model can produce long lasting transient brims, the parameters are, however, well-

tuned. A little change in, e.g., the size of the vesicle, the strength of the adhesion

between the membrane and the surface, or the drag coefficient along the surface,

leads to dramatically different dynamics, which may explain why brim formation is

a rare phenomenon. The occurrence of double bilayers is much more likely if the

presence of a permanent pore at a free edge of a bilayer patch is assumed.

We have shown an explanation of the phenomenon that pores usually open nearby

the contact line of the liposome [65, 81]. We have studied two different scenarios: (i)

a small pore at the highly bent area, and (ii) a circular-segment-shaped pore with

two different line tensions along the arc (“standard” line tension) and the straight

(the line tension is reduced by the vanished curvature at the contact line and the

adhesion energy of the instantly adhering piece of membrane). By minimizing the

energy of this pore (Eqs. (4.10) and (4.13)), our analytic calculations have revealed

that pore formation is more likely at the contact line in both cases. Interestingly,

there is no activation energy in the presence of a free bilayer edge. This explains

why SLB formation starts by the rupture of a core vesicle and how the appearing

free high energy edge catalyzes this process [23, 62], and the observation hat-shaped

vesicles occur nearby a SLB patch [28]. It also validates the assumption on the

permanently open little pore by a free bilayer edge (Chapter 3).

Finally, we have presented a solution for the spanning problem. The model is

based on the balance of forces (Eq. 5.5) and the assumption of cap-shape of the out-

of-the-nanopore part of the vesicle. Vesicle spanning comes into existence if the ratio

of the adhesion energies inside and outside of the nanopore is less than 0.5 and the

vesicle’s total surface–volume pair is larger than the surface–volume pair belonging

to the unstable equilibrium, or the surface is above the critical value depending

on the vesicle’s volume. Reducing the adhesion energy inside the nanopore of the

surface leads to vesicle spanning, which is consistent with previous observations
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[67, 68, 99].

On the whole, we have developed a detailed model, which may serve as a tool

to predict the occurrence of SLB and NPSLB formation and the accompanying

phenomena, which may be useful for planning experiments.
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Összefoglaló: Liposzómák viselkedése szilárd hor-

dozók mentén (szerző: Takáts-Nyeste Annamária)

A biológiai membránok kulcsfontosságú szerepet töltenek be a sejt életében: elvá-

lasztják azt a környezettől, illetve ezen keresztül történik az anyagcsere és a kom-

munikáció is. Mivel a sokrétű feladat következtében ezek igen összetett struktúrák,

ezért nehéz az egyes komponensek tuajdonságait külön-külön vizsgálni.

Minden biológiai membrán alapját egy foszfolipid kettősréteg képezi. Ennek

tanulmányozására több modellrendszer is létezik, melyek közül az egyik a szilárd

hordozóra felvitt lipid kettősréteg (SLB), amivel doktori disszertációm foglalkozik.

Szilárd hordozóra felvitt kettősrétegek liposzómák szilárd felület közelében meg-

figyelt spontán dekompoźıciója során jönnek létre. Annak ellenére, hogy ez egy széles

körben elterjedt eljárás, ezen folyamat elméleti léırása igen hiányos. Ezt a hézagot

igyekeztünk kitölteni.

A kettősréteg-képződés során ḱısérletileg tapasztalt törvényszerűségek figyelem-

bevételével sikerült felálĺıtanunk egy olyan modellt, ami a legtöbb megfigyelt je-

lenséget megmagyarázza. A rendszer különböző paramétereinek változtatásával

több ḱısérleti eredményt is sikerült reprodukálni. Két egymáshoz közeli membrán-

darab közötti adhéziót is megengedve sikerült magyarázatot adni arra, hogy miért

lehet egyes esetekben dupla lipid kettősréteget megfigyelni kiterülés közben.

Azt is vizsgálták a ḱısérletek során, hogy pórusok sokszor a kitapadási él mentén

keletkeznek, illetve a kettősréteg–képződés egy ,,mag” liposzóma kiszakadásával

kezdődik. Ezért kiszámı́tottuk, hogy mennyivel csökkenti a pórusképződés ener-

giáját a kitapadt él menti görbület megszűnése, illetve egy szabad membránéllel

történő fúzió, és ı́gy miért gyorsul fel a kettősréteg–képződés.

Végül arra a problémára is sikerült megoldást találni, hogy miként lehet a

felsźınbe égetett lyuk fölé kifesźıteni egy lipid kettősréteget. Meghatároztuk a rend-

szer paramétereinek (pl. az adhéziós energia a lyukon ḱıvül és belül) függvényében

az energiaminimumhoz tartozó geometriát, aminek alapján javaslatot tudunk adni,

hogy milyen ḱısérleti elrendezést célszerű használni különböző esetekben.



90



91

Summary: The behavior of liposomes near solid

surfaces (written by Annamária Takáts-Nyeste)

Biological membranes play a key role in cell life: apart from separating the cell

from its environment, they are also involved in intra- and extracellular signaling

and transportation. Due to their multiple duty these structures are very complex,

therefore it is hard to study each component separately.

A phospholipid bilayer is a particular component of each type of biological mem-

brane. There are several model systems developed for bilayer studies. One of them

is called “Solid Supported Bilayer” (or SLB), which is in the focus of my Ph.D.

thesis.

SLBs are formed by the spontaneous deposition of liposomes near solid supports.

Despite the widespread usage of this method, the theoretical description of this

process is scarce. Therefore we tried to fill this gap in.

By taking into account the experimentally observed effects, we have developed a

model, which explains most of the observed phenomena during vesicle rupture. By

varying the system parameters, we have reproduced a lot of experimental results.

By allowing membrane-membrane adhesion, the occurrence of double bilayers has

also been explained.

It has been observed experimentally that pore formation is more likely by the

contact line, and the SLB formation speeds up after the rupture of a seed vesicle.

Thus we have calculated how the disappearance of the curvature and the fusion with

a free bilayer edge reduces the energy of pore formation.

Finally, we have determined the conditions of the formation of nanopore span-

ning lipid bilayers (NPSLBs). By calculating the geometry belonging to the energy

minimum depending on the system parameters (such as the adhesion energy inside

and outside of the nanopore), we can give advice how to plan the experiments.
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[63] E. Reimhult, F. Höök, and B. Kasemo, “Vesicle adsorption on sio2 and tio2:

Dependence on vesicle size,” J. Chem. Phys., vol. 117, pp. 7401–7404, 2002.

[64] R. Richter, A. Mukhopadhyay, and A. Brisson, “Pathways of lipid vesicle depo-

sition on solid surfaces: a combined qcm-d and afm study,” Biophys. J., vol. 85,

no. 5, pp. 3035–3047, 2003.

[65] C. Hamai, P. S. Cremer, and S. M. Musser, “Single giant vesicle rupture events

reveal multiple mechanisms of glass-supported bilayer formation,” Biophys. J.,

vol. 92, no. 6, pp. 1988–1999, 2007.



99

[66] P. Jönsson, M. P. Jonsson, and F. Höök, “Sealing of submicrometer wells by a
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