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This thesis deals with some aspects of the structural integrity of lipid
bilayers, and especially how this integrity is affected by the interaction with nanoparticles. More specifically, the interaction was studied
for oxide nanoparticles, which are solid hydrophilic particles whose
surface charge depends on pH. This work mainly focuses on two
questions: what lipid architectural properties determine bilayer stability and instability, and under what conditions and by which properties can nanoparticles disrupt the lipid bilayer? The first question
is theoretically investigated with a new bilayer model that uses the
Scheutjens-Fleer Self Consistent Field (SCF) theory, presented in
the second chapter. The second question is investigated in the third
and fourth chapter that combine experimental techniques and SCF
modelling. This includes a newly developed fluorescence screening
assay that is presented in the third chapter, and reflectometry experiments and SCF calculations on the adsorption of a model bilayer on
a titratable silica-like surface that are included in the fourth chapter.
The final and fifth chapter builds upon the first chapter by an SCF
investigation of vesicle instability that is caused by edge formation,
which may cause pore formation in a vesicle, or cause the vesicle to
shatter into many lipid disks.

Bilayer structure and mechanics
Lipid bilayers have been studied with a broad range of experimental and modelling techniques, and theoretical models exist that describe the lipid bilayer at multiple length scales. To relate the models
at atomic length scales with the mesoscopic models that disregard
the molecular bilayer properties, we use a new SCF bilayer model.
This model was built to come close to reality with lipid molecules
with a realistic structure, and carefully chosen interaction parameters. These input parameters were calibrated with realistic values for
the lipid solubility in water, the head group tilt in the bilayer, and the
Gaussian bending modulus for DOPC bilayers. We obtained multiple
membrane parameters with this model. Some are structural, such
as the area per lipid in the monolayer or the bilayer thickness. Othk) benders are mechanical, such as the mean (kc) and Gaussian (7
ing modulus, the preferred monolayer curvature J0m, and the bilayer
elasticity modulus kA. The lipids that were used in this study are the
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zwitterionic phosphatidylcholine (PC) and phosphatidylethanolamine (PE),
and the negatively charged phosphatidylglycerol (PG). We studied bilayers
composed of PC and PE lipids with varying tail length, and bilayers that are
formed by mixtures of PC and PG lipids in a solution of a monovalent salt with
varying ionic strength.
A lipid bilayer is formed by lipid self-assembly. For a fixed number of lipids,
a self-assembly process results in a membrane with a given area. To reach
such an equilibrium area, there must be a stopping mechanism for self assembly. Based on results from lipids with varying tail lengths, we conclude
that this stopping mechanism is a balance between head group pressure and
tail stretching. The driving force for self-assembly, on the other hand, is the
hydrophobic nature of the lipid tails. With increasing tail length, we would
expect more lipids to be driven into the bilayer, and therefore cause a smaller
head group area, but the opposite was seen. Tail stretching causes an entropy loss, which increases with tail length. This is an effect that drives to
increase the area per lipid, which agrees with our results.
The mechanical bilayer properties are regarded in relation to the bilayer
structure. We find that the bilayer elasticity modulus kA correlates with core
thickness, and we conclude that its value is dominated by core region contributions, while it is quite insensitive to changes in the head group region.
The mean bending modulus kc, however, is found to correlate with contributions from both the head and tail region. Both kc and kA increase with tail
length, but obey different dependences when a PC bilayer is gradually loaded
with charged PG lipids. The elasticity modulus decreases with the fraction of
PG lipids while kc increases. On the other hand, kA is very sensitive to ionic
strength changes for highly charged bilayers, while kc is not. These observations contradict with proposals in literature that kc and kA are directly related.
This correlation is valid only under specific conditions, such as systems in
which the only variable is the lipid tail length.
The preferred monolayer curvature J0m and the Gaussian bending modulus
7k are strongly related, and their behaviour can well be understood in terms of
the Israelachvii packing parameter P. Contributions come mostly from head
groups, but also from tail properties, especially its length. The Gaussian bending modulus can become positive for very long lipid tails. With bilayers composed of charged lipids, we find that the preferred monolayer curvature can
change sign. More charge on head groups gives rise to larger head groups
k deand smaller P. Consequently, J0m increases and changes sign, and 7
creases and becomes more negative.
k are strongly related, they can be affected separately,
Although J0m and 7
which is interesting from a biological perspective. This was seen for PC and
k is lowered when PE lipids are used instead
PE lipids. J0m is not affected, but 7

Nanoparticle-bilayer interaction
In Chapter 3, we investigate the interaction between the lipid bilayer and engineered nanoparticles. Society has become increasingly worried over these
particles, which are now applied in a wide variety of products. To test if a
certain particle might be able to enter a cell by crossing the cell membrane,
we developed a screening assay that shows if such a particle can disrupt a
lipid bilayer. For this assay, a fluorescence vesicle leakage method is applied
as a high throughput measurement in 96-well plates. This chapter shows that
this assay can be applied not only for qualitative screening, but also to quantitatively study the particle-bilayer interaction. The NP-bilayer interaction is
visualised by confocal laser scanning microscopy (CLSM) measurements to
confirm the results from the fluorescence leakage assay.
A protocol was developed to obtain optimal reproducibility. The particles
and vesicles must be well mixed before they start to interact, so that approximately all vesicles interact with the same amount of particles. To this
end, vesicle concentrations were chosen as low as possible while maintaining
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of PC. With such mechanisms, a living cell may independently tune 7
k and J0m.
The energy to form a lipid vesicle is determined by the effective bending
~ 2 2kc + 7k. High values protect a vesicle
modulus in the spherical geometry, k
from splitting into two by the high energy cost. The effective bending modu~ takes very high values for PC lipid bilayers, and is not affected by ionic
lus k
strength. These findings agree with the high stability of large unilamellar PC
vesicles. For PG bilayers, the effective bending modulus becomes negative
at very low ionic strengths. This means that large vesicles formed from these
lipids are very unstable, which seemingly contradicts the known procedure
to form giant unilamellar vesicles (GUVs) under precisely those conditions:
~, however, coinPG bilayers at low ionic strengths. These extreme values of k
cide with very high kc values, which makes bilayers very stiff with respect to
bending. This stiffness prevents these GUVs to be destroyed by large shape
fluctuations. Therefore, although small vesicles may be preferred over GUVs
under these conditions, GUVs are highly stabilised against destruction, which
may be why they are formed especially under these conditions.
As discussed above, one of the requirements for vesicle stability would
~. Negative values for k~ would thus lead to unstable
be positive values of k
vesicles. With the new insights in the relation between the mechanical bilayer
properties, however, we see that J0m has reached extremely positive values
long before these conditions are met, and hexagonal and micellar phases are
already preferred over bilayers, so that the transition from stable to unstable
~ probably never occurs.
vesicles caused by a sign change of k

a good signal-to-noise ratio. Also, the volume of added nanoparticles was
chosen large enough to allow the particles to mix well with the vesicles when
pipetted into the wells. Measurements were performed with this assay on lipid
bilayers with varying content of negatively charged lipids that were exposed
to silica particles whose charge was regulated by pH. Vesicle leakage was
shown to be a strong function of particle and bilayer charge. The higher the
charge on the bilayer or the particles, the lower the leakage.
Leakage assay measurements on NP concentration series for particles
and vesicles of varying sizes, with radius of 8 to 33 nm, show that the leakage
is related directly to the area ratio between NPs and vesicles. The larger this
ratio, the more leakage occurs. For some larger particles, a single particle
can disrupt multiple vesicles. These observations suggest that particles become partly covered with lipids upon each vesicle that is breached, and that
this continues until the particle is fully covered with lipids, and thus becomes
shielded from other vesicles.
For the smallest vesicles, with a radius of 45 nm, the leakage decreases
again when the area ratio comes close to ANP /AVes = 1. We propose that
multiple particles that surround a vesicle may stabilise the vesicle against
leakage.

Membrane coverage and disruption
Chapter 4 delves further into the nanoparticle-bilayer interaction, and correlates the screening assay results, as discussed in Chapter 3, with results
from several other experimental techniques such as reflectometry and AFM to
better understand the screening method and the particle-bilayer interaction.
These experimental results are related to SCF model results on the interaction of our lipid bilayer model to a pH titrateable silica-like surface.
Biological cell membranes all contain negatively charged lipids as well as
lipids with zwitterionic head groups. The oxide nanoparticles that we study
here - silica and titanium dioxide - can have a charge, either positive or negative. The strength and sign of this charge depends on pH, and causes attraction or repulsion of the negatively charged lipids. The zwitterionic lipids, on the
other hand, can be expected to change their head group orientation, so that
they attract the particles, regardless of their charge sign. The interplay of the
different lipid head group charges in the bilayer with the charged NP surface is
not well understood. We therefore focus in this chapter on the effect of charge
on the interaction between NPs and the lipid bilayer.
Experiments with reflectometry show that silica nanoparticles adsorb
on supported lipid bilayers most strongly when they are uncharged. What
happens when the negative NP charge increases, depends strongly on the
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concentration of charged PG lipids in the bilayer. At low PG amounts, the
adsorption only slightly lowers with increasing NP charge, and there is little
difference between 0 and 1% PG, which is also seen for the initial adsorption
rate. When the PG content of the lipid bilayer is raised from 1 to 5%, the adsorption decreases much more sharply with particle charge, but the adsorption hardly changes when the bilayer charge increases further. Visualisation
of adsorbed particles with AFM shows that these particles lie on the bilayer
surface and are not incorporated in the bilayer. Maximum particle adsorption
densities are found to lie at approximately half the jamming limit for random
sequential adsorption. Together with results from adsorption series at varying
ionic strengths, we conclude that the maximum adsorption is determined not
only by the repulsive particle-particle interactions, but by the particle-bilayer
interaction as well.
A limiting flux was seen for particle adsorption in initial adsorption rate experiments for bilayers with low PG content, which indicates that there is a barrier against adsorption. Since this is found for all pH values the nature of this
barrier cannot be electrostatic. Only for more highly charged lipid bilayers, a
strong flux decay is caused by electrostatics.
Adsorption of titanium dioxide particles could not be studied with reflectometry, due to strong particle aggregation before they reached the lipid bilayer. The interaction of these particles with lipid vesicles was studied with
the fluorescence leakage assay. They were found to disrupt the lipid vesicles
much less then the silica particles. In part this may be due to the lower ionic
strength that was used to prevent aggregation, but we also expect the specific
interactions with the bilayer, which are different for silica or titanium dioxide,
to play a role.
SCF calculations were performed on the interaction between lipid bilayers
and a silica surface. From these calculations was found that PC lipid head
groups that come close to the surface divide in two fractions. If the silica surface charge is low, most head groups lie in their original positions parallel to
the bilayer surface, while a few head groups lie perpendicular, with their positive choline groups close to the surface. The number of head groups that lie
perpendicular to the bilayer increases with the surface charge. According to
literature, this head group orientation change is expected to induce a bilayer
liquid to gel phase transition, which may lead to bilayer disruption.
NP surface charge has a large impact on PC bilayers, but when the silica
surface is charged sufficiently, more charge - at higher pH - does not result in
much stronger interaction. The surface charge increases, but the increased
attraction of the head groups is compensated for by the increased double
layer confinement. At high surface charge density, the confinement will become dominant so that the interaction becomes repulsive. This is in line with

the observations from the leakage assay, where a decrease in disruption of
PC vesicles was found for increasing pH and particle charge.
Thus we conclude from these experiments and computational results that
silica particles adsorb on PC lipid bilayers under a broad range of conditions,
but that the attraction varies with pH and ionic strength. The adsorption of
NPs may lead to bilayer disruption, which was shown in the leakage assay,
but this leakage occurs only when the NP attraction is strong enough. No
bilayer disruption occurs at high NP surface charge density. The mechanism
for disruption is most probably the opening of the bilayer upon interaction. The
interaction was found not only to involve electrostatic interactions but also
specific interaction, as was shown by the comparison of the results from silica
and titanium dioxide.

Edge energy and porous membranes
In Chapter 5 a further investigation on lipid edges is performed, and more
specifically on pore formation in lipid bilayers using the SCF model presented
in the second chapter. It furthermore discusses how the edge energy and the
pore formation depend on the physicochemical conditions and bilayer composition. This final study can be used to predict the energies that a NP needs
to penetrate the bilayer through such a pore.
In Chapter 2 it was mentioned that many gaps remain in our knowledge on
lipid bilayers. As an example of this, Riske and coworkers showed that giant
vesicles can become invisible with slight temperature changes, but may appear again when returning to the starting temperature. It was proposed that
temporary pores would form, so that the bilayer would lose its contrast under
the microscope, but that the vesicle would return when the pores close.
We here study the edge formation in lipid bilayers, a process that covers
the formation of pores, but also of lipid discs. For this, we extend our work
presented in Chapter 2, and study the lipid edge stability for the same bilayer
types as studied in that chapter: PC and PE bilayers with various tail lengths
and pure PG bilayers with fixed tail length, at varying ionic strength.
In a two-gradient SCF model, a bilayer can be formed that contains an
edge, which can be either straight or curved. The straight bilayer edge is infinitely long, while the curved edge causes the formation of a lipid disk or a pore
in a flat bilayer, depending on the curvature sign. The edge energy could be
obtained directly from the SCF calculations. Alternatively, the edge energy of
the straight edge could be estimated by an analytical model that regards the
edge as a strongly curved monolayer. This results an equation for the edge
energy = = {12 :kc({1d { J0m), for which the mean bending modulus kc and the
preferred monolayer curvature J0m were discussed in Chapter 2. The bilayer
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thickness is given by d.
We found that in general, the bilayer thickens close to the edge, and that
the head group density is lower in the edge than in the bilayer far from the
edge. In addition to that, the charged phosphate groups are pushed away
from the edge center, so that they lie further from the bilayer centre than they
are found in the flat bilayer. In the lipid bilayer, there is always a little water
present in the bilayer core. In the edge, however, the amount of water in the
hydrophobic region is reduced by half.
The edge energy was found to be always positive for PC and PE bilayers,
increasing with tail length, and of the order of one kBT/b, the energy per unit
length in our system. This energy is high enough to protect these bilayers
against pore formation, except for lipid tails shorter than 10 segments. At high
ionic strength, PG bilayers have edge energies similar to PC bilayers with
equal length. This edge energy, however, drastically decreases with decreasing ionic strength, and eventually becomes negative, causing these bilayers
to become highly unstable. For all bilayer types studied, the analytical estimate of the edge energy closely follows the direct edge energy evaluation.
We may thus conclude that the preferred monolayer curvature J0m is the key
player that defines the edge energy. Consequently, the edge energy can be
well understood by the packing parameter P, due to its strong relation to the
preferred monolayer curvature, as was discussed in Chapter 2.
A similar analysis was done for curved bilayers, which yielded the edge
bending modulus kc= and the preferred edge curvature J0= . These two parameters describe the edge curvature in a way that is similar to the way the bilayer
curvature is described by kc and J0m. Just like the bilayer mean bending modulus, kc= was found to be always positive, as expected. The Gaussian bending
k also contributes to the curved edge energy, as the formation of a
modulus 7
pore or disk changes the bilayer topology. Interestingly, this contribution to
the edge energy per unit length is linear with the radius. The preferred edge
curvature varies mildly with tail length, but varies strongly with ionic strength
for PG bilayers, and changes sign at lower ionic strengths from negative to
positive values. This sign change lies at a lower ionic strength than the sign
change for the straight edge energy.
From these results, we conclude that stable edges exist. They can be found
under conditions where the edge energy changes sign, and stable pores may
thus be formed without the need for edge-active agents. Indeed, in our SCF
model, stable pores can be formed in pure PG bilayers. When a vesicle is
created that contains a pore, the pore adjusts its size automatically to its equilibrium size regardless of the vesicle size. Using a three-gradient model, we
showed that many pores can stably exist in a single vesicle.
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Chapter 1

All living organisms are composed of cells that are filled with a thick
molecular soup. These molecules act together in seemingly mysterious ways, and constitute a complex machinery that brings these
cells to life. To contain these molecules, and to protect them from the
hostile outer environment, a phospholipid bilayer envelopes the cell.
It is essential that this lipid bilayer, also known as the cell membrane,
should remain in tact and form a perfect barrier at all times. This
requirement seemingly contradicts the cell’s need to allow the controlled transport across the bilayer for the uptake of nutrients, ions
and uncountable other substances, and the excretion of waste products. That these two opposite properties unite in such a membrane
has fascinated researchers from many different disciplines for over
half a century. Yet numerous questions remain. We know that small
molecules are transported actively by proteins embedded in the lipid
matrix. We can therefore say that the small molecules have to obey
to the rules of the membrane. But what happens when a membrane
is confronted with objects that are an order of magnitude larger than
its own constituents. Who then, is in charge? Does it remain true
that these objects have to listen to the membrane, or are the roles
reversed? Any answer to this question will be many-faceted. Viruses
for example are nano-sized. Viruses manage to get into a cell using
a wide range of strategies, proving perhaps that the cell membrane
is not necessarily in control of itself. Apart from many particle types
that are naturally in the environment, new, man-made ones start to
present themselves. Industrially manufactured nanoparticles potentially threaten living organisms if they can pass the cell membrane or
jeopardise its integrity. These particles are applied in many products
and inevitably enter the environment. This thesis aims to contribute
to understand how lipid bilayer stability is affected by exposure to a
selected group of nanoparticles. This chapter will first dive into an
overview of these nanoparticles and why they are suspect, followed
by an account on phospholipids and the bilayer structures that they
form. This introduction will finish with the aim of this thesis and a
thesis outline.

Chapter 1

1.1 Nanoparticles
Within the domain of nanotechnology, nanoparticles (NPs) form a separate
class of materials that exhibit special properties that are due to their small
size. Among these properties are quantum mechanical properties that allow
them to catalyse and photocatalyse certain reactions [1], or to strongly adsorb
light at specific wavelengths [2], such as employed by nanoparticles in sunscreens. Other properties are due directly to their small size, which means a
high surface to volume ratio, and a high specific surface area. These aspects
of increased surface area have a huge impact on the adsorption capacity
of the particles, but also on the dissolution rates if the particle material is
known to dissolve, such as zinc oxide. For these zinc oxide particles, Zn2+
ions can be released at locally very high concentrations when the particle
size decreases. These nanoparticles all fall in the classical domain of colloidal particles - particles in which neither the molecular nor the macroscopic
interactions dominate.
Over the past few decades, the industry increasingly employs nanoparticles to improve the performance of their products, sometimes replacing their
larger counterparts. Little is known, however, of the environmental impact
and ecotoxicological risk differences between these nanoparticles and the
larger micro-scale particles. Nanoparticles have been shown to be able to
accumulate in living organisms and to enter living cells, for example by electron and fluorescence microscopy [3,4]. Such static techniques do not show
the mechanism by which the particle crosses the cell membrane to enter the
cell. No dynamic research methods are available to study this phenomenon.
The particles are too small to detect with light microscopy, and indirect ways
must be found to determine the precise mechanism. Possible mechanisms of
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Figure 1.1: A schematic
representation of a lipid
molecule.

To investigate NP-bilayer interaction, it is therefore crucial to have a thorough
understanding of the lipid bilayer. Almost a century ago, the cell membrane
was proposed to be a lipid bilayer [6], a few decades after the oily nature of
the lipids was proposed. It needed, however, another fifty years before Singer
and Nicolson [7] proposed the famous fluid mosaic model that has since been
regarded as the true bilayer layout. It is now regarded as common knowledge
that the lipid bilayer consists of a hydrophobic layer in the bilayer center that
consists of the alkyl tails of the lipids, enclosed on both sides by the hydrophilic lipid head groups that disperse the bilayer in watery surroundings. The
chemical structure of the lipids that form the lipid bilayer is also long known.
They have been found to be phospholipids, whose amphiphilic structure comprises a hydrophilic and a hydrophobic part, displayed in Figure 1.1. The
central part is a glycerol group, to which two hydrophobic tails are attached.
The hydrophilic head group consists of a phosphate group, also attached to
the glycerol, to which other chemical groups can be linked, depending on the
lipid type, such as a choline for phosphatidylcholine (PC), or a glycerol for
phosphatidylglycerol (PG). A cartoon of the cell membrane is given in Figure
1.2, which shows a cut through a small bilayer piece. This cartoon points to
many ingredients, for example to the head groups on the top and bottom of
the bilayer, and the lipid tails in the center. Some larger objects, indicating
membrane proteins, are fully or partly embedded in the bilayer. The experiments and calculations that are presented in this thesis are all performed on
17
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1.2 The lipid bilayer

Chapter 1

membrane permeation [5] can be deduced from research on cell penetration
by proteins and viruses, but to fully understand the interaction between NPs
and the bilayer, their interaction has to be studied directly.
Generally, the properties of nanoparticles, e.g. their size, shape, specific
surface area and surface charge, are well-defined or can be determined in a
straightforward fashion. Some of these properties, in particular the surface
charge, may depend on the environmental conditions such as pH and salt
concentration. As a result, when we address the question how a particle interacts with a lipid bilayer, most unknowns relate to the lipid bilayer. Its dynamic
nature causes sometimes surprising behaviour. For example, small particles
may draw tubes from the bilayer without ever really crossing it. Others may
be enveloped by the bilayer, and enter the cell via endocytosis - then covered
by a lipid bilayer. Or pores might form under specific conditions, which allow
a nanoparticle to pass. This thesis therefore encompasses a study on the
properties of the lipid bilayer and how it acts in the presence of already welldefined nanoparticles.

c.
b.

Chapter 1

a.

d.

e.

f.

Figure 1.2: A schematic representation of a biological
membrane. The labels indicate: a. glycoprotein b. glycolipid c. carbohydrate chain
d. hydrophobic tails e. phospholipid bilayer f. hydrophilic heads
g. peripheral protein h. cholesterol i. integral protein.*

i.
g.

h.

pure lipid bilayers, without the presence of any other substances such as
membrane proteins. A lipid bilayer is typically a few nanometres thick, which
makes direct bilayer investigation difficult, so that many questions remain regarding the membrane structure that is so very important for the existence
and understanding of life.
Among these questions are those concerning bilayer stability, which is related to the lipid phase behaviour. Lipids can be found to form flat bilayers,
vesicles, micelles and cylindrical micelles. Lipid bilayers can have edges to
contain pores or to be found as small discs, and at high lipid concentrations,
several different phases are found such as hexagonal or cubic phases. As it
occurs more often in biological systems, such as with enzymes, lipid bilayers
are expected to sit on the edge of stability to be able to perform their dynamic
function. Too flexible, and a membrane would lose its barrier function, but too
stiff, and it would be very hard to allow dynamic processes like endocytosis or
vesicle fusion. Although these processes are usually mediated by membrane
proteins, the amount of energy associated with these processes must remain
small for them to occur. Due to this delicate balance, small changes in lipid
composition or environmental conditions can therefore cause the bilayer to
become unstable and to change its preferred phase, as we will show later in
this thesis.
Lipid bilayers can be investigated in several experimental model systems.
The most convenient model system is the lipid vesicle, which is a lipid bilayer
in the shape of a hollow sphere. Vesicles can float freely in a solution, allowing relatively large lipid areas to be studied. We used vesicles with a radius
of 9100 nm in our fluorescent leakage assay. Much larger vesicles, usually called giant lipid vesicles, have a radius well over 1 7m, are much more
18
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The research reported in this thesis is part of the EU-FP7 project ENNSATOX,
of which the acronym stands for ENgineered Nanoparticle impact on aquatic
environments: Structure, Activity and TOXicology. This project had as main
objective to acquire new, critical knowledge on the fate and risks of NPs in
the aquatic environment, and focused on solid NPs of an oxidic nature (SiO2,
TiO2, ZnO).
As part of this EU-project, this thesis investigates the binding of nanoparticles to the lipid membrane and their passage across it in media typical for
environmental systems. The question that we aim to address, is what are the
effects of experimental conditions, particle properties and bilayer composition
on the physicochemical interaction between NPs and lipid bilayers, and the
lipid bilayer stability? Relevant experimental conditions are the ionic strength,
pH, and particle concentration. Particle properties that are considered in this
thesis are surface charge, surface chemistry, and size. Bilayer properties are
determined by its phospholipid composition, and involve most importantly the
ratio between the lipids with and without a net charge.
Part of this work has the objective to establish an experimental model to
study the NP-bilayer interaction, that can differentiate between different NPs,
NP surface chemistries, NP size and environmental conditions.
With this model and other experimental and modelling techniques, we wish
to answer the questions, what the effect is of different parameters on the NP
19
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1.3 Aim of the thesis

Chapter 1

fragile, but can be studied with light microscopy. Lipid layers can also be studied when they are supported on a solid surface. A lipid monolayer can cover
a hydrophobic surface, while a lipid bilayer can cover a hydrophilic surface;
the latter model system we employed in reflectometry experiments. Other
model systems include the tethered bilayer, which is anchored to a surface by
polymer molecules, or a free floating bilayer that spans a small hole in a plate,
thus separating two water volumes on either side of this plate.
To answer some of the questions regarding lipid bilayers, realistic molecular computer models can be used. In this thesis the lipid bilayer is studied
using the self-consistent field (SCF) theory as developed by Scheutjens and
Fleer [8]. Modern computers and new insights allowed us to establish an SCF
model that includes molecules that closely resemble real lipid structures. With
this model we studied several mechanical and structural lipid bilayer properties. The knowledge obtained from this model allows to better understand the
lipid bilayer barrier function against nanoparticles, and especially how this
barrier function may fail for certain classes of nanoparticles. In line with this is
our work on the stability of lipid bilayers with respect to the formation of pores.

Chapter 1

bilayer interaction, which NP properties are relevant for this interaction, what
is the role of electrostatics, and how is this interaction affected by NP size? If
possible, we would like to know if and when NPs can passively pass the NP
bilayer, and how this relates to NP environmental toxicology.
The screening method that had to be developed as the first objective,
should be able to quickly show if specific particles are likely to cross the cell
membrane, and under which conditions. We developed such a method, and
showed that it also allows for quantitative analysis of the particle-bilayer interaction. The investigation of this interaction is expanded using other methods,
including reflectrometry, atomic force microscopy (AFM), and confocal laser
scanning microscopy (CLSM).
A major part of this thesis focuses on the physics of lipid bilayers addressed using SCF theory. As explained above, a solid understanding of lipid
bilayer properties is necessary to understand the interaction with nanoparticles. Experimentally, this interaction was studied using silica and titanium
dioxide as model particles and lipid vesicles and supported lipid bilayers as
model membranes.

1.4 Outline
This thesis is structured as follows. In Chapter 2 we will lay the fundamentals
of the lipid bilayer SCF model, the bilayer structural and mechanical properties, how these properties are related, and how they depend on the lipids that
constitute the membrane. In Chapter 3 we present the developed screening assay, which is a fluorescence vesicle leakage method applied in a high
throughput measurement set-up. This chapter shows that this assay can be
applied not only for qualitative screening, but also to quantitatively study the
particle-bilayer interaction. The NP-bilayer interaction is visualised by CLSM
measurements to confirm the results from the fluorescence leakage assay.
Chapter 4 relates the screening assay results with results from several other
experimental techniques such as reflectometry and AFM to further elucidate
the particle-bilayer interaction. In particular the role of electrostatics in the
interaction is studied, for which the charge density was varied of both the
NPs (through the pH) and the bilayer (through its lipid composition). The experimental results could be explained using the SCF model, incorporating a
silica-like surface with pH-dependent charge density. Finally, in Chapter 5 the
edge energy of lipid bilayers and their stability towards pore formation was
analysed using our SCF model, and how these depend on the physicochemical conditions and bilayer composition. This final study can be used to predict
the energy needed for a NP to permeate the bilayer through such a pore. The
General discussion is the last chapter of this thesis, in which we will place
20

our results in a slightly wider context and discuss what aspects still need to
be addressed and which directions future research on nanoparticles and
lipid membranes may take.
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To understand how lipid architecture determines the lipid bilayer
structure and its mechanics, we implement a molecularly detailed
model that uses the self-consistent field theory. This numerical model
accurately predicts parameters such as Helfrichs mean and Gaussik and the preferred monolayer curvature
an bending modulus kc and 7
m
J0 , and also delivers structural membrane properties like the core
thickness, and head group position and orientation. We studied how
these mechanical parameters vary with system variations, such as
lipid tail length, membrane composition, and those parameters that
control the lipid tail and head group solvent quality. For the membrane composition, negatively charged phosphatidylglycerol (PG) or
zwitterionic, phosphatidylcholine (PC) and -ethanolamine (PE) lipids
were used. In line with experimental findings, we find that the values
of kc and the area compression modulus kA are always positive. They
respond similarly to parameters that affect the core thickness, but
differently to parameters that affect the head group properties. We
k and J0m can be rationalised by the concept
found that the trends for 7
k and
of Israelachivili's surfactant packing parameter, and that both 7
J0m change sign with relevant parameter changes. Although typically
7k < 0, membranes can form stable cubic phases when the Gaussian
bending modulus becomes positive, which occurs with membranes
composed of PC lipids with long tails. Similarly, negative monolayer
curvatures appear when a small head group such as PE is combined with long lipid tails, which hints towards the stability of inverse
hexagonal phases at the cost of the bilayer topology. To prevent the
destabilisation of bilayers, PG lipids can be mixed into these PC or
PE lipid membranes. Progressive loading of bilayers with PG lipids
lead to highly charged membranes, resulting in J0m > 0, especially
at low ionic strengths. We anticipate that these changes lead to unstable membranes as these become vulnerable to pore formation or
disintegration into lipid discs.
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2.1 Introduction
The lipid membrane has always held great interest in natural sciences because of its many functions in the living cell [1]. On the macroscale, membranes serve as the cell boundary, performing its important barrier function.
On the molecular scale they host a huge variety of protein molecules giving
it intricate biological functionalities. In between these limits, we find the mesoscale, relevant for membranes inside the cell, where membranes in various
shapes and topologies, such as membrane stacks or membranes with pores,
exist [2, 3]. The mesoscale is actively studied, focusing, e.g., on the mechanisms that cells apply to control these mesoscale properties via the lipid composition, and how this is regulated by the cell machinery [4]. There are various approaches to obtain physicochemical characteristics from lipid bilayer
membrane models. Interestingly, microscopic theories, which typically take
the properties of the constituent molecules into account, still largely explain
the macroscopic barrier function from the dense packing of its constituents
[5], but these theories largely disregard the mesoscopic level that lies in between. Models that are designed to explain the mesoscale behaviour typically
lack molecular details. Here we apply a mean field free-energy based theory
and implement a close to atomistic model to link the membrane structure,
membrane stability, its topology and phase behaviour, to the features of its
constituents. Recent insights in how the mechanical parameters should be
evaluated are incorporated [6]. These properties are key for the mesoscale
models. Hence the modelling converges towards a convincing and coherent
picture that bridges the microscopic (and implicitly the macroscopic) to the
mesoscopic length scales.
It is instructive to place our modelling work briefly in its context. The fluid
mosaic model of Singer and Nicolson [5] remains a useful starting point to
rationalise the lipid bilayer behaviour, especially when the lamellar structure
is considered. It specifies the tail-to-tail sandwich of lipids in a pre-supposed
lamellar topology wherein proteins are embedded. The model nicely incorporates well known observations such as the presence of a large variety of
lipids in naturally occurring bilayers. However, the model does not give insight in natures need for such complexity, nor does it help to rationalise the
mesoscopic bilayer features. To clarify the more complex bilayer features on
the mesoscopic scale, the purely phenomenological picture that Helfrich proposed is very useful [7]. In his approach the molecular details are ignored,
and the bilayer is seen as a sheet that is parametrized by mechanical parameters instead. The local curvature of this bilayer is characterised by the mean
1
1
1
1
curvature J = |
R1 + |
R2 and the Gaussian curvature K = |
R1 # |
R2 where R1
and R2 are the principle radii of curvature. The local curvature energy of a
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sheet appears as a free energy g per unit area and most generally is given
by the Taylor series expansion in the mean and Gaussian curvature. As long
as J and K are sufficiently small, it suffices to consider the expansion up to
second order in the curvature:
∂g
∂g
∂2g
g(J, K) = g(0, 0) +
J + 12 2 J 2 +
K
(2.1)
∂J
∂J
∂K
(2.2)

g(J, K) = g(0, 0) − kc J0 J + 12 kc J 2 + k̄K
2

g

(2.3)

When, however, the curvature occurs at fixed number of lipids per unit area,
we need to use the excess Helmholtz energy g 2 f < as shown recently [6].
The mean bending modulus kc is positive, since a finite curvature should
increase the interfacial energy. The mean bending modulus is important for
membrane behaviour, such as the modulation of membrane undulations.
Areas where these undulations become important include inter-bilayer interactions. In contrast to kc, the Gaussian bending modulus can change sign,
which is relevant for the bilayer topological stability. While a negative value
relates to a lamellar topology, a positive value is expected to relate to saddle shaped curvatures, which occur in gyroid and cubic phases, such as the
Im3m phase [8]. This Gaussian curvature sign is relevant also for complex
membrane topology stability, such as for stalks, which are structures that connect two lipid membranes and play a role in vesicle fusion [9].
Just as the Singer and Nicolson model does not explain the mesoscopic
features, the Helfrich model entirely disregards the molecular bilayer structure. Israelachvili and coworkers realized that the phase behaviour, which
is well described by the Helfrich parameters, has to obey the packing constraints of densely packed surfactant assemblies [10]. They introduced the
dimensionless packing parameter P = v(la0), which combines the tail volume v, the tail length l - or average tail length for multiple tails per surfactant
- and the preferred area per molecule a0. When P lies close to unity we
expect bilayers or lamellar phases to dominate the phase diagram. Indeed,
the lipids are assumed to have P = 1 in the Singer and Nicolsen picture, and
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γ(J, K) = 12 kc J 2 + k̄K
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@
which defines the mean bending modulus kc = |
@J 2 and the Gaussian bendg
@
k = @K
| . J0 is the spontaneous curvature, which vanishes for
ing modulus 7
symmetric bilayers since the sign definition of J cannot affect the curvature
energy of a symmetric bilayer, and therefore J0 = 0. It is not trivial to identify
the proper free energy g. As long as the bending occurs at fixed chemical
potential of the lipids [6] we should use the interfacial tension, that is g 2 .,
and because freely floating bilayers have a vanishing tension .(0,0) = 0, the
Helfrich equation reduces to

Chapter 2

a non-unity packing parameter can indicate which trends can be expected,
such as changes in the area per molecule, which might occur when physicochemical conditions change. However, quantitative predictions appear out of
reach, and the link between the packing parameter and the mechanical properties that feature in the Helfrich picture is not well established either.
Undoubtedly, the mechanical parameters of the bilayer are related to the
bilayer membrane structural features. Among these features are the area per
lipid for the tensionless bilayer A0, the thickness of the bilayer core, dcore, and
the membrane thickness dPP, which may be defined by the average phosphate-phosphate distance between the head groups that are found in the two
opposite membrane leaflets. Other structural features might be added as well,
such as the diffuse ion layer around the bilayer. It is clear that a molecular approach must be used to establish such link.
Molecular dynamics simulations can provide bilayer behaviour insights with
a focus on the molecular length and time scales. Indeed, much of what can
be known on the nanometer scale and nanosecond time scales is already
obtained by these simulations [11, 12]. The evaluation of mesoscale parameters, such as the bending moduis, are only possible using CPU-intensive MD
simulations [13], while the Gaussian bending modulus and the spontaneous
monolayer curvature are even more difficult to predict by such simulations
[14]. To date there are very few reports available, mostly focusing on coarse
grained models [15], and a systematic analysis of the relation between lipid architecture, physicochemical conditions and mechanical parameters is lacking.
An alternative, used in the present work, is to employ approximate freeenergy based methods [16, 17]. Such methods allow for an evaluation of the
structural [18, 19], thermodynamic, and mechanical parameters of the bilayer
within one and the same framework. Indeed, it is possible to implement molecularly detailed models, albeit that these are less detailed than all-atom MD
simulations at a fraction of the CPU cost [20-22]. In this study we use the
self-consistent field theory. With this method, we can predict a wide range of
relevant membrane properties, including the structural parameters mentioned
above, and the bilayer Helfrich parameters. Analysis of the monolayer as it
is found in the bilayer configuration gives the preferred monolayer curvature
J0m, which in general is non-zero even when that of the bilayer is zero [23].
The set of mechanical parameters is complemented by the compressibility
modulus B and the area expansion coefficient kA. The latter parameter specifies the resistance against area variations of the bilayer. The compressibility
modulus is derived from the interaction between bilayers as a function of the
lipid concentration.
In our group we have a long track record regarding systematic predictions for the lipid bilayer mechanical parameters [23-31], and recently, a more
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convincing route has been established to predict these parameters [6]. The
new protocol has been validated using non-ionic surfactant bilayers, and
gives more realistic values for the Gaussian bending modulus, and it delivers
values for the Gaussian bending modulus that lie closer to zero and, in contrast to earlier work [23-31], can now become positive at certain membrane
conditions. In this chapter we collect model results for pure and mixed phospholipid bilayers for a range of physicochemical conditions, a task which was
attempted before using the slightly flawed protocol [23-31]. The main focus
is to predict, for various lipids, the Helfrich parameters of the bilayer when
all physical and chemical conditions are known, and thus establish the relation between the lipid architecture and physicochemical conditions on the one
hand, and the bilayer structural and mechanical parameters on the other. As
we have argued earlier, we need insight in this relation to understand how a
bilayer can respond to changing conditions, and thereby bridge the gap between the molecular and macro scale. This also allows us to speculate with
reasonable certainty on questions such as why nature chooses the lipid bilayers to be composed of a multitude of lipids. We will show that the dependences of the Gaussian bending modulus and the spontaneous monolayer curvature can be rationalised largely by using the Israelachvili packing parameter
[10]. This correlation is very helpful to reach a coherent bilayer membrane
description on various length scales. The mean bending modulus and area
expansion modulus have no direct link with the packing parameter and are
more complicated to understand and predict. In contrast to some indications
in literature [32], we find that these parameters do not depend on each other,
since they respond differently on various parameters.
The remainder of this chapter is as follows. We will start by giving a short
introduction in the SCF theory and specify the details of the molecular model
used. Here we will also elaborate on the strategy to find a suitable parameter
set, which is necessary to quantify the interactions between the molecules
and between the sub-molecular groups. We will not present the complete machinery, for which we will refer to recent literature instead, but we will discuss
in detail how the various membrane quantities are evaluated. In the results
section we will present the main membrane characteristics and show that the
bilayers structural properties are largely in line with experimental data, and
prove thereby the accuracy of the parameter set. We will then present the
membrane properties dependences on the key variables, such as the lipid tail
length, the head group charge density and hydrophilicity, and ionic strength.
In the discussion we will elaborate how the mechanical membrane parameters are coupled to the structure, the physical chemical conditions and the
molecular details and focus on the stability range of bilayer and mixed bilayer
membranes.

2.2 Materials and methods
2.2.1 The SCF Theory
The self-consistent field (SCF) theory that is used here dates back to the early 80’s of the previous century [16, 33, 34]. Many details of the method are described in various papers [6, 18, 19,
21, 35]. Still it is appropriate to mention the important aspects and premises of this approach.
At the basis [6, 33] of the self-consistent field theory is a free energy functional f that is made
dimensionless by normalising to the thermal energy kBT and is mapped on a grid of lattice sites.
The discretisation scheme for this mapping will be discussed later. Here it suffices to mention that
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r is used to refer to each coordinate. The free energy may be expressed as:




int
(2.4)
f = − ln Q([u(r)]) −
uY (r) · ϕY (r) + f ([ϕ(r)]) + α(r) ·
ϕY (r) − 1
Y

Y

where the square brackets are used to denote the potentials (u(r)) and densities (') of all segment types. We consider molecules to be composed of individual segments specified by type Y.
As can be seen, the free energy (Eqn 2.4) is a functional of: (i) the partition function Q, which
depends on the potential profiles of all segment types, (ii) the volume fraction profiles '(r), which
basically are dimensionless concentration profiles, (iii) the complementary segment potential profiles u(r), which are characteristic fields, typical for mean field-like theories, which account for the
interactions, and (iv) the Lagrange parameters ,(r) introduced to fulfil a compressibility condition. In general the free energy should be optimised with respect to its variables, resulting in the
well-known SCF machinery. This optimisation can be split up into the optimisation with respect
to the volume fractions, the segment potentials and the Lagrange field. We shall consecutively
discuss these optimisations.
The optimisation of the free energy with respect to the volume fractions

∂f int
∂f
= −u(r) +
+ α(r) = 0
∂ϕ(r)
∂ϕ(r)

(2.5)

appears to be a minimisation, and leads to a rule that tells how the segment potentials u(r) can
be computed if we know the volume fraction dependence on the free energy interaction part f int.
The interaction part of the free energy f int can be exactly evaluated once the volume fraction
profiles are available. Here we account basically for two types of interaction. (i) Of key importance are the solvency effects which we treat on the Bragg-Williams level. These interactions
are quantified with the well-known Flory-Huggins interaction parameters [36]. For each contact
between different segment types a non-zero value for such parameter exists and a positive value
implies repulsion while a negative one means attraction. These parameters implement, for example, the tendency of alkyl tails to demix from the solvent, and thus give the driving force for
membrane formation. The tendency of the lipid head groups to be solvated by water gives the
stopping mechanism of the lipid assembly. Without such stopping mechanism bilayers cannot
exist. (ii) We account for electrostatic interactions, that is, in f int a term proportional to {12 qA is
incorporated. More specifically, the relation between the charge distribution q(r) as well as the
local dielectric permittivity 0(r) and electrostatic potential A(r) is given by the Poisson equation.
We have implemented that the local dielectric permittivity is given by a volume fraction weighted
average 0(r) = 00
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'Y 'Y (r) 0Y. As a result, in the segment potential two electrostatic contribu-

tions appear. A classical one, evYA(r), where

model makes sure that when /is,s0 = 1, the

vY is the valency of each component, and a
polarisation term 00 {12 0YE 2, in which the electric
field is computed by E = {rA. The latter ap-

two segments occupy neighbouring lattice

pears for all components, even if the segment

quent bonds are ignored. For the FJC, a chain

does not carry a charge [28].

may fold back on itself, and therefore, s { 1

The optimisation, or more specifically the
maximisation, of the free energy with respect
to the segment potential may be expressed as
(2.6)

This optimisation leads to a rule that tells how
the segment volume fraction 'Y (r) can be
computed from the partition function Q of the
system. In the mean field approach the parposed in single-chain partition functions qi(u),
where i is an index that refers to a particular
molecular species in the system.

(qi [u])
Q = Πi
ni !

and s + 1 may be located at the same coordinate, which of course is impossible in reality.
This chain model is still adopted because for
this model a remarkably efficient propagator
formalism exists which results in the single
chain partition function and the volume fraction profiles 'i(r,s). Mathematical details on
the propagator formalism can be found elsewhere [33, 34] and below we give a brief introduction. It is possible to implement systematic
partial chain-reversal corrections, e.g. in the
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tition function for the system can be decom-

sites. Angular correlations between subse-
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∂ ln Q
∂f
=−
− ϕ(r) = 0
∂u(r)
∂u(r)

segments s and s0 are neighbours, and the

rotational isomeric state scheme [20, 22, 38].
Here we choose not to implement these refinements. The errors introduced by the approxi-

ni

(2.7)

where ni is the number of molecules of type

i in the system. The set of molecules that is
used will be discussed in detail in the parameter section. The single molecule partition
functions can be computed uniquely when
the segment potentials are specified, but only
if sufficient chain architecture information is
available. Molecules are built up by segments

s = 1, " " " , Ni, wherein Ni is the number of
segments in molecule i. The segment type Y
for each segment s in the molecule is collected
in so-called segment type operators /Yi,s, the
value of which is unity when segment s of molecule i is of type Y and otherwise is zero. Finally, the connectivity between segments must
be known, that is, we need to specify the bond
operators /is,s0. This quantity obtains the value

mate account for the inter and intra-molecular
excluded volume interactions are largely counteracted by the incompressibility relation.
Formally a better model to account for intra-molecular excluded volume effects, is the
self-avoiding chain (SAC) model. This chain
model is computationally much more expensive than the FJC model. As is in the name, the
SAC model accurately accounts for the intramolecular excluded volume effects as it avoids
that segments of the same molecule occupy
the same site. However, this model still allows
the segments of different lipids to occupy the
same site and thus the inter-molecular excluded volume effects remains only partially
accounted for. We argue that this imbalance
in the accounting of inter and intra-molecular
excluded volume effects makes it questionable if the SAC model improves on the FJC

unity when a bond exists between s and s0 of

model. To better account for inter-molecular

molecule i and is zero otherwise.

excluded volume effects, the FJC model can

With these two / operators, it is possible

be extended with the implementation of bond

to implement various chain models. We have

direction correlations. This was done earlier

chosen for a lattice variant of the freely jointed

to capture the gel-liquid phase behaviour of

chain (FJC) model [37]. As is in the name, the

lipid bilayers in the SCF theory [38]. However,
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these extensions suffer from a strong latticetype dependence, which we here like to avoid.

jrci,s { rci,s0j = 1. Here is rci,s the coordinate of
segments s of molecule i in conformation c.

Moreover, these extensions cannot easily be

The statistical weight of this conformation is

implemented in spherical and cylindrical coor-

Gc / e{ui,c, where ui,c =

dinate systems, which are necessary to evalu-
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ate the mechanical parameters of the bilayer.

is the overall potential for conformation c of

molecule i. Next we need to repeat this for all

Using the FJC model, the chain propaga-

allowed conformations. The sum of the statisti-

tion [33, 34] starts from the end-segments

cal weights of all allowed conformations is col-

of the molecule, and steps from segment to

lected by the propagators and accumulates in

segment if a bond exists between them. It

the chain partition function. Knowledge of the

then collects the statistical weight of all con-

statistical weights leads without further ap-

formations that the molecule can assume.

proximations to the volume fraction profiles

Several cases are considered. Molecules that

'i(r,s), as well as 'Y (r).

are composed of just one segment have no

The final optimisation of the free energy

bonds, and do not need the propagators. End-

with respect to the Lagrange parameter, which

segments in a molecule are connected with

again is a maximisation, reads

just one bond, and are therefore used to start
the propagators. Middle segments typically
have two bonds: here the propagator passes
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's 'Y uY(rs,c)/Yi,s


∂f
=
ϕY (r) − 1 = 0
∂α(r)

(2.8)

Y

by and collects the statistical weights on the

and thus this optimisation leads to the require-

flight. Finally there are segments in branches

ment that the volume fractions add up to unity

that have three or more bonds: here propa-

in each coordinate. We refer to this as the

gators are combined for all but one direction,

incompressibility relation [39]. This constraint

before they further propagate in the remaining

implements corrections for the inter- and intra-

direction [21]. The enumeration of the volume

moleculer excluded volume effects which, as

fraction distribution of a particular segment in

mentioned above, are only partially guaran-

a molecule involves the use of the composition

teed in the FJC model. The finite space avail-

law. In short it encompasses the combination

able to pack molecules in some aggregate

of all possible propagator weights that started

is the mechanism by which the notion of the

at the free ends of the molecule to arrive at

packing parameter of Israelachvili is imple-

the segment of interest. The volume fraction

mented in the SCF protocol.

distribution is normalised such that the profile

From the above it is seen that in the SCF

obeys to the required amount of lipids in the

model there is a mutual interdependence of

system - which is an input quantity for canoni-

the potentials and the measurable volume

cal calculations - or to match the bulk volume

fraction profiles. To solve the SCF model, the

fraction - which is an input quantity for grand

free energy must be optimised, which is, as

canonical calculations.

we have seen, a combination of minimisations

Alternatively, the results of the propaga-

and maximisations. This means that not a min-

tor formalism may be discussed as follows.

imum must be found, but the saddle point of a

Let us focus first on a specific conformation c

multi-dimensional saddle shape. Typically we

which is exactly specified by the coordinates

use a numerical solver to find the fixed point

f(r,s)gci for segment s, conformation c and
molecule i. When /is,s0 = 1, the constraint that

of the equations. For such a fixed point the

neighbouring segments occupy neighbouring

segment volume fractions. At the same time

cells on the lattice is necessarily obeyed, and

the segment volume fractions both determine

potentials both determine and follow from the

and follow from the segment potentials. Only

using the volume b3. We have implemented a

when in addition the volume fractions obey the

value b = 0.3 nm throughout the calculations.

incompressibility relation we refer to the result

Above we specified a generic spatial coordi-

as being self-consistent. It will be clear that for

nate r = (x,y,z).
Using the mean field approximation, we

segment distributions '(r), which quantify all

typically replace this generic coordinate by a

the structural quantities of the bilayers. We

simpler one. Density gradients are then ac-

can insert the distributions in the free energy

counted for in just one direction, and the mean

functional, and extract all other thermodynam-

field approximation is applied in layers of lat-

ic quantities from this free energy, such as the

tice sites, which have a planar, a cylindrical or

chemical potentials of the components and the

spherical shape.
When we consider the planar bilayer, it is

excess Helmholtz energy, which turns out to

obvious that the gradient runs perpendicular

be important to find the mean bending rigidity

to the membrane surface. Usually we use the

of bilayers [6], is also straightforwardly found.
Below we will show in more detail how these

z coordinate for this direction, which puts the
x-y plane parallel to the membrane surface.

quantities are used to extract the full set of bi-

Within a plane of lattice sites we consider that

layer properties.
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grand potential, which we specify below. The
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such an SCF solution the primary result is the

there are L sites and end-effects are avoided

2.2.2 The molecular model and
parameter set
Above it was mentioned that the SCF model
encompasses the mean field approximation
to account for the interactions, and the freely
jointed chain model to effectively evaluate
both the partition function and the volume fraction distributions. On top of this, a number of
implementation issues are involved. The most
important is the discretisation strategy that is
carried through. In other words, we use a lattice. The characteristic length in this lattice is
chosen to match the size of the segments, and
we will assume that exactly one segment fits in
a single lattice site. We will discuss the lattice
and the molecules in separate paragraphs.

by considering the limit of L ! 1. We apply
the mean field approximation in each layer,
which means that we ignore density fluctuations within the layer. Lattice layers are numbered z = 1, 2, " " " , Mz. The volume fraction
profiles 'Y (z) are computed by taking the
number of segments of type Y divided by the
value of L. Summing over all lattice sites gives
the total number of segments per unit area in
the system 3Y =

'z 'Y (z). In general the

membrane tension is a function of 3Y. As 3Y is
an input quantity, we need to adjust 3Y iteratively to find tensionless bilayers.
We are interested in homogeneously
curved bilayers as well [6]. When the bilayer
is curved cylindrically, we consider a lattice
with cylindrical symmetry. To avoid end-effects, we will again consider a cylinder with
infinite length, Lc ! 1, and the model is re-

The lattice

duced to have just one gradient direction,

In the SCF lattice, space is subdivided in

which is the radial direction r = 1, 2, " " " , Mr.

cells with characteristic size b. According to

Naturally, the number of lattice sites at each

good custom, b is used to make all lengths

layer should fit the circumference at that spe-

dimensionless. Hence quantities such as the

cific radius, and therefore grows with r as

membrane thickness will be given in units of

L(r) = :(r2 { (r { 1)2) = :(2 r { 1). Consequently, the total number of segments Y per unit
length of the cylinder is 3Y = 'rL(r)'Y(r).

2

b, the area per molecule in units b , and concentrations are reduced to volume fractions
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PC

lt = 18
C
O

DOPC

P (–0.2)
N (+1)
PG

C
Salt
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PE

Water

Na+ or Cl–
W

Figure 2.1: Illustration of the molecular architecture, implementing a united atom level. All specified segments have equal volume. The (phosphatidylcholine) PC head group in the DOPC lipid
shown on top has two lipid tails with equal length, in this case lt = 18. The head group on the sn3
position may be substituted by (phosphatidylglycerol) PG or (phosphatidylethanolamine) PE to
get corresponding lipids. Both water and salt are formed by ‘pentamers’. The difference between
water and ions is the charge on the central segment of the pentamer. Note that with these architectures it is possible to assign unique values for the segment ranking numbers s = 1, " " " N,
and coupled to this, specify uniquely both the full set of segment type operators /Yi,s, and bond
i
0 (not shown).
operators /s,s

This quantity does not automatically impose a
fixed membrane area, since the radius of the
cylindrical vesicle R is a free variable in these
calculations.
Bilayers in spherical geometry have
the vesicle topology and this system can
be captured in a one-gradient model as
well. Again, we will use a radial coordinate
r = 1, " " " , Mr. In this case the number of lattice sites grows quadratically with r as we take
L(r) = {43 :(r3 { (r { 1)3) = 4:(r2 { r + {13 ). In this
geometry the number of segments of type Y in
the system follows from 3Y =
r L(r)'Y (r).
For all geometries we have implemented
reflecting boundary conditions, which implies that we ignore density gradients at the
system boundaries. This implementation is
achieved by making the numerical values at
the boundary coordinate equal to those that
lie at the layer just outside the system. For
example in planar geometry 'Y(0) = 'Y(1)
and 'Y(Mz + 1) = 'Y(Mz). Hence, a mirrorplane is positioned exactly in between layers

'
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z = 0 and z = 1 as well as in between layers
z = Mz and z = Mz + 1. In many cases we
consider the bulk solution to be homogeneous
near the edges. In those cases, the reflecting
boundary conditions have no additional contribution to the conformational and translational
entropy, and the profiles remain homogeneous. Sometimes, we consider the centre of
the bilayer to be positioned at the boundary
mirror-plane [16]. In that case, the boundary
conditions force a symmetry on the bilayer.
Since we should expect the planar bilayer to
have two identical monolayers sandwiched together, this remains inconsequential. To place
the bilayer centre next to a boundary in spherical geometries allows for the evaluation of the
spontaneous curvature of the monolayer J0m
[23].

The molecules
The molecules used in our study are shown in
Figure 2.1, where we give details on how the
molecules are constructed from the different
monomers. The lipids differ with respect to the
tail lengths, the molar volume, the hydrophilicity and the head group charge density. We
restrict ourselves to lipids with two equally long
tails. The current SCF model does not account
for the gel-liquid phase transition in lipid bilayliquid state. As in practice unsaturation in lipids

ter cluster as the central group is surrounded
by four of these water monomers. With this
choice, water-breaking or water-structuring
effects of ions have been largely ignored. We
do account for the finite size of the ions, albeit that we ignore that the water shell might
change upon interacting with the membrane.
As a result we consider relatively large sizes
of the ions.
Interaction parameters
The interaction parameters @ (Table 2.1) were

state, we will typically refer to the lipids having

selected based on several criteria. Naturally,

an unsaturation. We therefore apply the unsat-

the lipid carbon tail and the choline methyl

urated dioleoylphosphatidylcholine (DOPC) to

groups were chosen to be hydrophobic, which

name PC lipids with a tail length of 18 instead

was implemented by causing them to re-

of distearylphosphatidylcholine (DSPC). The

pel water, salt and the polar or charged lipid

tails are connected to a glycerol backbone on

head group components. More specifically,

the sn1 and sn2 positions. The head group,

@CW was tuned such that the lipid solubility
in water is reasonably realistic: as argued in

a phosphatidylcholine (PC), a phosphatidyl-

previous publications, the value of @CW = 1.2

ethanolamine (PE) or a phosphatidylglycerol

gives a tail length dependence close to the

(PG). The first two are zwitterionic, and we

experimental results for the surfactant critical

ignore the possible pH dependence of the PE

micelle concentration (CMC). For every three

head group. The PG head group is negatively

additional tail carbons, the CMC should drop

charged. We have chosen to equally spread

by a factor of 10 [41]. The relatively strong

the negative phosphorus charge over the en-

repulsion between C and W leads to a sharp

tire phosphate group. Contrarily, the positive

interface between the core and the aqueous

choline charge is positioned on the nitrogen

bilayer corona. This sharp interface causes

atom, and we leave the surrounding methyl

the calculations to suffer from so-called lat-

groups uncharged. The three methyl groups

tice artefacts. To prevent such strong lattice

around the nitrogen in PC are set apart from

artefacts, previous studies have used a less

the carbons in the remainder of the lipids. We

realistic value of @CW = 1.1, which resulted in

expect these carbons to be more polar, which

too low bilayer rigidity [6]. We have now im-

additionally gives us a means to control the PC

plemented several measures to filter out these

head group hydrophobicity.

artefacts so that we can apply a more realistic,

We used a rather primitive water model, in
which the water consists of five equal mono-

Bilayer structure and mechanics

is used to prevent the occurrence of the gel

which connects to the sn3 position, may be

Chapter 2

ers [38]. The bilayers remain in all cases in the

In this model, the salt ion is similar to the wa-

larger, value. More details on this will be given
below.

mers arranged in a tetrahedral (star) configu-

The interaction of water with the lipid head

ration. More elaborate water models are possi-

group segments N, O, and P was expressed by

ble, such as water with directional interactions,

the same @ parameter denoted as @W{N,O,P.

which uses a quasi-chemical model [40]. As

This parameter was applied to tune the overall

we will show, the primitive water model is suf-

head group hydrophilicity. In line with the fact

ficient to find the bilayer structure in first order.

that N, O, and P bear a charge, we have im-
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Table 2.1: Interaction parameters @XY = @YX used
to quantify the solvent quality and the intermolecular interactions. The values give the interaction parameter between the monomers X and Y that are
listed to the left and on top. The monomer names
are shown in Figure 2.1. The CN groups are the methyl groups of choline, and C depicts the other methyl
and methylene groups.

W

Na, Cl

CN

N,O,P

1.2
--0.2

2
0

0.5
1

2

0.65
0

0

plemented a weak attraction with water, and a

knowledge that lipid bilayers can relax to a ten-

weak repulsion with the alkyl tails for the same

sionless state. In other words, they can freely

reason, which is expressed in the @C{N,O,P

choose their preferred area per molecule. This

value. Experimentally it is known that in PC

resulted in a reasonably wide parameter win-

the choline group is on average slightly farther

dow for the head group interactions, with con-

away from the core than the phosphate group

comitant uncertainties. The current parameter

[21]. The combination of values @CNW = 0.65

set is tuned, e.g. by selecting @W{N,O,P = {0.2,

and @CN{N,O,P = 1 leads to the proper head

so that for DOPC the Gaussian bending modu-

group conformation. It is worth mentioning that

lus lies close to zero. This choice is motivated

apparently the methyls around N are slightly

by the observation that DOPC is known to form

more polar than the alkyl segments in the tails.

cubic phases at high concentrations, and vesi-

This a postiori justifies the use of partial charg-

cles at lower concentrations. As we will show

es on the methyls surrounding the N as was

in our results, a slight increase of @CNW, which

practised before [21]. Below we will vary @CNW

would render the head group slightly more hy-

to investigate how minor changes in head

k to a positive value. In
drophobic, will shift 7

group hydrophilicity influences the mechanical

previous calculations we did not have such a

parameters of the resulting bilayers.

tuning possibility, and therefore we trust that

The remaining interaction parameters are
less critical, albeit that they modestly affect
the bilayer structure when they are changed.

the current choice of parameters is superior
over previous choices.
We

implemented

relative

dielectric

We have implemented a strong repulsion of

constants in reasonable agreement with

the ionic species Na and Cl for the core of the

experimental

bilayer. We have shown elsewhere that ion

chose 0W = 80, and for the hydrocar-

solvation affects the bilayer to a minor extent

bon segments we have chosen a value

[28-30]. The ion size has a more dramatic ef-

0C = 2. The ions were given some intermediate value, i.e., 0N,O,P,Na,Cl = 10. Especially the
value of 0C is important because this gener-

fect; smaller counter ions penetrate the head
group region more easily than the ones used
currently [19]. We keep the interactions symmetric for both ions to avoid that we complicate the situation more than necessary.
In none of our previous modelling efforts
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C
N,O,P
CN
Na,Cl

findings.

For

water

we

ates the low dielectric permittivity in the bilayer
core.
Phospholipid bilayers properties

we had a clear guideline how to select pa-

As we do not impose positional constraints on

rameters for the head group interactions [21,

the lipids it is clear that they can partition be-

28, 42], especially how these interact with the

tween the solution and the bilayer. Typically,

water and the alkyl tails. The only rational for

we consider relatively small volumes of water

selecting values for these interactions was the

and since the CMC is very low for double tailed

lipids, almost all lipids will be associated with the bilayer. The low value of the lipid bulk volume
fraction, 'blipids is accurately computed. We need this value to evaluate the spontaneous monolayer curvature, as will be shown below. Similarly, we know the bulk volume fractions of the ions
and of water. From these bulk volume fractions, the chemical potentials of all components can
be evaluated. Taking the pure components as the reference, the chemical potentials in units kBT
can be found by

µi = ln ϕbi + 1 − Ni





 ϕbj
Ni  
NXi
NY i
−
ϕbX −
χXY ϕbY −
Nj
2
Ni
Ni
j
X

(2.9)

Y

in which NXi is the number of segments of type X in molecule i.

When spherical vesicles are considered, the lipid chemical potential appears not to be a func-
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tion of the bilayer curvature but to be equal to the planar bilayer chemical potential [6]. However,
the bilayer curvature or vesicle radius weakly affects the lipid area per molecule, which is the
average between the value for the inner and outer leaflet. In contrast, the lipid chemical potential
in cylindrical vesicles is a function of the radius of the vesicle, but the area per molecule is not [6].
The area per molecule is equal to that of the planar bilayer (which in fact is a vesicle with infinite
radius). These results have been extensively discussed elsewhere [6] and will not be addressed

Bilayer structure and mechanics

below.
Freely floating bilayers are tensionless. A positive finite tension would result in a membrane
area decrease, whereas a negative tension would result in an increase. Thermodynamically the
tension follows from the incremental change of the Helmholtz energy F with the area A:

∂F
=γ=0
∂A

(2.10)

where . is the membrane tension. This tension can be extracted from the grand potential
+ = 'r L(r) !(r) and the grand potential density can be evaluated by

ω(r) = −

 ϕi (r − ϕb )
i

i

Ni

− α(r) −

1
2


X

Y



χXY ϕX (rϕY (r)) − ϕbX ϕbY (2.11)

In this equation the angular brackets specify a three-layer average, essentially implementing

h'X(r)i = 'X(r) + 6r2'X(r). Here, 6 is a variable that tunes the the non-local interaction
strength. In this work, we have chosen a value 6 = {13 , as it is known that this value minimises the lattice artefacts. For planar bilayers we find the dimensionless membrane tension by
Mz

. = 'z=1 !(z). Although in natural systems this tension is zero, it can have a finite value in our
calculations, as we will show below.
The evaluation of the tensionless bilayer has a well-known complication, which is that the
translational degree of freedom of the bilayer must be removed from the system [16]. The ‘trick’ is
to place one monolayer next to a reflecting boundary of the lattice: it forms a bilayer together with
its mirror image. It might occur, while searching for an SCF solution, that the monolayer moves
away from the boundary, which would imply a thicker bilayer for a given number of lipids per unit
membrane area, and thus a lipid packing density reduction. The opposite occurs when the monolayer moves towards the boundary, and the lipid packing density increases. The result of this
‘trick’ is, that bilayer translational degrees of freedom are removed, and that a well-defined bilayer
structure is formed, for which the membrane tension can be evaluated. In general, the tension is
finite, unless the correct number of lipids in the system is used. The routine calls for an adjustment
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of this lipid amount, until the tensionless state

in which {1 corrects the symmetry plane posi-

is found. This tensionless state then is used

tion at z = 0.5. Since we now have two meas-

to calculate all structural parameters, which

ures for the bilayer thickness, we can define

are precisely defined in the cross-sectional

the difference

volume fraction profiles of the molecules 'i(z)

Chapter 2

and of the different segments 'Y(z).

∆d = dP P − dcore

(2.16)

The bilayer thickness can be defined as the

as a measure for how much solvent is in be-

average distance between the lipid phosphate

tween the head group and the core. Especially

groups at opposite bilayer sides, which is the

when the head groups are charged, ions are

same as twice the distance from the average

attracted into the bilayer to develop the diffuse

phosphate position to the bilayer centre for

part of the double layer on either side of the

one monolayer. Taking into account that the

head group, which through osmosis attracts

bilayer centre is positioned half-way between

water, and then "d becomes of interest as we

layers z = 0 and z = 1, we define the first mo-

will show later.
The structural membrane parameters are,

ment hzi of the phosphate groups as

zP =



−
z (z


0.5)ϕP (z)
ϕ
z P (z)

naturally, properties of the planar tension(2.12)

not, since they are involved with stretching or

and derive the bilayer thickness dPP = 2hziP.
The area per molecule in the tensionless
bilayer follows directly from the excess lipid
amount per unit area in the system 3<lipid. For
all molecules i, this quantity is given by

θiσ = θi − Mz ϕbi

(2.13)

where it is understood that 3lipid : 3<lipid because of the very low value of the bulk volume
fraction of lipids. Yet, we use the proper 3 ,
<

since the difference from 3 is too large for lipids with short tails and highly charged head
groups. With 3<, we find the dimensionless
excess Helmholtz energy f <= . +

bending of the bilayer. We will explain below
the protocols that were used to get to these
parameters.
Area compression modulus kA
The area compression modulus kA parameterizes the free energy cost for stretching the bilayer. The starting point to find the area compression modulus is the excess free energy F <
for a given membrane area A of a tensionless
bilayer, where it is understood that f < = F </A
is the quantity that is readily available from the
calculations. For ease of reference we simplify

<

the notation F 2 F <. We may use a Taylor se-

i

ries expansion up to the second order for area

3i
7.
'i |
N i

The dimensionless equilibrium area per lipid
molecule is found by

Nlipid
σ
θlipid

less bilayer. The mechanical parameters are

changes A { A0 as long as A { A0 is small.

F (A0 ) ∂F A − A0
F (A)
∂2F
=
+
+ 12 A0
∂A2
A
A0
∂A A0
The bilayer core thickness may arbitrarily be

2
Ffor
(Awhich
∂F
A − A0
(A)
∂ 2 F A − A0
0)
1
estimated from the Fcoordinate
the
(2.17)
=
+
+ 2 A0
∂A A0
A is half its
A0maximum
∂A2
A0
alkyl tail volume fraction
A0 =

(2.14)

value, which is close to one. We can interpo-

The first derivative vanishes, since we deal

late the discrete density profile to find the co-

with an equilibrium state. The remaining quad-

ordinate zc for which 'C (zc) = 0.5. Now the

ratic term specifies the stretching modulus

core thickness is found by

dcore = 2zc − 1
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(2.15)

kA = A0

∂γ
∂2F
=
2
∂A
∂ ln A

(2.18)



A − A0
A0

2

where we may write that @ lnA = { @ ln 3<lipid,

This allows a systematic evaluation of the

since the bilayer area varies inversely as

mean bending modulus kc. It turns out that up

3<lipid. This result is numerically implemented
by evaluating 3< for two situations, which

to rather high curvatures the curvature energy

are (1) the case that the membrane tension

higher order terms of the Helfrich equation can

vanishes (31), and (2) the case for which the

be ignored.

membrane tension is . = 10{5 (32). From this,

kA is calculated with kA = 10{5 ln (31 { 32).

follows the 1/R dependence, indicating that

An alternative way to find the bending modulus is to use the excess Helmholtz energy [6].
We can evaluate Fc<(R) = 2:Rfc< (R), with

Mean bending modulus kc and Gaussian

fc<(R) the excess Helmholtz energy per unit
area for the cylindrically curved bilayer with ra-

The definitions of the mean and Gaussian

dius R. Now, according to the Helfrich equation

bending moduli have been given above in Eqn

fc<(R) { fc< (1) = :kc/R. Elsewhere [6], it

2.2. From these definitions it is clear that we

was shown that the mean bending modulus

that was derived from this route is identical

bilayer cylindrically and spherically. Let us first

to the one that was derived from Eqn 2.20,

consider the cylindrical coordinate system to

thereby proving that the factor of two inserted

derive the mean bending modulus. The cylin-

in Eqn 2.20 is justified.
It is easily seen [6], that for spherical geometry the grand potential consists of curva-

length is given by



1
Ωc = 2πR γ + 12 kc 2
R

ture energy only, and that the overall bending
(2.19)

as a function of the radius R. This grand po-

energy is not a function of the vesicle radius:



Ωs = 4π 2kc + k̄

(2.22)

tential consists of two terms. One is involved

Since we have already acquired kc from the

in bending the membrane ({12

cylindrical geometry, we can here directly ob-

2

kc/R ), the other

is a surface tension ., which finds its origin
in a bilayer stretching. When we optimise the

tain the Gaussian bending modulus 7
k.

grand potential with respect to the radius,

Preferred monolayer curvature J0m

tion of this relation into Eqn 2.19 delivers equal

gested to position a lipid monolayer next to

stretching and bending contributions : 2.kc,

the upper boundary of a spherical coordinate

p
d+c/dR = 0, we get R = kc/2. . Substitup

and we can write

kc
Ωc = 2π
R

(2.20)

Here we follow Kik et al. [23] who sug-

system, and then to analyse the curvature
energy of this monolayer. When doing so,
the reflecting boundary conditions mimics the

Note that in old protocols [23-31] the factor

presence of the opposite monolayer to a good

2 was missing, since the stretching contribu-

approximation. One of the complications to

tion was not recognized. In this geometry,

implement this method is to precisely control

'r

L(r)!(r) with !(r) given by

the proper number of lipids in such a system.

Eqn 2.11. It remains necessary to evaluate the

This is a relevant issue, since the monolayer

radius of the cylindrical vesicle. Here we use

cannot choose its radius freely, which is unlike

the first moment of the lipid density profile:

the case where the bilayer is placed far from

+c =

R=
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must analyse the free energy cost of curving a

drically curved bilayer grand potential per unit
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k.
bending modulus 7

the boundaries. To solve this complication, we

−
r (r


0.5)L(r)ϕi (r)
L(r)ϕ
i (r)
r

(2.21)

first generate a monolayer near the boundary.
Then, we normalise the lipid volume fraction
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profiles with the bulk volume fraction that we

The second moment is related to the Gaussian

find for the planar bilayer, which makes this a

bending rigidity:

grand canonical calculation. The number of lipids per unit area automatically adjust itself to
the optimal value. The grand potential of this
system is +s,m =

'r L(r)!(r) as usual, but

since we deal with a monolayer, the interpreta-

k̄ = 2


z

(z − 12 )2 ω(z)

(2.25c)

where a factor of two is used to account for
both monolayers.
In contrast, the mean bending modulus
cannot be found from the planar profile. In-

tion is

Chapter 2



stead one needs to evaluate the derivative of
Ωs,m = 4πR2 −kcm J0m J + 12 kcm J 2 + k̄ m K


the first moment of the grand potential profile
= 4πR2 −kcm J0m J + 12 kcm J 2 + k̄ m K
(2.23)
with respect to the curvature J:


Although the choice to position the radius of
 δ

1
1
(z
−
k
=
2
)ω(z)
(2.26)

c
curvature R is arbitrary, the use of the system
2
2

δJ
m
size for R suffices for a precise J0 evaluation

J=0

when the system is sufficiently large. Hence,

It appears attractive to use these equations to

J 2 2/R = 2/Mr and K = (1/Mr)2. The me-

evaluate the Helfrich parameters. However,

chanical properties should be linked to those

there is a pitfall here, which is apparent when

of the monolayer. It is found that kcm = {12 kc and

7km = {1 7k and thus
2



Ωs,m = 2π −2kc J0m R + 2kc + k̄ (2.24)

we realise that !(z) comprises non-local interactions. This introduces a bookkeeping issue, in which the allocation of this non-local
contribution to a certain coordinate is arbitrary
[26]. Physically it cannot be that the results de-

The linear dependence of +s,m on R is easily

pend on some allocation choice. It is possible

verified by generating results for different sys-

for any bookkeeping choice to present simi-

tem sizes. Subtraction of the intercept, which

lar equations that are correct [26], but such

is known to be {12 +s (cf. Eqn 2.22), allows to fit

equations involve additional terms that are

a line that goes through the origin of which the

not easily evaluated. It is expected however

slope gives J0m by division through kc.

that there must be a choice for which these

Mechanical parameters from the grand potential

additional terms essentially vanish. This appears to be the case when the non-local con-

density profile

tributions are distributed equally over the co-

It is well-known that the interfacial tension and

ordinates involved. We do not have a proof of

some Helfrich parameters may be computed
directly from the grand potential density profile
of the planar bilayer [8, 43]. More specifically,
the zeroth moment leads to the interfacial tension

γ=2



(2.25a)

ω(z)

z

whereas the product of the mean bending

this because problems associated with lattice
artefacts prevent us from using e.g. Eqn 2.25
routinely. Below we will nevertheless use the
notion that the bending moduli follow from various moments over the grand potential density
profile, e.g. to rationalise the trends found for
the Helfrich parameters.

modulus and the spontaneous curvature fol-

Interactions between planar bilayers

low from the first moment

Here we focus on the intrinsic interactions

−kc J0 = 2
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z


z

(z −

1
2 )ω(z)

(2.25b)

between planar bilayers and account neither
for possible van der Waals contributions nor
for the undulation contributions. We note that

in practice these two contributions are of op-

know that for PC bilayers the colloidal stabil-

posite sign and can largely compensate each

ity is marginal. Charged bilayers typically are

other [44], which is why the intrinsic bilayer in-

more convincingly colloidal stable.
Let us next consider the case that one bi-

nar interface we impose reflecting boundary

layer is sandwiched by two neighbouring bi-

conditions on both the lower and upper system

layers in a lamellar phase with an equilibrium

boundary. Next we position one monolayer

spacing H0. Note that there is an inverse re-

next to the lower boundary, in such a way that

lation between the spacing H0 and the lipid/

it forms a bilayer together with its mirror image,

water composition. While we fix the distance

which interacts with the bilayer that is mirrored

between the two outer bilayers, we can infini-

in the upper boundary. The equilibration of this

tesimally displace the central one. The change

system requires the search for the number of

of the free energy of such distance fluctuation

lipids in the system for which the membrane

can be evaluated by a Taylor series expansion

tension vanishes. For this system we know: (i)
the equilibrium number of lipids per unit area,

∆F (H) = ∆F (H0 ) +

ume fractions. The upper reflecting boundary

between layers Mz and Mz + 1 layers implies
an inter-bilayer spacing H = 2 # Mz. Now the
free energy of interaction is given by

1
2

∂F
∂2F
(H − H0 ) + 12
(H − H0 )
∂H 2
∂H

∂2F
(H − H0 )2
∂H 2

(2.28)
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n<lipid, (ii) the equilibrium bulk volume fraction∂F
(H − H0 ) +
= ∆F
0) +
well(H)
as all
other(H
bulk
volof lipids 'blipids, as∆F
∂H
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teractions remain of key importance. In a pla-

wherein the linear term again vanishes for
symmetry reasons. As a result we conclude
that the fluctuations in membrane separations
in a lamellar phase are controlled by the com2

@ "F

∆F (H) = 2 (f σ (H)m − f σ (∞)m )
where f (H)
<

m

= .(H) +

(2.27)

'in<i (H)7i(H)

is

the excess Helmholtz energy per unit area for
the monolayer. A factor of two is needed to
also account for the monolayer of the mirrorimage on the other side of the upper boundary.
To record the interaction curves, various

|.
pressibility parameter B = |
@H 2

Unfortunately, we only have information on

"F(H) for discrete distances. On top of this
the range of interaction (e.g. for PC bilayers) is
short. Therefore, the accuracy of the results is
limited, and the function of the compressibility
against composition is not very accurate.

methods are available [18]. The results do not

Lattice artefacts

depend on the method as long as the bilayer

On either side of the bilayer a sharp gradient

compression remains limited. We used the

exists in ' between the core region and the

method of constant zero tension, in which the

water phase that originates from the relatively

bilayers form a lamellar phase that is gradu-

strong repulsion between the apolar hydrocar-

ally dehydrated. In this dehydration process,

bon segments and the polar water molecules.

the lamellae, which are the separate bilayers,

The width of this interface approximates the

are allowed to remain relaxed at all distances

lattice length b, and we therefore notice ar-

.(H) = 0 8 H. Now both the n<i and 7i values will be a function of the distance H. We

tefacts when the bilayer is displaced incre-

fixed the ion chemical potential, so that only

this can be done by systematically changing

the chemical potential of the lipids and water

the number of lipids in the system. A way in

will vary with changing inter-bilayer spacing.

which these artefacts are noticed, is the pe-

When F(H) is a decreasing function of H we

riodic grand potential or chemical potential

are in the regime that the bilayers repel each

variation with the bilayer displacement, which

other and the bilayers are colloidal stable. We

has a wavelength of b. These artefacts have

mentally over the lattice. In curved systems,
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no physical meaning and should therefore be
filtered out. To achieve this, we typically generate a large set of bilayers that are displaced
only a fraction of a lattice site with respect to
each other, and the quantity of interest is averaged. Calculation times are short enough (in
the order of 1 CPU second) to generate 100
different bilayers for which the average bilayer
position shifts with b/100. Each of these solutions will have a systematically changing
grand potential with a shape similar to a sine.
We average these results to obtain the value
of our quantity of interest. Since a single point
difference in the number of under or over predictions can result in an additional noise in the
data, we make sure to equally weigh the under
and over predictions. In some cases where the
interface is particularly sharp, the ascending
half of the sine is highly perturbed, rendering it unsuitable for averaging. We therefore
use the descending part only. By applying
these corrections, the fluctuations have almost
k calculaentirely disappeared in the kc and 7
tions. An additional minor complication is that
in spherical and cylindrical bilayers the lattice
artefact amplitude grows with the radius. We
will describe here concisely the method we apply to correct for this in a cylindrical geometry.
Starting from Eqn 2.20, we can write the grand
potential as a function of the vesicle radius

Ωc (R) =

2πkc
+ f (R) · R
R

(2.29)

which implements the lattice artefacts that
scale with R, using the function f(R) that
has the property hf(R)i = 0. We can use this
property to eliminate f(R) from this equation
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to derive kc, which eventually results in

kc =



Ω(R)
2πR



1
R2



(2.30)

The continuum average used here can be
perfectly applied in a discrete calculation if the
number of points used is high enough. To correct for the lattice artefact dependence on R in
a spherical geometry, the same principle can
be applied. Since for both geometries, the lattice artefacts grow with R, they can become
significantly larger than the values of kc and
7k that we wish to obtain, so that, despite our
efforts, there is a vesicle size upper limit for
which our artefact removal strategy is successful. Typically the upper limit for which the
results remain reliable is for R : 50. This has
consequences for the reliability of finding the
unperturbed bending moduli for charged bilayers: the Debye length should not exceed the
vesicle radius. Hence there is a lower limit of
the ionic strength for which our calculations
remain reliable. When a charged vesicle becomes too small, its electrical double layer will
impose an extra force on the membrane by its
electrostatic interactions through the vesicle
centre towards the opposing side, thus affecting the calculated parameters. Below, we will
therefore only consider those ionic strengths
for which this electrostatic force is negligible.
Even though the lattice artefact removal
increases the required CPU time by a factor
of 100, the method remains computationally
very inexpensive. Typically one single result is
obtained in about one CPU minute on a desktop PC.

2.3 Results and Discussion

The cross-section volume fraction profile of an isolated and tensionless planar DOPC bilayer is presented in Figure 2.2a. This figure contains the profiles
of water, of the two tails, and of the two head group moieties: the phosphate
and the choline group. It shows that the model predicts a virtually dry core,
that water penetrates up to the glycerol backbone, and that the head group
regions are well solvated. Even though the molecular volume of the tail part is
much larger than that of the head group moieties, the lateral dimension of the
head group region does not differ much from that of the core. In this case the
1
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Figure 2.2: a. Cross-sectional volume fraction profiles for an isolated tensionless
DOPC bilayer: lipid tails (solid), phosphate (dashed, black) and choline groups
(dashed, grey) and water (dotted lines). b. Cross-sectional electrostatic potential
profiles for tensionless DOPC (solid), 50% DOPC with 50% DOPG (dashed) and
DOPG (dotted) bilayers.
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2.3.1 Isolated bilayers

Chapter 2

We will start with a few structural results for equilibrium lipid bilayers. With
respect to previous membrane modelling efforts we re-parameterised the
model, especially with respect to the quantities that control the polarity of the
head groups. It is therefore appropriate to pay due attention to the colloidal
stability of the bilayers. We then move on to the discussion of the mechanical
parameters for pure PC, PE and PG lipid bilayers and conclude the results
section by discussing mechanical parameters for mixed lipid bilayers. Unless mentioned otherwise, the ionic strength is fixed to a volume fraction of
'sb = 0.005, which amounts to approximately 50 mM salt and is below but not
too far from physiological conditions. At the end of this section we will address
the thermodynamic stability issues of lipid bilayers and consider the topological challenges that they are exposed to.
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dimensionless head group area is found to be A0 = 8.55, which corresponds
to 0.77 nm2. The membrane thickness dPP : 13, which translates to 3.9 nm.
Both predictions are in good agreement with literature estimates [32, 45].
The two lipid tails are not displayed separately in Figure 2.2a, but we have
shown before that the two tails are not exactly equivalent [38]. The one further
away from the head group is buried slightly deeper in the bilayer. The distribution of individual tail segments (also not shown) is sharpest for segments near
the glycerol backbone and are widest for the end-groups [22]. Indeed these
are found across the full bilayer, albeit that on average each segment stays
predominantly inside its own monolayer. Tails that cross the bilayer symmetryplane, called interdigitations, occur frequently as discussed elsewhere [22,
38]. Arguably the number of interdigitations is slightly overestimated in the
current freely jointed chain model.
The head group orientation may be deduced from the phosphate and choline group profile differences that are given in Figure 2.2a. It is known that this
orientation is weakly ionic strength dependent [21]. In this case the choline
group lies on average about 0.03 nm further outward, corresponding to an
average head group tilt angle of 2.3°. One might be inclined to think that if the
head group would be laying perfectly flat, it should not generate an electrostatic potential profile across the bilayer. As can be seen in Figure 2.2b, the
potential profile for the PC bilayer features negative potentials in the phosphate region and positive values in the bilayer core as well as near the choline
peak. This profile can be rationalised from the observation that the choline
group in fact has a wider distribution than the phosphate. The preference
for an outward orientation follows directly from the molecular lipid structure,
but the inward orientation is favourable since it allows for more hydrophobic
interaction between the lipid tails and the hydrophobic nature of the choline
groups. Moreover, such a broad range of head group orientations is favourable for entropic reasons.
The charged PG lipid addition to a PC membrane changes the electrostatic potential profile. It becomes predominantly negative, as is seen from the
cross-sectional electrostatic potential profiles of Figure 2.2b. Again around
the position of the phosphate a peak in the negative potential appears, for
obvious reasons. The exponential decay of the electrostatic potential in the
water phase is characterised by the Debye length which is inversely proportional to the square root of the ionic strength. Since the ionic concentration in
the core is very low, even though 0 is low as well, the screening length in the
apolar phase is very large and the potential is approximately constant. The
weak decay, best seen for the 100% PG bilayer, is the proof of a finite partitioning of ions and, to a lesser extent, of the head groups inside the apolar
domain of the bilayer. Indeed this phenomenon is expected since very high
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3.4
Figure 2.3: The difference between the membrane thickness definitions, the head to head
distance and core thickness, "d = dPP { dcore
(in units b) as a function of the weight fraction
fDOPG 2 3DOPG / (3DOPC + 3DOPG) in PC/PG lipid
bilayers. Solid, dashed, dash-dotted and dotted lines
are for salt concentrations of 16, 50, 160 and 500
mM.
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electrostatic potentials will be naturally counterbalanced.
The minor drop of the negative electrostatic potential in between the phosphate groups and bilayer core may be linked also to the distance between the
core and the phosphate groups, "d, which appears to vary between different
bilayers. In Figure 2.3 we present "d as a function of the PG lipid weight
fraction in an otherwise PC bilayer for various ionic strengths. It was found
that this distance increases with PG content, which charges the bilayer more.
This distance also increases with decreasing salt concentration, consistent
with the increase of the electrostatic interaction strength. To us, this effect was
unknown and might possibly be confirmed in MD simulations. The link to the
electrostatic potential profile given above in Figure 2.2b is obvious. For high
membrane charges, more ions will enter the region between the core and the
phosphate groups to screen this charge, thereby osmotically attracting more
water, leading to increased "d.
Freely dispersed bilayers can exist only when bilayers repel each other.
Experimentally it is known that PC bilayers have a narrow window of ionic
strength for which this is the case. Here we basically ignore both the undulation repulsion as well as the van der Waals attraction between the bilayers
and focus on the intrinsic interaction between the bilayers. We justify this by
recalling that these interactions have similar distance dependences and are
of opposite sign, and that they largely compensation each other [44]. From
general considerations one would expect the intrinsic interactions to be dominated by the lipid head group properties. By design, most lipids have a relatively small head group size: as explained by the packing parameter such
small head group size is necessary for the bilayers to be stable. Indeed, since
we have redefined the head group solvency parameters, the colloidal stability
cannot be taken for granted.
In Figure 2.4 we give free interaction energy curves for three lipid bilayers, that is for DOPC, DOPE and DOPG. During the interaction the area per
lipid molecule is adjusted until the membrane tension vanishes as explained
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Figure 2.4: Free energy of interaction "F(H) =
F(H) { F(1) (in units of kBT/b2) of tensionless bilayers as a function of the membrane core to core distance H (in units b). Solid, dashed and dash-dotted
lines are for DOPC, DOPE and DOPG lipids.
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above. As can be seen in Figure 2.4 the free interaction energy is monotonically repulsive when the bilayers are negatively charged. For the zwitterionic
bilayers the situation is more complex. Upon bilayer interaction, the head
group orientation can readjust. This may give rise to some attractive contribution to the pair interaction, which is seen when the head groups of opposing
bilayers start to overlap. We have shown before that the attraction is in part
entropic in nature and appears to be non-monotonic with ionic strength [18].
The attraction is weakest at moderate ionic strength and becomes progressively stronger at both low and high ionic strength situations. As the hydrophobic PC cholines lie more parallel to the bilayer surface as compared to
PE, and also have a narrower distribution, they gain more entropy when they
cross over to the opposing bilayer. In consequence, the attraction at overlapping groups turns out to be four times stronger for PC than for PE. All these
findings are consistent with the relatively narrow window of ionic strengths for
which PC bilayers are colloidally stable. Taking these results seriously, it may
explain why the presence of negatively charged lipids in bilayers is necessary
for their proper functioning.
As explained, the compressibility modulus B of a stack of bilayers can
be extracted from the non-linear dependence of the interaction curve. On a
lattice, the number of data points is limited and therefore the curvature is not
very accurately available. Therefore, we will not analyse this quantity in great
detail, but some rough numbers can still be found. In shape, the curves for B
are similar to those of "F in Figure 2.4.
For the zwitterionic DOPC and DOPE lipids, the value of B is almost
zero for 'lipid < 50%, and goes through a minimum for DOPC lipids around
'lipid : 60% at {0.05 kBT nm{4, rendering a small attraction between the bilayers. The membranes naturally repel each other at very high concentrations,
to grow over 0.5 kBT nm{ 4 from 'lipid : 70% for DOPC and DOPE. For the
charged DOPG lipids, B is always positive. It is almost zero for 'lipid < 30%,
and becomes larger than 0.5 kBT nm{ 4 at ' : 60%.
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2.3.2 Bilayer lipid composition
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per lipid A0 (in units b2) as a function of the tail length lt (number of carbon atoms
in the tail) for PC (solid lines) and PE (dashed lines) lipids.
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Let us return now to the isolated bilayers for the remainder of this chapter.
One of the natural variables to tune the bilayer properties is the tail length.
We may find stable bilayers for tail lengths - or alkyl carbon number - starting
from values as low as lt = 8. Lipids with shorter tails tend to form spherical
micelles. We then can freely select much larger values lt > 20 before eventually the bilayers cannot remain tensionless any longer. Of course experimentally one should anticipate gel phase formation to kick in for lt : 18. Unlike
the special variant of the SCF theory that was used to analyse the gel-liquid
phase transition [38], the current SCF theory does not include cooperative tail
alignment. It therefore effectively catches the bilayer properties of lipids with
one or two unsaturated tails. Thus, the membranes that we model are always
at T > Tm, the gel to liquid melting temperature. In the following we will focus
on a small tail length window 16 5 lt 5 20. Outside this window no dramatic
changes in the reported trends were found, and they may be extrapolated
safely to shorter or longer tail lengths.
From general considerations one can expect that bilayers become thicker
when tail lengths increase [45]. We have already seen that the bilayer thickness is constituted of a bilayer core and corona contribution. We expect the
bilayer core thickness to be proportional to 2 # lt, because both leaflets of
the bilayer thicken. In Figure 2.5a we present the bilayer thickness as a function of the tail length both for PC and for PE lipid bilayers. As expected they
increase their thickness linearly with tail length, but the slope is approximately
a quarter of the naive estimate. The main cause for this slow thickness growth
can be found in the corresponding area per molecule change, which is presented in Figure 2.5b. This figure reveals that the area per lipid also increases
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Figure 2.6: (a) The area expansion modulus kA (in units of kBT/b2), (b) the preferred monolayer curvature J0m (in units b-1), (c) the mean bending modulus kc (in
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units kBT), and (d) the Gaussian bending modulus 7
lines) and PE lipids (dashed lines) as a function of the tail lengths lt.

with tail length. We therefore observe that the lipid volume increase with tail
elongation is accommodated partly in the lateral bilayer direction (923%) and
thus contributes for only 77% to the core thickness.
Although the increase of the head group area with tail length is consistent with literature data, it remains food for thought. If we assume that the
driving force for self-assembly is associated with the lipid tail exchange from
water to the hydrophobic core environment, we expect the driving force to be
proportional to the tail length. It is generally expected that the main stopping
force is provided by the head group pressure, which is a decreasing function
of the head group area. From this argument we expect that a driving force
increase with longer tails requires a larger head group pressure, hence a
smaller head group area. In Figure 2.5b we see the opposite. The conclusion is that another stopping mechanism exists that is responsible for membrane stability. We suggest that this originates from the tail stretching. With
increasing tail length the entropy loss due to the stretching increases as well.
Hence the stretching contributes to the stopping mechanism in such a way
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that the membrane becomes tensionless at a higher area per molecule for
longer tails. The relative contribution between tail stretching and head group
compression is slightly different for the two bilayers composed of PC and PE
lipids. Figure 2.5b shows that the area per lipid molecule for PE is smaller
than that of PC. This can be partly explained from the smaller PE head group
molecular volume. However, there is also a contribution from the difference in
head group orientation, as the angle for PC is 30% smaller than for PE, which
has an angle of 3.4°. This generates a stronger electrostatic potential which
contributes to the head group pressure. In line with this we see that PC bilayers are somewhat thinner than PE bilayers (cf. 2.5a).
In Figure 2.6 we have collected the tail length dependence of the key mechanical properties of PC and PE bilayers. The corresponding values for PG
bilayers will be addressed below when we discuss mixed bilayers. In Figure
2.6a the area compressibility modulus kA is shown to be a linearly increasing
function of the tail length. Figure 2.6b reveals that the spontaneous monolayer curvature J0m is a slightly non-linear decreasing function of the tail length.
In this case the balanced bilayers for which J0m = 0 occurs for lt : 15, just
outside the presented range, for both bilayers. The mean bending modulus
increases approximately linearly with tail length as shown in Figure 2.6c and
finally the Gaussian bending modulus (Figure 2.6d) increases with tail length
and changes sign for lt = 18 or lt = 19 for PC or PE, respectively.
It is necessary to discuss these results in more detail. This task appears
more difficult for kA and kc than for the other two quantities. As explained, kA
and kc represent higher order derivatives of the free energy, namely with respect to changes in area and in curvature, respectively. Both moduli need to
be positive, since otherwise, the free energy would have local maximum rather than a minimum with respect to an area- or curvature change. To rationalise
the trend for kA, the non-linear dependence of the driving and stopping forces
on lt must be considered. These forces tend to decrease the membrane area,
which is equivalent with a membrane thickness increase. The understanding
of this non-linear dependence is not trivial, because the value of kA increases
with only 1% for each CH2 addition to the tails. The first of the driving forces
to decrease the surface area is the almost constant contribution from the tailwater interface. Non-linear effects may come from adsorption of head groups
onto this interface. Secondly there is the pressure in the head group region
which is known to be roughly inversely proportional to the area per molecule.
Above it was shown that the area per molecule increases with tail length, and
we therefore expect that the pressure contribution to kA is opposite to the
found trend. Finally there is a non-linear contribution of the tail entropy loss.
As the chains are strongly stretched, arguably beyond the Gaussian elasticity
range, non-linear contributions are likely. Hence it appears reasonable that
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the observed increase in kA can be attributed to the non-linear tail stretching.
In other words we expect that the value of kA should correlate with the core
thickness.
From general considerations we expect that the mean bending modulus
kc has contributions from both the core and the corona. The mean bending
modulus is usually expressed in units kBT, whereas that of kA is kBT/b2.
This is why in literature these quantities are pragmatically related by kc / kA
d2 [32]. Which value for d we need to use is less clear and also the value of
the proportionality constant can be debated on. We may use the Ansatz that
d : dcore. Then we would expect kc to increase with tail length for two reasons,
namely that the core size increases, just as the value for kA. Qualitatively this
trend was observed indeed. However, we will see below that the pragmatic
kA and kc correlation cannot be taken as a general rule. In this case, it works
since the head group contribution to kc apparently does not change much
when we systematically change the tail length. Indeed, the PE bilayers show
a slightly stronger kc dependence with chain length than PC bilayers. We take
this as a strong indication that both the head and tail contribute to kc.
The tail length dependences of the spontaneous monolayer curvature J0m
and the Gaussian bending modulus are much more dramatic than the effect
on kc and kA. It is therefore more relevant to be able to relate these strong
dependences to the structural membrane properties, and fortunately, this is
much more straightforward than with kc and kA. The spontaneous monolayer
curvature may be linked directly to the ideas behind the packing parameter
introduced by Israelachvili and coworkers [10, 46].
At this point we should understand how the head group area A0 differs
from the ideal head group area a0, which is used in the packing parameter
argument, while A0 is the head group area in the bilayer where a packing
parameter value P = 1 is imposed. When we increase the hydrophobic volume at fixed head group properties, we see in Figure 2.6b that the preferred
monolayer curvature drops. This is exactly in the spirit of the Israelachvili parameter, because in this situation it is anticipated that the a0 value decreases.
It should be mentioned that the negative spontaneous curvature found for
these lipids is characteristic for the relatively small head group size of the
zwitterionc lipids. A strongly negative J0m value indicates that the hexagonal
HII phase will be formed at sufficiently high lipid compositions [47, 48]. Recall
that J0m= {0.05 corresponds to a curvature radius R = 1/J = 20 which corresponds to 6 nm, which is not unrealistic for HII phases. Indeed, for PE lipids
the HII phase is predominantly present especially for lipids with tail lengths
lt 5 18. Remarkably the results for PC and PE are close to each other: apparently the lines for J0m(lt) cross at lt : 18.5. We will not try to explain the
slightly different slopes for these two cases. Based on the value of J0m(lt) one
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would anticipate that PC systems and PE systems are equally likely to form a
HII phase. This is not the case as will be argued below.
In the literature there are few predictions of the lipid bilayer Gaussian bending modulus from a detailed molecular model [14]. Our previous protocol to
k,
evaluate this quantity failed and invariably resulted in a negative value for 7
which had an absolute value approximately equal to the mean bending moduk value for PC and PE lipid bilayers
lus [23-31]. In the new protocol [6] the 7
is very close to zero albeit that the value for PC is roughly half a unit higher
than for the PE bilayers. It is negative for small tail lengths but positive for
longer tails. This implies that we should anticipate that long chain lipids form
cubic phases at sufficiently high concentrations. It is noteworthy that unlike
kc, which increases linearly with tail length, the slope for 7k increases with tail
length. A quadratic fit to these data delivers a quadratic term for PE lipids that
is twice that of PC.
It was mentioned above that the Gaussian bending modulus is linked directly to the grand potential density profile of the planar bilayer. More specifically (cf. Eqn 2.25c), the local grand potential densities are added with a
weight z2, where z is the distance to the symmetry plane. This means that
features in the grand potential density profile that are far from the symmetry
plane, that is, in the head group region or in the diffuse double layer, play an
k, even if these are small. It is thereimportant role in the numerical value for 7
fore of interest to inspect and discuss the grand potential density profiles for
our lipid bilayers.
In Figure 2.7a we show the grand potential density profile across tensionless bilayers for DOPC, DOPE and DOPG bilayers. The grand potential
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profile is rather complex and unfortunately we do not understand all details of
it. Especially in the head group region the grand potential density has large
positive and negative values, indicating that the local stresses are non-trivial.
The areas of negative ! must equal those for positive ! values because the
bilayers are tensionless. We tend to see a significant negative contribution
at the core periphery, while in the core centre it turns positive. These trends
are observed also in the corona region: there is a negative excursion of the
grand potential density near the phosphates and a positive value closer to
the solvent side. The latter observation is relevant to explain the trends of the
Gaussian bending modulus with tail length. A head group profile shift to larger
distances, which can be realised by increasing the tail length, gives stronger
weights to the positive grand potential density at the extremities. This implies
that with increasing tail length the Gaussian bending modulus has the tendency to increase.
This trend is visualised in the cumulative summation of the second moment
of the grand potential density presented in Figure 2.7b for PC bilayers with
k,
different values for lt. Since the sum of this entire profile gives the value of 7
17
the value on the far right side of Figure 2.7b represents {2 k, since it shows
one monolayer only. Although the lowest peak in the grand potential density
profile (Figure 2.7a) lies close to the membrane center, the cumulative functions quickly take advantage of the positive peak around z = 5, only to grow
further when we move to the outside of the membrane. From the distances
k inbetween the four curves on the right side of Figure 2.7b, the non-linear 7
crease with tail length is clearly visible. This is in line with the result of Figure
2.6d. Something that is quite unexpected can be seen here as well. We would
expect the shape of the four curves to be similar, but only to have shifted to
higher z for longer tails, combined with higher peaks and lower valleys, which
k values, and thus could never explain that 7k changes
would lead to larger 7
sign. However, the effect that we saw of lt on the membrane thickness and
head group area might explain that the increased head group area with longer
tails directly affects the pressure profile, which again can be related to the
Israelachvili argument addressed earlier. To explain the more subtle differences such as that between PE and PC, the potential density profiles must
be analysed in more detail. But since we do not fully understand how these
profiles develop we do not further pursue this exercise.

2.3.3 Tail hydrophobicity and head group hydrophilicity
Insight in the lipid bilayer structure and mechanics prediction may be enhanced by a brief parameter study. Here we consider DOPC and choose two
parameters, which are the tail hydrophobicity implemented by @CW - a higher
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the head group, for DOPC lipid bilayers. The lines are results for three values of
@CW = 1.3 (solid line), 1.2 (dashed line) and 1.1 (dash-dotted line), implementing
the tail hydrophobicity variation.

value means a more hydrophobic tail - and @CNW, which is the parameter that
controls the head group choline hydrophobicity. The higher this latter value
the less hydrophilic the head group becomes. A value of @CNW = 0 makes
the bilayer more alike to PE, but then without affecting the head group size,
whereas @CNW = 1 makes it more hydrophobic than our default choice. The
@CNW value will obviously affect the head group orientation, as a more hydrophobic choline group tends to move further towards the lipid tail. The lipid tail
hydrophobicity controls the driving force for membrane formation. The larger
the @CW value the stronger this driving force becomes.
In Figure 2.8 we show results for the membrane thickness, which is here
specified by the phosphate-phosphate distance, the area per lipid molecule
A0, and the mean and Gaussian bending moduli. As is shown in Figure 2.8a
the thickness of the bilayer is a slightly decreasing function of @CNW, and from
Figure 2.8b we see that the area per lipid also decreases. The latter indicates
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that the core size must increase, which can only be rationalised by a head
group solvation decrease, which leads to a reduced bilayer corona size. In
other words, the choline groups, which stick out of the membrane when they
are more hydrophilic, rotate towards the membrane when they become more
hydrophobic, as is indeed expected. With increasing @CW (going from the
dash-dotted, to the dashed, to the solid line) we notice trends that are in line
with our expectations. For fixed tail length, a driving force increase should
result in a smaller area per molecule and a larger membrane thickness.
We argued above that the mean bending modulus has core and corona
contributions and we can therefore expect it to change significantly in response to variation of the current two @ parameters. As can be seen in Figure
2.8c an increase in @CW significantly stiffens the membrane. A wide range of
membrane rigidities have been reported from experimental studies, but give
values that lie mostly above 10 kBT [32, 49, 50]. This suggests that our default
choice for the intermediate value @CW = 1.2 may be an underestimate. Again,
our motivation is a practical one, since lattice artefacts increase in importance
when @CW increases. Consistent with the core size growth, we found (not
shown) that kA grows proportionally with @CW. The same correlation between
kA and kc that is discussed above basically explains the membrane rigidity
increase with increasing @CW.
In Figure 2.8c it is seen also that the mean bending modulus decreases
with increasing @CNW. We do not show the corresponding trend for kA, since
this quantity basically does not respond to changes in @CNW. We may therefore
assume that the lipid tail region does not contribute to kc changes with a head
group hydrophobicity change. The focus should therefore shift towards the
head group contribution to kc. With increasing @CNW, the head group becomes
less polar and the effective head group solvent quality becomes progressively
worse. The second virial coefficient which quantifies the repulsion between
the head groups is therefore expected to become progressively smaller, and
the head groups can lose their resistance against bending. This explains the
decrease in mean bending modulus. Again, the fact that kA and kc are not
similarly affected is, as explained above, due to the low head group sensitivity of kA whereas kc has contributions that originate from both head and tail.
k increases monotonically with both
Finally, we see in Figure 2.8d that 7
@CNW and @CW and changes sign when the tails are highly apolar or the head
groups are less polar. These results can be understood from the head group
area reduction that is shown in Figure 2.8a. We mentioned earlier that memk values are inclined to form cubic phases. In these cubic
branes with positive 7
phases, the area that is available for the head groups can be shown - with
a straightforward geometrical analysis, as we will present later on - to be reduced in comparison with the lamellar phase. It is therefore not surprising that
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a reduced head group hydrophilicity as well as a driving force increase for assembly, which also leads to a smaller head group area, give a trend towards
k values.
positive 7

2.3.4 Charged lipids

a

b

A0 9.2
A0

dP P dP P

b

9.6

9.6

cs

cs

0.5

0.5

9.2

12.7 12.7
8.8

8.8
12.5 12.5
0
0

cs

cs

0.5

0.5

fDOPfGDOP G

1

1

8.4

0

8.4

0

1

1

fDOPfGDOP G
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Above we mostly focussed on zwitterionic PC and PE lipids. In nature, lipid
membranes are invariably negatively charged. We therefore will now consider some structural and mechanical parameters for mixed lipid bilayers
composed of DOPC and DOPG. The composition is specified by the weight
fraction fDOPG 2 3DOPG/(3DOPC + 3DOPG). For these systems the salt concentration becomes a natural control parameter and therefore we have varied
this as well. It must be stressed that due to the one-gradient SCF analysis, we
impose the restraint that the lipids are laterally ideally mixed. Various quantities such as dPP and the area per molecule A0 are given by the weight average, e.g. A0 = fDOPC "A0(DOPC) + fDOPG "A0(DOPG).
In Figure 2.9, the average phosphate-phosphate distance and the average area per molecule for the mixed bilayers are presented as a function of
the weight fraction fDOPG. The membrane thickness dPP is a non-monotonic
function of fDOPG, except for very high ionic strength situations. The area per
molecule increases monotonically with the fraction fDOPG and this growth is
progressively stronger with decreasing ionic strength (Figure 2.9b). This effect is easily explained: a stronger repulsion between the head groups quite
naturally leads to a larger head group area. For the lower salt concentrations
(16 mM), the PG lipid bilayer reaches an area of up to 10% more than that
of PC in pure PC bilayers. For 0.5 M salt, this increase is reduced to 5%.
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Interestingly, the area increase is non-linear in fDOPG. Small additions of PG
lipids only modestly affect the area per molecule, because with a low charge
density, the ions do not produce any excess pressure in the head group region. But with increased PG loading, the charge density in the head group
region increases, and the counter ion concentration in the head group region
becomes larger than in the bulk. Consequently an excess osmotic pressure
is built up which causes the attraction of more water, so that the head groups
occupy a larger area. For the lowest ionic strength this already occurs at low
values of fDOPG.
It is expected that the membrane thickness decreases with increasing A0.
The decrease of dPP at low salt and relatively low values of fDOPG is therefore
in line with this expectation. The dPP increase, which is found at higher fDOPG
or at higher ionic strength conditions, indicates an increase in the distance
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Figure 2.10: a) The area expansion modulus kA (in units kBT/b2), b) the preferred
monolayer curvature J0m (in units b-1), c) the mean bending modulus kc (in units
kBT), and d) the Gaussian bending modulus 7k (in units kBT) as a function of the
weight fraction fDOPG in DOPC, DOPG lipid mixtures. Different curves represent
different salt concentrations of 16, 50, 160 and 500 mM (solid, dashed, dashdotted and dotted lines).
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between the core and the head group region. This effect has been assessed
above with the discussion of "d in Figure 2.3 and was attributed to the presence of an electric double layer between the phosphate groups and the hydrophobic core. This region contains more ions when the salt concentration is
high or when the charge density in the head group region is high. Hence the
distance dPP can increase even when dcore decreases.
The dependence for the mechanical parameters that correspond with
these membrane changes are presented in Figure 2.10. Again as a function
of the weight fraction, we show the area expansion modulus, the spontaneous
monolayer curvature, and the mean and Gaussian bending moduli for ionic
strength conditions of 16, 50, 160 and 500 mM. The parameter that controls
the membrane thickness variations, kA, was shown above to be strongly correlated with the core size. In Figure 2.10a we observe the same trend. We
mentioned already that the core size typically decreases with increased bilayer loading with charged lipids, and that this effect is stronger for lower ionic
strengths. In line with this we notice a kA reduction. The tiny maximum for
kA(fDOPG) for the highest ionic strength and the even smaller extreme values
for kA at smaller values of fDOPG at lower ionic strengths correlate with the
non-linear effect noticed in Figure 2.9b and may be explained by a mixing
entropy contribution.
k. The
Before discussing kc we shall first turn our attention to J0m and 7
trends found for these quantities are explained more easily since both quantities depend strongly on the head group area. The preferred monolayer curk decreases strongly (Figure 2.10d)
vature J0m increases (Figure 2.10b) and 7
with increasing PG content. At low ionic strength, these trends are even more
pronounced. Inspection of the grand potential density profile in Figure 2.7
reveals a large difference in peak height between PC and PG lipids. The
strongly negative peak at large z-values is consistent with the progressively
k with increasing fDOPG. The spontaneous monolaymore negative value for 7
er curvature is negative for PC but turns quickly positive by adding charged
lipids. The largest positive value implies a curvature radius proportional to
{12 dPP, which complies with curvature found in membrane pores, cylindrical
k are completely
micelles or spherical micelles. The trends for both J0m and 7
in line with the idea of the packing parameter. Charged lipids require a large
area per molecule and such large areas are not compatible with the space
k
and volume constraints in a cubic phase. This is consistent with the fact that 7
is more negative with increasing fDOPG. Indeed such large areas may induce
the formation of objects with a high curvature with concomitant dangers for
the lipid bilayer stability.
Again the results for the mean bending modulus (Figure 2.10c) are more
difficult to understand. It is found that kc is a strongly increasing function of
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Figure 2.11: a) The mean bending modulus kc (in units of kBT) as a function of
the salt concentration cs (in M), both plotted on a logarithmic scale. Here DOPC
and DOPG lipid mixtures are used. The weight fraction fDOPG = 1, 0.9, 0.75, 0.5,
0 runs from top to bottom. Below ionic strengths of 16 mM, dotted lines show
an extrapolation to lower salt concentrations based on a power-law fit in the low
ionic strength region. b) The effective bending modulus in the spherical geometry
~ 2 2kc + 7k (in units of kBT) as a function of salt concentrations cs. The same
k
DOPC and DOPG mixtures are used as in (a), but here 0% DOPG is at the top.
Below ionic strengths of 16 mM, dotted lines show an extrapolation to lower salt
k and kc separately.
concentrations based on power-law fits for 7

the fraction fDOPG in the DOPC bilayer. Clearly the DOPG loading increase
results in a phospholipid bilayer for which the lipids on average have more
polar head groups. In line with the result of Figure 2.8c, we notice that a more
polar head group gives a larger kc value. The increase of kc with fDOPG must
therefore be attributed to the head group contribution to kc, with a tail contribution which apparently changes marginally.
The effect of the ionic strength on kc is minor. The curves in Figure 2.8c
are close to each other. The ionic strength dependence is better seen when
kc is replotted as a function of the ionic strength for given fractions fDOPG.
Such a graph is presented in Figure 2.11, which shows that the mean bending modulus typically depends non-monotonically on the ionic strength. At
high ionic strength the bending modulus increases slowly by increasing the
salt concentration, while this is the opposite for low ionic strength. As a result
there is a minimum in the mean bending modulus. Such a non-monotonic
ionic strength dependence has been reported before by Claessens et al. [28].
These authors used a different lipid model which allowed lower ionic strength
conditions than the current model. They found a very strong membrane rigidity increase at low ionic strength. The relation between the ionic strength and
kc appears to obey a power law, with a power between {0.025 and {0.055 for
the different fDOPG, which allowed us to extrapolate the value of kc to lower
ionic strengths (indicated by dotted lines).
56

In this chapter we introduced a new model on a united atom level that uses
the self-consistent field method. We accurately evaluated the corresponding
partition function within the approximations of this model, which are the meanfield approximation, the freely jointed chain model for the chain statistics,
the short-range FH-interaction parameters, and the use of the lattice. In this
sense our results may be coined ‘analytical’, even though the actual results
are obtained numerically.
As mentioned above, the SCF theory has been used before for lipid bilayer
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The occurrence of a minimum in these curves also explains why in Figure
2.10 the curves cross each other seemingly randomly. As argued above there
are head and tail contributions to kc. For low ionic strength, the charged head
groups progressively repel each other more and it becomes harder to bend
this bilayer part: the larger the second virial coefficient for the head groups,
the larger the resistance against bending. In the high salt regime the head
groups are screened but there remains a small ionic strength response to the
core size. As kA increases in this regime (Figure 2.10a), we also expect the
bilayers to become stiffer due to the core contribution. This effect apparently
dominates in the high ionic strength regime.
In the context of membrane stability it is interesting to consider the value
~ 2 2kc + 7k. For
of the effective bending modulus in the spherical geometry k
lipid vesicles to remain thermodynamically stable, we need a positive value
for this effective bending modulus. This quantity is shown in Figure 2.11b.
The extrapolation to low salt concentration is the resultant of the individual exk. DOPC lipids are known to form stable vesicles, which
trapolation of kc and 7
~ of 14 kBT, independent of ionic strength. Loading these
is confirmed by their k
~.
PC bilayers with PG lipids results in a steady but non-linear decrease of k
~ is a combined quantity of parameters that are not linear themselves, it
As k
will be hard to understand this non-linearity. Anyhow, its value shows a steady
decrease with decreasing ionic strength for all PG concentrations, which is in
good agreement with Lekkerkerker et al. [51]. This observation of decreasing
k~ might seem strange, since PG lipids are known to form giant vesicles when
dissolved at very low ionic strengths, in the presence of high sucrose concen~ increasing it with respect
trations. Possibly the sucrose has an influence on k
to the aqueous systems, or such giants are thermodynamically metastable
(with spherical or cylindrical micelles being the thermodynamically favoured
state). The relatively large value of kc, and the correspondingly large value
of the membrane persistence length may contribute to the possibility to find
giant vesicles with a high loading of PG lipids.
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modelling. Indeed, the parameter space consistent with tensionless bilayers
is sufficiently large to generate a range of bilayers with significantly different
structure and mechanics. The parameter set that is used in this chapter is
arguable more accurate than previous ones, because with the new values
k and J0m
for the tuning parameters for the PC, PE and PG head groups, the 7
parameters are now consistent with experimental phase behaviour of these
systems. We have been able to fine-tune our model because of the corrected
protocol to compute the mean and Gaussian bending moduli. The excess
Helmholtz energy per unit area is used to find kc in the cylindrical coordinate
system and the grand potential is used for the spherical vesicle [6]. In previous papers we used the grand potential in both geometries which resulted in
k for all bilayers that
an overestimate of kc by a factor of two and a negative 7
were generated. We note that it is flawed also to use the excess Helmholtz
energy for both cylindrical and spherical geometries.
The model not only delivers the mechanical membrane parameters, but its
structural parameters as well, such as the area per molecule and the membrane thickness. Despite the coarse grained lipid description, the poor water
phase model, and the idealised assumption for the ions to be inert and nonselective for any bilayer region, we have reason to believe that the model predicts these parameters reasonably well. Also the bilayer colloidal stability is in
line with the experimental findings, even though the membrane undulations
and the long-range van der Waals interactions are ignored.
As with respect to the mechanical membrane parameters, the trends that
were discussed above are realistic. The absolute values are obviously less realistic. Especially the mean bending modulus kc, for which we found a value of
about 7 kBT for DOPC membranes, is presumably too low, since most experimental estimates found in literature are significantly higher [32, 49, 50]. One
should realise however that we here study equilibrium parameters, for which
a deviation is expected when the rigidity is estimated from a dynamic method. Such methods naturally give higher values. Accurate Gaussian bending
modulus estimates are rare and we rely on the lipid phase diagrams which
indicate that our predictions are consistent with the available information.
The value that we found for the area expansion modulus kA, 1.4 kBT per
unit area for DOPC, also seems lower than reported values between 2.5 and
13 kBT [32, 52]. Within the mean field approximation the intra-molecular excluded volume effects are definitely underestimated. The dense lipid packing
and the lipid inability to intersect with each other (the so-called excluded volume effect) should result in a larger kA value than found by our SCF method.
In the literature one frequently finds kc and kA to be related as kc / kA d2,
where the length d is of order of the bilayer thickness and the proportion1
ality constant is |
24 [32]. Such a correlation is important when trends are
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considered. We have argued above that the relation is qualitatively obeyed as
long as the bending modulus is dominated by the core rigidity. This relation is
of no use, however, when the dominating contribution comes from the head
group region, and when those parameters that affect the head group polarity
are varied. The kA value is dominated by core region contributions, which can
be understood as follows. The kA specifies how the membrane tension varies by a relative membrane area change, and this membrane tension is the
zeroth moment of the grand potential density profile !(z). Since the packing
density is highest in the core region, it must dominate kA and this explains why
we should expect a limited effect of head groups changes on kA. The mean
bending modulus, on the other hand, has no dominating region such as kA,
but has contributions from both the head and the tail regions. More specifically kc of the monolayer is found by the first moment of the mean curvature
dependence of the grand potential density (cf Eqn 2.26) and since the weaker
head group contributions are now weighed by r, both heads and tails should
be taken into account.
The spontaneous monolayer curvature J0m is a parameter which can be
conveniently rationalised with the packing parameter ideas of Israelachvili
[10]. From this packing parameter Ansatz it is known that the head group
area is a parameter that is more responsive than the tail length or the volume,
basically because the volume and the length of the tails are proportional.
Therefore we see that J0m is particularly sensitive to the head group properk as well. This is not too
ties of the lipids used. We found that this counts for 7
surprising because the Gaussian bending modulus is known to be given by
the second moment of the grand potential density profile (cf. eqn 2.25). This
does not mean that the Gaussian bending modulus is not a function of the
core size. Indeed a larger core pushes the relevant features of the grand
potential profile to larger z-values and consequently gives a stronger weight
k with the
to these features. Nevertheless, we find that we can rationalize 7
packing parameter ideas as well. This finding is important because it gives a
k.
handle on predicting trends for 7
From calculations on a variety of systems - we varied head group type,
tail length, the solvent quality of head groups and lipid tails, and we studied
PG/PC lipid mixtures at varying ionic strength - we were able to relate the mechanical membrane parameters to membrane structural parameters such as
its thickness, the area per lipid, and the head group tilt, which is influenced by
the head group polarity. The PC and PE lipids have head groups with a relatively low polarity. As a result, the spontaneous monolayer curvature tends to
be negative and the Gaussian bending modulus is close to zero or tends to be
positive. Bilayers composed of lipids with a large negative J0m are inclined to
form inverted phases, such as HII phases, at sufficiently high concentrations
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[47, 48]. Similarly, the positive Gaussian bending modulus will induce handles
between bilayers. Both these threats to membrane stabilisation can be counteracted by the addition of PG lipids. Inclusion of such negatively charged
lipids will result in an increase in the average area per molecule and J0m and
k.
a decrease in 7
From a biological perspective, it is interesting to have access to lipids that
k values. According to our results, this
have similar J0m values but different 7
occurs for PC and PE lipids. A biological system can use ratio adjustments of
these two lipids to control the tendency to form different topologies, necessary for particular cell functions. Interestingly, PC and PE lipids both have a
J0m value that is slightly negative and a 7k value close to zero when the tail
length is approximately lt = 18. In addition, the Gaussian bending modulus
of PC bilayers is higher than that of PE. We therefore expect that PC bilayers
are more inclined to form cubic phases than PE bilayers. In line with this, PE
systems are known to form HII phases at high concentration [47]. Apparently
a window exists for PE in which HII phases are feasible, but in which the cubic
phase still remains unfavourable. We plan to return to this feature in a future
publication.
k to the packing parameter P. To
There is a geometric argument to link 7
elaborate on this we need to know what happens when a Gaussian curvature
K is imposed on a membrane. It is well known from the Gauss-Bonnet theorem that the addition of one Euler handle to a membrane object increases the
total Gaussian curvature by 4: [53]. The consequence of this for the lipids
is less well known, but can be easily derived. It can be shown that when a
sheet with a certain thickness d is curved in a Gaussian geometry while its
volume is fixed, the area of this sheet decreases by {43 :d2 with the addition
of one Euler handle. Since we can do this for every position z = d within the
membrane, the area changes with {43 :z2, where z is the distance from the
k relates to the
membrane centre. This result is very similar to the fact that 7
second moment of the grand potential profile, which scales with the same
value of z2. Imposing a Gaussian curvature on the membrane produces an
effect similar to curving the lipid monolayer with a negative mean curvature.
The available space for the lipid head group decreases with a positive bilayer
Gaussian curvature K > 0 or a negative monolayer mean curvature J < 0.
Correspondingly, P > 1 calls for a monolayer curvature which is negative and
a Gaussian curvature K > 0, so that the membrane allows the lipid to pack
k are parameters that follow
closer to its ‘native’ shape. Hence both J0m and 7
the packing parameter arguments.
The bilayer stability is undermined when the effective bending modulus
~
k becomes negative, that is 2kc + 7k < 0. If this is the case, vesicles should
spontaneously split and form new smaller ones. Kinetic barriers may prevent
60

A coarse-grained model was used for lipid molecules in a self-consistent
field theory, which allowed us to model lipid bilayer membranes in large detail.
We found a parameter set which gave accurate results for the area per lipid
and the membrane thickness as well as other structural parameters for such
bilayers. Using the same model, we found reliable trends for the mechanical membrane parameters, although their absolute values are less certain.
For the area expansion coefficient kA and the mean bending modulus kc,
the values were necessarily positive, but the model arguably underestimated
the numerical values slightly. We found that the Gaussian bending modulus
and the spontaneous monolayer curvature can change sign depending on the
conditions. We present the idea that these two parameters can be rationalised
with the same line of thought as is practised for the surfactant packing parameter. PC or PE lipids with sufficiently long tails were found to have a negative
preferential monolayer curvature or a positive Gaussian bending modulus,
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a rapid decrease of the average vesicle size, but a general trend should be
visible. Above we have seen that in the limit of low ionic strength and sufficient
loading of the bilayer with negatively charged lipids, the effective modulus
is small or even tends to become negative. This coincides with a large and
positive value of J0m. Clearly in this limit the membrane may develop many
pores and the barrier function of the bilayer is at stake. In Chapter 5, we will
pay attention to these phenomena. A high value of J0m and a negative effective bending modulus are consistent with the formation of cylindrical or
spherical micelles. It is interesting to mention that before we reach conditions
k becomes negative, we are already in the range where J0m is so
where 2kc + 7
low that the lipids and especially surfactants will form hexagonal and micelle
phases.
It is known that giant vesicles can be made by lipid bilayer mixtures that
are rich in charged lipids, such as PG, in the low ionic strength limit. As explained before we expect that large vesicles are stable when the mean bending modulus is sufficiently large. Otherwise, shape fluctuations would develop
that destroy the vesicles. Consistent with this, we found a progressive resistance against bending with decreasing ionic strength for mixed DOPG/DOPC
bilayers (Figure 2.11) and this was attributed to the pressure in the head
group region of the bilayer. In this limit the spontaneous monolayer curvature
J0m saturates, so that destabilisation due to monolayer curvature is limited.
The bilayer tendency to form pores is therefore also expected to be a nonmonotonic function of the ionic strength. Again, we will elaborate on this in
Chapter 5.
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which signals the destabilisation of the lamellar phase in favour of HII or cubic
phases. The addition of PG lipids, especially at low ionic strengths, turns the
spontaneous monolayer curvature to positive and sometimes even extreme
positive values. Under these conditions, the bilayer is expected to easily form
pores. The mean bending modulus was found to have about equal contributions from tail and head group. In general, kA and kc are not related directly,
with the possible exception when the contributions to the bending modulus
are dominated by the tails. We have shown that the mechanical bilayer parameters and the structural bilayer parameters can be tuned independently
by carefully adjusting the lipid mixture composition. These subtle adjustments
might have interesting biological consequences, which deserve a closer
investigation.
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Nanoparticle-bilayer
interaction
Interaction of Metal Oxide Nanoparticles with
Phospholipid Membranes

Abstract
Chapter 3

A fluorescence leakage assay was used in a high throughput setup
to gain information on the phospholipid vesicle leakage induced by
addition of silica nanoparticles. We showed that this method can be
used not only to scan for the conditions where leakage occurs, but
also to get quantitative information on the interaction between these
nanoparticles and phospholipid membranes.
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3.1 Introduction
Society is increasingly worried about the impact of engineered nanoparticles (NPs) on the environment and on human health. An increasing number
of products contain these particles and still, knowledge on the risks of NPs
remains limited. Multiple studies have focused on the effect of exposure of
various nanoparticle species in a variety of systems, such as aquatic [1-3]
or soil systems [4, 5], or systems where animals are exposed directly to airborne particles [6, 7]. However, due to their size, NPs dissolve more quickly
in water than their larger counterparts do. As a result, the concentration of
dissolved molecules or ions close to the surface is high compared to the bulk
concentration. Especially when highly dissolvable particles, such as silver or
zinc oxide, are investigated, it is difficult to distinguish between the effect of
the particles themselves and the relatively high ion concentration close to the
particle surface.
Many studies have shown the toxic effects of particles on various organisms [8]. Yet, to predict the toxic effects of exposure to an unknown particle
remains impossible, even if its physicochemical characteristics are known,
such as size, specific surface area, or surface charge and chemistry. The
possible mechanisms that are determined by these physicochemical properties all involve nonspecific interactions. To clarify these mechanisms, we
started out to investigate the interaction between NPs and the phospholipid
membrane. If we can predict if and how a particle affects a cell membrane
and under which conditions, we know which effects of nanoparticles need to
be determined to predict their toxicity. In this research, we want to clarify what
mechanisms are involved in the interaction between SiO2 nanoparticles and a
phospholipid membrane, and how these are influenced by the physicochemical conditions and properties of the particles. Results from our self-consistent
field (SCF) modeling (unpublished results) show that the effect of a negative
particle charge on the interaction with lipid membranes is twofold: a higher
charged particle more strongly attracts the zwitterionic phosphocholine (PC)
headgroups, but is also repelled more strongly due to the stronger confinement of the electrical double layer which surrounds the particle. Variation of
the pH allows us to change the charge on the particles and to study these
effects of attraction and repulsion. In our study, we used silica particles of various sizes in combination with DOPC and mixed DOPC/DOPG phospholipid
membranes. Silica particles were chosen for their low solubility and their stable dispersions. We have used a fluorescence vesicle leakage assay method
well known in pharmacology (see, e.g., Garnier et al. [9]). Lipid vesicles filled
with sulforhodamine B at self-quenching concentrations were used to test
whether a compound was membrane-active. This method is commonly used
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to show the presence of interaction with the membrane, but not to quantify
this interaction. With this method, however, we were able to show a variance
in interaction between nanoparticles and the membrane, and the dependence
of this interaction on the physicochemical conditions. Multiwell plates were
applied to enable high-throughput measurements in order to quickly scan
the relative strength of interaction. We combined these measurements with
confocal laser scanning microscopy (CLSM) measurements to visualize the
particle binding to the lipid vesicles.

3.2 Materials and methods
lar vesicles, the lipid suspension was treated

Materials
The lipids we used in this study are 1,2-dioleoyl-sn-glycero-3-phosphocholine

(DOPC),

glycerol) (DOPG), and the fluorescent 1-Oleoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)
amino]dodecanoyl]-sn-Glycero-3-Phosphocholine (NBD-PC), which were purchased
from Avanti Polar Lipids (Alabaster, AL, USA).
ton X100 were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The silica particles we
used were Ludox LS (8 nm radius), and Ludox
SM (35 nm radius), purchased from SigmaAldrich. The green fluorescent (FITC) silica
particles (12 nm radius) used for CLSM measurements were obtained from Corpuscular Inc.
(Cold Spring, NY, USA).
Vesicle preparation

K. To acquire vesicles of well determined size,
the suspension was pushed 41 times through
a polycarbonate filter, using a mini-extruder
(LiposoFast, Avestin, Ottawa, Canada). The
resulting mean hydrodynamic vesicle radii
were 45, 70 and 125 nm using filters of 80, 200
and 800 nm, respectively. The vesicles were
stored at 293 K for 3 days at most. Before a
measurement, the vesicles were separated
from the SRB containing medium by passing
25 7L of the vesicle suspension over a size
exclusion column, using the buffer as eluens.
The column was prepared by packing 1.5 mL
of a 5% Sephadex G100 suspension in buffer
into a Pasteur pipette. Silica particles were diluted using the buffer set at the desired pH using potassium hydroxide or nitric acid.

To prepare unilamellar lipid vesicles filled with

Fluorescence leakage assay

sulforhodamine B (SRB), we used the follow-

Fluorescence assay measurements were per-

ing protocol. For all steps, a buffer was used
composed of 50 mM KNO3, 4 mM phosphate,
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Sephadex G100, Sulforhodamine B, and Tri-

uid nitrogen and water of approximately 320
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1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-

four times by freezing and thawing using liq-

formed using a 96 well plate with a well volume of 300 7L. We used a Fluorolog 322 (Hor-

4 mM boric acid, and 2 mM TRIS buffer, and a

iba) spectrofluorometer using wavelengths

pH of 7.5, unless mentioned otherwise. DOPC

of 586 ' 4 nm and 605 ' 4 nm for excitation

and DOPG lipid solutions in chloroform were

and detection and an exposure time of 200 ms

mixed in various ratios and the chloroform was

per data point per well. First, a baseline was

evaporated under a stream of nitrogen. The

recorded by measuring the fluorescence in-

lipids were then dried in vacuum for 2 hours.

tensity five times in a vesicle solution without

The dried lipids were resuspended in buffer

particles (I0). After addition of the particles,

containing 50 mM SRB. To acquire unilamel-

the measurement data were obtained by re-
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cording the plate 20 times. To determine the
maximum fluorescence intensity level (Imax)
for each well, the vesicles were disrupted using Triton X100 and the plate was recorded
five times. To record the baseline, all wells
were filled with 5 7L of the vesicle suspension
and 245 7L of buffer, set at the right pH for
each well. The concentration of the lipids in
the wells was approximately 1 mg/L. To measure the effect of the particles, sufficient mixing
of vesicles and particles had to be ensured.
Therefore, we chose the vesicle concentrations as low as possible, while maintaining a
good signal to noise ratio, and a large enough
volume of the particles to add. We removed
50 7L from each well and added 50 7L of the
particle solution. To measure the maximum in-

tensity, again 50 7L was removed from each
well, and 50 7L of a 20% Triton X100 solution
was added. The measurement data were analysed by subtracting I0 from the fluorescence
intensities and normalizing the result to Imax.
For CLSM measurements, giant unilamellar vesicles (GUVs) of 79% DOPC, 20%
DOPG and 1% NBD-PC, were prepared in
50 mM sucrose solution, and run over a column as described above, using buffer as eluens set at the desired pH. We mixed 60 7L
vesicles (0.6 g/L lipid) and 5 7L fluorescent
particles (25 g/L). Five minutes after mixing,
measurements were performed at pH of 7 and
10. At a pH of 10, all glassware was washed
using buffer of pH 10 to ensure the right pH
during the measurement.

3.3 Results
To study the effect of particle and vesicle charge on vesicle leakage, we varied the pH and the lipid composition of the vesicles in the leakage assay.
Figure 3.1a shows the degree of leakage as a function of pH. In Figure 3.1B,
the pH is converted to surface charge density, using data obtained from potentiometric pH titrations of the particles at the same salt concentration [10].
The CSLM images in Figure 3.2 show that at pH 7, particles are adsorbed
to the lipid membrane, while at pH 10, no or very few particles are adsorbed.
The effect of particle concentration on the degree of leakage for various sizes
of particles and vesicles at pH 7 is shown in Figure 3.3. This is plotted as a
function of the ratio of the particle and vesicle numbers (nNP/nVes) and in
Figure 3.3b as a function of surface area ratio (ANP/AVes).

3.4 Discussion
When we want to know what happens when a nanoparticle interacts with a
membrane, there are multiple issues that can be investigated. The effects of
particle charge, directly influenced by pH, and vesicle charge, determined
by the lipid composition, can be predicted partly by considering the physical
interactions. For vesicles composed of 100% DOPC, we expect the interaction with uncharged particles to be caused by the molecular affinity of the
lipids to silica only. When the particle charge density increases, the attraction
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0%( ),1%( ), 5%( ), and 25% ( ). The x-axis shows pH (a) and calculated silica surface charge (b). Error bars depict the standard deviation of a measurement
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increases due to the interaction between the zwitterionic PC headgroups and
the negatively charged silica particles. This effect has been shown experimentally by Wang et al. [11] for carboxyl-modified polystyrene NPs. However,
the increasing particle charge also leads to repulsion due to the unfavourable
confinement of the electrical double layer around the particle. This latter effect is expected to dominate over the former when the particles become more
highly charged. As a result, for the leakage experiments, it can be expected
that a certain critical surface charge density exists, above which no leakage
will be found. Vesicles that are composed of both DOPC and DOPG lipids
are charged: for 1% DOPG, the charge density is {2.3 mC m{2, and it increases to {57 mC m{2 for 25% DOPG membranes. This charge will result in
the presence of an electrical double layer around the vesicles as well, which
will contribute to repulsion between vesicles and particles. These predictions
are confirmed our results. Figure 3.1a shows that between pH 4 and 6, 25%
DOPG vesicles have a constant leakage of 0.4, which drops between pH
6 and 7 to about zero. The particle charge density half way this decrease
(Figure 3.1b) is about {20 mC m{2, while for 100% DOPC vesicles, this lies
around {60 mC m{2. The slope of this leakage decrease steepens with increasing DOPG content of the vesicles. This steepening can be expected,
since the repulsion is in the case of charged vesicles caused not only by the
confinement of the electrical double layer around the silica NPs, but also by
an electrostatic repulsion. Visualisation by CLSM measurements (Figure 3.2)
confirms that at high pH, there is no interaction between vesicles and particles, while at lower pH, particles adsorb to the vesicle membrane.
We also studied the relation between the particle concentration and the
size of both particles and vesicles (Figure 3.3). As expected, the leakage
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increased upon increasing particle concentration. However, for 45 nm vesicles a further increase in particle concentration led to a decrease in leakage.
In the measurements we found a dependence of the leakage on the area
ratio between particles and a vesicle. This area dependence was found independently of the size of the vesicles. Figure 3.3a shows that for particles
of 33 nm and vesicles of 45 nm full leakage occurs when nNP/nVes : 0.1.
Thus, one particle causes ten vesicles to lose all their dye, while in the case
of 8 nm particles, one particle can cause leakage in one vesicle only. If fewer
particles are present, proportionally less leakage is seen. To rightly interpret
these results, it must be clear what a leakage below 100% implies. This can
be interpreted in two ways: either some vesicles have lost all their content,
or all vesicles have lost part of their content. Which of the two occurs depends on the relative timescales of the diffusion of the dye molecules out of
a vesicle and the resealing of the lipid bilayer. A dye molecule (diffusion coefficient D : 10{9 m2/s) needs an estimated 10{5 s to diffuse out of a vesicle of
100 nm. For smaller vesicles, this time will be even shorter. A punctured vesicle of this size must be restored within this time not to lose its entire content.
However, the disrupted membrane will not be restored within this time, as
we have seen with confocal microscopy on giant vesicles [12]. In addition, it
has been found that resealing after electroporation of a lipid membrane takes
milliseconds to seconds [13, 14]. Thus, if a single particle is able to disrupt a
membrane, 100% leakage can be expected if the concentration of particles is
close to one particle per vesicle or more. Vice versa, if a leakage below 100%
is found and the particle concentration is well above one particle per vesicle,
more than one particle is needed to disrupt the vesicle membrane.
Our results suggest membrane disruption on interaction with a particle.
We propose the mechanism that the vesicle membrane opens upon interaction, that the particle is covered partly with lipids, and that this continues until
the particle is fully covered with lipids. This mechanism would also imply that
larger particles can break more vesicles before they are fully covered with
Figure 3.2: CLSM images
of fluorescent vesicles and
particles at pH 7 (a, b) and
pH 10 (c, d). Detection of
fluorescent lipids (a, c) was
separated from fluorescent
particles (b, d).

72

0.8 0.8

0.8 0.8

I=Imax
I=Imax

I=Imax
I=Imax
0.4 0.4

0.4 0.4

0 0
−2 −2
10 10

a a
0

0

10 10

2

2

10 10

nNPn=n
=nVes
NPVes

b b

0 0
−4 −4
10 10

−2

−2

10 10

0

0

10 10

ANPA=A
=AVes
NPVes

Figure 3.3: Particle concentration dependence leakage of DOPC vesicles after
addition of particles. Open and closed symbols depict vesicles of 120 and 45
nm. Circles and triangles depict NPs of 8 and 33 nm.

We have shown that the fluorescence leakage assay can be used not only
as a screening method, but can be applied to get quantitative results. We
showed that particle surface charge is an important parameter in the interaction between particles and vesicles, and how this relates to the charge of the
lipid membrane. Variation of the particle concentration for particles and vesicles of various sizes provided more detailed information on the mechanism by
which the particles induce the leakage on the vesicles.
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lipids, which would explain the area dependence of the leakage as is seen in
Figure 3.3b. Full coverage of silica particles by lipid bilayers (at pH 7.4) as
observed by cryo-electron microscopy has been reported in literature [15].
Remarkably, when the particle concentration further increases, the leakage
is found to decrease with 45 nm vesicles (Figures 3.3b) to about 60% of
the maximum leakage. We hypothesise that at larger particle concentrations,
multiple particles surrounding a single vesicle can stabilise the vesicle. This
has to be confirmed with other methods.
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We studied the interactions of silica and titanium dioxide nanoparticles with phospholipid membranes, and show how electrostatics
plays an important role. For this we systematically varied the charge
density of both the membranes by changing their lipid composition,
and the oxide particles by changing the pH. For the silica nanoparticles, results from our recently presented fluorescence vesicle
leakage assay are combined with data on particle adsorption onto
supported lipid bilayers obtained by optical reflectometry. Due to the
strong tendency of the TiO2 nanoparticles to aggregate, the interaction of these particles with the bilayer was studied only in the leakage
assay. Self-consistent field (SCF) modelling was applied to interpret
the results on a molecular level. At low charge densities of either
the silica nanoparticles or the lipid bilayers no electrostatic barrier
for adsorption exists. However, the adsorption rate and adsorbed
amounts drop with increasing (negative) charge densities on particles and membranes due to electric double layer repulsion, which is
confirmed by the effect of the ionic strength. SCF calculations show
that charged particles change the structure of lipid bilayers by a reorientation of a fraction of the zwitterionic phosphatidylcholine (PC)
head groups. This explains the affinity of the silica particles for pure
PC lipid layers, even at relatively high particle charge densities. Particle adsorption does not always lead to disruption of the membrane
integrity as is clear from comparison of the leakage and adsorption
data for the silica particles. The attraction should be strong enough
and in line with this we found that for positively charged TiO2 particles
vesicle disruption increases with increasing negative charge density
on the membranes. Our results may be extrapolated to a broader
range of oxide nanoparticles and ultimately be used for establishing
more accurate nanoparticle toxicity assessments and drug delivery
systems.
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4.1 Introduction
The interaction between nanoparticles (NPs) and biological membranes has
been investigated much over the past decades, mainly for two reasons. On
the one hand, engineered NPs are used in many products, for example cosmetics, tires, coatings and anti-bacterial substances. Since many of these
particles end up in the environment, concerns have raised with respect to
their possible (cyto)toxicity [1-4]. On the other hand, NPs may be used as
vehicles for drug delivery into cells [5, 6]. In both cases an important question
is whether they can enter a living cell, i.e., how do they interact with the cell
membrane and can they cross it?
Of some NPs, the toxicity is related mostly to their solubility. The free ions
that are dissolved from the particles inhibit or induce the activation of biochemical pathways, leading to cell damage. Among these particles are zinc
oxide and silver particles, of which the metal ions (Zn2+ and Ag+) cause the
toxicity. Still, the interaction of such dissolvable particles with the cell membrane is important, because their toxicity will be enhanced if they can enter a
cell and there release many ions that otherwise would be effectively kept out
of the cytoplasm by the cell membrane (Trojan horse effect [7, 8]).
For the interaction between nanoparticles and the cell membrane we can
define different modes of action. Some particles show no interaction at all.
Other particles may bind to the membrane, more or less strongly. Pinocytosis
or endocytosis may allow these particles to enter a cell, but they then will
remain inside a vesicle, and the damage they can do to a cell is limited [5, 9].
However, some particles have such a strong affinity for the membrane that
it ruptures, allowing the particle to enter the cytoplasm [9]. Other mechanisms
are related to interactions with membrane proteins. For example, one theory
states that proton-donating groups such as silanol can cause denaturing of
membrane proteins [10]. Another suggests that differences in NP affinity between the lipids and membrane proteins can cause the proteins to be abstracted from the bilayer, which leads to a loss of membrane integrity [10].
In this chapter we focus on the role of electrostatics in the interaction between hydrophilic solid nanoparticles and lipid membranes. We limited our
work to pure lipid bilayers and thus do not take into account mechanisms that
involve other cell membrane components. Natural lipid bilayers all contain
negatively charged lipids, although the fraction of these lipids varies. It has
been suggested that surface charge plays a role in NP toxicity, with cationic
particles being more toxic that anionic [2, 11]. This may be due to the affinity of
positively charged NPs to the negatively charged cell membrane. Some work
has been done with respect to the rupture of zwitterionic egg phosphatidylcholine (eggPC) vesicles on flat, macroscopic surfaces carrying a positively
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or negatively charged self-assembled monolayer [12]. This study indicated
that a critical surface charge density exists above which neutral vesicles readily rupture and fuse to form supported lipid bilayers. Also the adsorption of single-component PC vesicles on flat silica and titanium oxide surfaces of which
the surface charge density was modulated by pH has been investigated [13].
In contrast to the above-mentioned study, it was found that for both substrates
only at low surface charge densities vesicle rupture could occur. In addition,
non-specific adsorption of charged nanoparticles onto single-component PC
vesicles has been studied [14], showing that these particles change the local
fluidity of the bilayer.
We investigated the binding of silica and titanium dioxide NPs to lipid bilayers and determined if this interaction leads to bilayer disruption. Many papers
have already been published on the membrane activity of these nanoparticles
(see for example the review of Michel et al [15] and references therein). New
in our work is that we have systematically studied the NP-bilayer interaction
as a function of the charge densities of both the NPs and the lipid bilayer.
Comparable studies in literature concern variation of only the charge of the
NPs and were mostly performed on one-component lipid bilayers. Moreover,
the combination of techniques that we used, optical reflectometry and measurements in a vesicle leakage assay, makes it possible to distinguish between
weak, i.e. non-disruptive adsorption of NPs onto the bilayer, and strong, disruptive interactions. Finally, we use self-consistent field (SCF) computer modelling to interpret our findings on a molecular level. Below our approach is
explained in more detail.
We chose silica and titanium dioxide NPs, for their low solubility in water
and because their surface charge densities can be tuned through the solution
pH. Silica and titanium dioxide particles are hydrophilic and are expected to
suit as a model particle for a broader range of hydrophilic particles, such as
zinc oxide or solid metal particles like silver, gold or iron, of which the latter
also occurs naturally. Next to that, silica particles are extremely useful for
their relative stability against aggregation, whereas titanium dioxide particles
remain suspended only under very low ionic strengths.
Lipid bilayers can be of various compositions, and many mixtures and single components are available. We here have chosen to use membranes composed of mixtures of two different lipids, i.e. DOPC (dioleoyl phosphatidylcholine), which is zwitterionic, and DOPG (dioleoyl phosphatidylglycerol), which
carries a negative charge. We have shown earlier that the presence of PG
lipids in membranes contributes to their stability [16]. Here, the charge density
of the bilayers was varied by varying the DOPG content from 0 to 25%.
Various methods are available to study lipid membranes, as well as its
interaction with nanoparticles. As mentioned above, the main techniques
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applied here are optical reflectometry and fluorescence measurements in a
vesicle leakage assay. The first method allows to quantitatively study in situ
the binding of silica NPs to supported lipid bilayers [17, 18], while the latter allows determining if lipid membranes are disrupted upon interaction with silica
or TiO2 NPs [19].
The NP-bilayer interaction can be described as the interaction between a
particle and a plate, such as expounded in Derjaguin-Landau-Verweij-Overbeek (DLVO) theory and related models [20]. The DLVO theory accounts for
two limits: constant surface potential or constant surface charge. For silica
and titanium dioxide particles the surface charge results from (de)protonation of -OH groups and their charge density is adjusted when interacting with
another charged surface. The charge density of the lipid bilayer is determined
by its composition, i.e. the fraction of charged lipids. However, this does not
imply that the constant charge limit is applicable for the bilayer surface: firstly,
the position and orientation of the lipid head groups can change in response
to the approach of a charged surface; in addition, for mixed DOPC/DOPG
bilayers, the bilayer can adjust its charge density in the interaction area by
lateral diffusion of the lipids. This dynamic behaviour of both the silica surface and the bilayer suggests that the constant potential approach is more
realistic than the constant charge approach. However, as molecular details
are not taken into account in DLVO theory, it is of limited use. Complementing
the predictions from DLVO theory, we use a computer model based on the
Scheutjens-Fleer SCF theory [16, 21, 22]. Our SCF model allows a realistic
modelling of the pH-dependent surface charges on the particle surface and
the molecular details of the lipid bilayer. However, lateral variations in the lipid
composition of the bilayer as a result of interaction with a charged particle are
not taken into account in our SCF model.
The outline of this chapter is as follows. After presenting the materials and
methods used, including the SCF model, we present and discuss the experimental results. At the end of the results and discussion section the experimental data will be further interpreted using calculations from the SCF model.
We will end this chapter with our conclusions.
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4.2 Materials and Methods
Materials

Vesicle preparation

Silica nanoparticles in water (Ludox LS,

For preparation of the vesicles, DOPC and

30 wt%) were obtained from Sigma-Aldrich.

DOPG lipids in chloroform were mixed in vari-

Titanium dioxide nanoparticles (10 wt% sus-

ous ratios and chloroform was evaporated un-

pension in water, a mixture of anatase and

der a stream of nitrogen. The lipids were then

rutile) were acquired from US Research Na-

dried under vacuum for 4 h. The lipids were

nomaterials. The hydrodynamic radius of the
silica NPs is 8.1 ' 0.8 nm, as determined
by dynamic light scattering (DLS), and the
radius of the TiO2 particles is in the range of
5 - 15 nm. Before each experiment the silica
nanoparticle suspensions were filtered using a
200 nm polycarbonate filter. Titanium dioxide
nanoparticle suspensions were sonicated for
30 minutes prior to filtration.
All chemicals were of analytical grade and
used without further purification. Phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine
phoglycerol (DOPG) were purchased from
Avanti Polar Lipids Inc. Sulphorhodamine
B and Triton X-100 were obtained from Sigma-Aldrich. Aqueous solutions were prepared using ultrapure water with resistivity of
Silicon wafers were baked for 90 minutes at 1000°C to form a silica layer of about
100 nm on their surface, essential for obtaining a high sensitivity in reflectometry experiments [18]. The Si/SiO2 wafers were cut into
strips (1#5 cm) and prior to each experiment
the strips were cleaned in a plasma cleaner
and thoroughly rinsed with ethanol and deionized water.
Unless mentioned otherwise all solutions

tained 10 mM PBT (PO4, BO3, Tris, 2:2:1) and
50 mM KNO3 unless mentioned otherwise. To
acquire unilamellar vesicles, the lipid suspensions were subjected four times to a freezethaw cycle using liquid nitrogen and water of
approximately 50°C.
For deposition on macroscopic silica surfaces to form supported lipid bilayers in the
reflectometer, vesicle suspensions were sonicated for 15 minutes and used without further
characterization. To acquire vesicles of a welldetermined size for use in the fluorescence
leakage assay, vesicle suspensions were
pushed 41 times through a polycarbonate filter
(pore diameter 800 nm) using a mini extruder
(LiposoFast, Avestin, Ottawa, Canada). The
resulting mean hydrodynamic vesicle radius
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>18 M+ cm-1.

concentration of 5 g L-1. Buffer solutions con-

Chapter 4

(DOPC) and 1,2-Dioleoyl-sn-glycero-3-phos-

re-suspended in buffer solution to a final lipid

was 120 nm as determined by DLS.
Vesicle suspensions were stored at 20°C
for a maximum of three days.
Reflectometry
Adsorption measurements were carried
out using an optical reflectometer with an impinging-jet system (stagnation-point flow cell)
as described by Dijt et al [18]. In this setup a
solution flows from a tube perpendicular onto
a piece of oxidized silicon wafer. A laser beam

contained 50 mM KNO3. The pH of the solu-

reflects from the surface on exactly the point

tions was adjusted by adding aliquots of 1 M

where the jet flow reaches the surface. The

HNO3 or KOH solutions. All experiments were

limiting flux J of the adsorbing species in this

performed at room temperature (22 ' 2°C).

stagnation point can be calculated from 23:

J = 0.283ν −1/3 Φ2/3 R−5/3 D2/3 c (4.1)
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where 8 is the kinematic viscosity of the

erage can be estimated from the area a per

solution/dispersion, ) the volume flux, R the

lipid (0.8 nm2 for both DOPC and DOPG [27]),

radius of the tube of the impinging-jet system

and the lipid molecular weight (786 g mol-1

(for our set-up this is 9.5#10 m), D the dif-

and 797 g mol-1 for DOPC and DOPG, respec-

fusion coefficient of the adsorbing species,

tively). This gives about 3.3 mg m-2, close to

and c its concentration in bulk solution. The

the value of 3.50 mg m-2 for a complete DMPC

solutions/dispersions used here are very di-

(dimyristoyl phosphatidylcholine, a = 0.7 nm2,

-4

-1

lute (<0.05 g L ), which allows us to use for
-6

2 -1

8 the value for pure water: 10 m s . The

ported by Parimi et al [28]. The total lipid sur-

volume flux to the surface was in the order of

face coverage varied somewhat between the

1 mL min-1.

measurements, but was always between 90

Upon adsorption, the reflectometer signal

and 100% of the calculated value. Topological

changes, and the procedure to calculate the

imaging with AFM confirmed that following this

adsorbed amount ! from this signal change

procedure the surface is indeed fully covered

has been described by Dijt et al [17, 18]. For

with an almost defect-free lipid bilayer.

the refractive index increment dn/dc of the
adsorbing vesicles and silica nanoparticles we
-1

used values 0.146 mL g [24] and 0.061 mL g

-1
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(measured using an Abbe refractometer).
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Mw = 732 g mol-1) supported bilayer as re-

Fluorescence leakage assay
The fluorescence assay has been described in Chapter 3 [19]. In short, unilamel-

On the silica surface a lipid bilayer was de-

lar lipid vesicles (radius 100 nm) filled with

posited by means of vesicle adsorption. Since

the dye sulphorhodamine B, which is self-

the charge of the surface depends on pH, vesi-

quenching at high concentrations, were used

cle adsorption is also pH dependent (see Sup-

to test whether nanoparticles can disrupt the

plementary Information). At a very high surface

vesicle membrane. If this is the case, the dye

charge density, for pH >9, the lipid vesicles

is released into the bulk solution after parti-

adsorb only very weakly and are washed off

cle addition and thus diluted, giving rise to a

rather easily. We therefore always built up the

fluorescence signal. This signal is corrected

lipid bilayers in the reflectometer at pH 7, cor-

by subtracting the fluorescence intensity of a

responding to a relatively low charge density

vesicle dispersion of the same concentration

of the silica surface. After obtaining a stable

without NPs (I0) and normalised to the maxi-

reflectometer baseline, vesicles were flown to

mum fluorescence intensity (Imax) obtained by

the surface and adsorbed. Above a certain sur-

adding Triton X-100 to the vesicle dispersion

face coverage the vesicles break as a result of

at the end of the measurement; this surfactant

a combination of vesicle-surface and vesicle-

completely disrupts the vesicles.

vesicle interaction and form a single lipid bilay-

Multiwell plates are used to enable high-

er on the surface [25, 26]. Subsequently, a so-

throughput measurements. To ensure good

lution of the desired pH was flown through the

mixing of nanoparticles with the vesicles, suf-

reflectometry cell for at least 5 minutes, during

ficiently low vesicle and nanoparticle concen-

which the reflectometer signal was allowed to

trations were used, together with a relatively

stabilize. Finally, the particles, in a solution of

high volume of added nanoparticle suspenion.

the same pH, were streamed towards the sur-

It was ensured that the measured leakage was

face to study their adsorption behaviour.

independent of these concentrations and this

For a well reproducible experiment, it is

volume. The number concentration of NPs

important to have a full lipid bilayer on the

was always larger than the number concentra-

surface. The total lipid amount for such a cov-

tion of the vesicles.

Self-consistent field modelling
In Chapter 2, it has been shown that it is
possible to predict structural, mechanical and

charged surface, we implemented the Poisson
equation, relating the local charge density to
the local electrostatic potential. This local elec-

thermodynamic properties of lipid bilayers

trostatic potential adds a contribution to the

from a molecularly realistic model within the

segment potentials in a way that is similar to

SCF framework [16, 22]. In self-consistent

the Poisson-Boltzmann theory. For details we

field (SCF) modelling molecules are repre-

refer to Chapter 2. To tune the surface charge-

sented by segments (united atoms) that are

pH dependence in our model, we used ex-

placed on a lattice and a mean-field approxi-

perimental titration data obtained for the same

mation is used to account for all their mutual

silica NPs as used here [29].

interactions. The lattice consists of sites with a
characteristic size b = 0.3 nm. In the SCF solution the positions of all segments are in line
with the potential fields and vice versa.
The segmental structures used for the
DOPC and DOPG lipids as well as for water
and small ions have been presented in Chapter 2. In that chapter also the Flory-Huggins
interaction parameters @ are given that specify
the solvent quality and the mutual interactions
between all types of segments. To elucidate

dicular to the NP surface and ignore lateral effects, including the curvature of the particles
and any inhomogeneities in the lateral distribution of DOPC and DOPG lipids. The membrane was held in position with respect to the
silica surface by fixing a single carbon atom
(the carbon closest to the phosphate group)
in space for 1% of the lipids in the system.
The lipid bilayer was allowed to arrange itself

teraction parameters with the NP surface were

around these fixed points. Changing their posi-

set to zero.

tion allowed to change the bilayer position and

Since we used charged segments (in
the lipids and the small ions) and we have a

Chapter 4

the role of electrostatics, all Flory-Huggins in-

Here we apply one-gradient calculations,
i.e., we calculate the bilayer structure perpen-

to calculate its structure and free energy as a
function of distance to the surface.
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4.3 Results and discussion
Below we present the results of the measurements on supported lipid membranes and lipid vesicles interacting with silica or titanium dioxide nanoparticles. The membranes were composed of zwitterionic DOPC lipids mixed with
a varying fraction of negatively charged DOPG lipids. The DOPG lipids were
used to tune the membrane charge density. The highest fraction of DOPG
lipids used is 25%, since previous measurements with the fluorescence leakage assay [19] showed that silica particles have no disrupting effect on vesicles with a higher DOPG content.
In the measurements with silica particles the pH was varied from 4 to 10.
These particles have a point of zero charge (p.z.c.) near pH 2 [29, 30], so that
they are negatively charged over this whole pH range. The measurements
with titanium dioxide particles were performed in the pH range 4 to 7. The
p.z.c. of TiO2 is at pH : 6 [31], so that their charge sign changes from positive
to negative over this pH range.
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4.3.1 Adsorption of silica particles onto DOPC/DOPG
bilayers
We used reflectometry to study the interaction between supported lipid bilayers and silica nanoparticles as a function of pH, bilayer composition (DOPC/
DOPG lipid ratio) and ionic strength. Figure 4.1 shows a typical reflectometer
experiment in which first the lipid bilayer was deposited on the silica surface
(see Materials and Methods section) and subsequently the particle adsorption
was monitored. From t = 0, lipid vesicles were flown onto the substrate at pH
7 and 50 mM KNO3. The deposition of the lipid bilayer was followed by a 5
minute period of rinsing with a 50 mM KNO3 solution of pH 7.8, from t = 25 to
t = 30 minutes. As can be seen from the slight decrease in adsorbed amount

Figure 4.1: Formation of a supported lipid bilayer
by adsorption of vesicles, followed by adsorption
of silica particles, monitored by reflectometry. The
vesicles contained 5% DOPG and the particles
were adsorbed at pH 7.8 and 50 mM KNO3. See
the text for details.
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Figure 4.2: Maximum adsorbed amounts of silica particles on supported bilayers
of different compositions as a function of pH (a) and particle surface charge density (b). Circles, diamonds, triangles and squares are for DOPG fractions of 0, 1, 5,
and 25%, respectively. The lines in (b) are exponential fits to the data.
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in Figure 4.1, some lipids were washed off, but this was limited to a very small
fraction. At t : 30 minutes, silica particles dispersed in the same solution
were flown onto the supported bilayer surface. The maximum coverage was
reached after roughly 30 minutes and amounts to about 3.5 mg m{2 for this
particular case. Rinsing with the solution without particles did not lead to any
significant particle desorption. Key information obtained from this kind of experiments is the initial adsorption rate of the nanoparticles on the lipid bilayer
and the plateau value of the particle adsorption, which provides insight into
both the particle-membrane interaction and the particle-particle interaction in
the adsorption layer.
Figure 4.2a shows the total adsorbed amounts of silica particles on lipid
bilayers of various compositions as a function of pH. A composition of 25%
DOPG corresponds to a charge density at each side of the bilayer of approximately {60 mC m{2. We note that in spite of the zwitterionic nature of the PC
head group, it has been reported that PC lipid vesicles show electrophoretic
mobility; PC lipid membranes in contact with solution behave as if they are
slightly negatively charged [32-34]. This has been ascribed to anions that bind
to the choline group and the charging of the membrane depends on the ionic
strength and anion type [32, 34]. However, the charge and mobility of pure
DOPC vesicles is still considerably smaller than that of DOPG-containing vesicles. For example, at 0.1 mM NaCl the zeta-potential of DOPC vesicles has
been reported to amount to {9 mV, while for 5 and 25% DOPG vesicles values
of {30 mV and {42 mV, respectively, have been measured [33].
The surface charge density of the silica NPs in the applied pH range was
obtained from potentiometric pH titration data [29]. These data were used to
convert the pH axis of Figure 4.2a to a particle surface charge density axis
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and the result is shown in Figure 4.2b. At the highest pH applied, the particle
surface charge density is approximately {300 mC m{2.
Figure 4.2 shows that the maximum adsorbed amount of particles at pH 5,
where the particle charge density is low (only {3.5 mC m{2), is within experimental error equal for all bilayer compositions. From the radius (8 nm) and
density (2650 kg m{3) of the silica particles it can be derived that the maximum
adsorption of 8 mg m{2 corresponds to a surface coverage of 32%. This is
approximately half the jamming limit for random sequential adsorption (RSA),
which is 55 - 61%, depending on the RSA model used [35, 36]. Comparable degrees of surface coverage were found for smaller (3.7 nm radius) and
larger (11 nm) silica particles under the same experimental conditions (Supplementary Information).
For pure DOPC membranes the adsorbed amounts decrease gradually
with increasing pH and at pH 10 the adsorption is still about one third of the
value found at pH 5. With increasing DOPG content, i.e., increasing charge
density of the lipid bilayer, the adsorbed amounts decrease more sharply with
increasing pH. Plotting the adsorption as a function of the particle charge
density instead of pH places these results in a better perspective (Figure
4.2b). In this way the experimental data seem to fit closely to an exponential
decay. For the four DOPG concentrations that we used, 0, 1, 5 and 25%, the
decay constants are 376, 172, 37, and 31 mC m{2, respectively. This shows
that between DOPG contents of 0 and 5% the effect is quite substantial, while
further increasing the DOPG content from 5 to 25% does not have much
effect anymore. This supports our earlier observation that it is not useful to
investigate the interactions between NPs and bilayers with DOPG concentrations higher that 25%.
Supported bilayers with adsorbed silica nanoparticles obtained from reflectometry measurements were washed, dried and imaged with AFM (Supplementary Information). Although the drying process may have led to some
aggregation of adsorbed particles, the particle densities found in the images
do roughly correspond to the adsorbed amounts found by reflectometry. Most
of the particles are found to lie on top of the membrane, with a height of
16 nm, which agrees with the particle size obtained by DLS. This is a strong
indication that the NPs are not incorporated in the lipid bilayer during the adsorption process.
The adsorbed amounts decrease with increasing pH due to two effects:
firstly, the affinity between the NPs and the supported lipid bilayers decreases, and secondly, the electrostatic repulsion between the adsorbed NPs increases. The latter is expected to play a role only at relatively high surface
coverages, i.e. in the lower part of the pH region and particularly for adsorption on the pure DOPC and 1% DOPG bilayers.
84

Reflectometer measurements were performed as well for particle adsorption onto a DOPC membrane at various ionic strengths and a constant pH
of 8.6. At this pH the silica particles have a substantial surface charge of
{74 mC m{2. Figure 4.3 shows the results. The lowest ionic strength used
was 1 mM, which gives a very low adsorbed amount of about 0.3 mg m{2,
and the adsorbed amounts increase to a plateau value of approximately
4 mg m{2, which is reached at 40-50 mM KNO3. It seems obvious to explain
the effect of the salt concentration from screening of the electrostatic repulsion between the adsorbed particles. From general geometric considerations
the average distance between the adsorbed particles is inversely proportional
to the square root of the number of particles, i.e. the adsorbed weight, per
unit area. The Debye length (5{1) on the other hand is inversely proportional
to the square root of the ionic strength. One would therefore expect a linear
relation between the adsorbed amount and the KNO3 concentration, which

Figure 4.3: Effect of the salt
concentration on the adsorbed
amounts of silica nanoparticles on a pure DOPC bilayer at
pH 8.6.
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may indeed be the case up to about 30 mM KNO3. However, in this line of
reasoning it is not clear why a plateau in the adsorbed amount is reached
already at 30-40 mM, at which the surface coverage is still relatively low (ca.
16%). Moreover, the average surface-to-surface distance between the adsorbed particles varies from about 100 nm at 1 mM KNO3 to about 20 nm at
70 mM KNO3, thus always many times more than the Debye screening length.
It is also not expected that the particles repel each other due to lipid-mediated
interactions, because the range of this kind of interactions is at the most only
a few times the bilayer thickness [37]. Therefore, we can conclude that it is
not the particle-particle interaction that determines the salt dependence of
the adsorbed amounts under these conditions. Instead, it reflects a change in
the particle-bilayer interaction. For low salt concentration the electric double
layer around the silica particles is quite extended and adsorption implies an
unfavourable confinement of the counter-ions in a small space between the
85
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Figure 4.4: Initial adsorption rates of silica particles on supported bilayers of different compositions as a function of pH
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particle and the bilayer, leading to entropic or osmotic repulsion; at higher salt
concentrations this plays a minor role, resulting into a plateau in the adsorption as a function of salt concentration.
Figure 4.4 shows the initial adsorption rates of the silica particles onto
the supported lipid bilayers as a function of pH and as a function of NP surface charge density. There is no significant difference between the adsorption rates obtained for the pure DOPC bilayer and the bilayer containing 1%
DOPG, which lay around 0.03 mg m{2s{1. For these bilayer compositions the
initial adsorption rates are independent of the pH, i.e. the particle charge density. The limiting flux of the particles to the surface calculated using Equation
4.1 amounts to 0.20 mg m{2s{1. Therefore, it seems that there is a barrier for
adsorption. The presence of such a barrier is supported by the initial adsorption rates onto pure DOPC bilayers for other particle sizes (Supplementary
Information). This barrier, however, cannot be of electrostatic nature, given
its independence of pH. Besides electrostatics the interaction between lipid
bilayers and NPs includes van der Waals, hydration, hydrophobic, thermal
undulation and protrusion forces [15]. Since van der Waals and hydrophobic
forces are expected to be attractive and thermal undulations are suppressed
in supported bilayers, the adsorption barrier is most probably either due to
hydration forces or a hydrodynamic effect. The situation is somewhat different
for the bilayers containing 5 and 25% DOPG: the initial adsorption rates at
low pH are similar to those found for the pure DOPC and 1% bilayer, but they
decrease quickly with increasing pH, reflecting the increasing electrostatic
repulsion.

4.3.2 Disruption of DOPC/DOPG vesicles by silica
particles
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The disruption of lipid membranes by nanoparticles can be assessed by
measuring the leakage of lipid vesicles as a result of particle addition. We present here the effect of the charge densities of both the lipid membrane and the
silica particles (Figure 4.5). As described in Chapter 3, we used unilamellar
lipid vesicles of about 100 nm radius that are filled with a self-quenching fluorescent dye, sulforhodamine B (SRB). In case of leakage, the dye is diluted
in the bulk solution and consequently the fluorescence signal increases. The
fluorescence intensity I after particle addition, corrected for the fluorescence
intensity of the blank (see experimental section), is normalised to the maximum fluorescence intensity Imax that occurs by the addition of a surfactant
that completely disintegrates the vesicles (Triton X 100). It should be noted
that a leakage of less than 100% implies that only a fraction of the vesicles
has been disrupted, not that all vesicles have lost part of their content [19].
The particle concentrations that have been applied here are well above one
particle per vesicle, and are tuned such that the highest measured leakage
lies around 80%.
Figure 4.5a shows the effect of pH on the vesicle leakage, which is again
translated to the effect of the particle charge density in Figure 4.5b. At the
chosen conditions a plateau is obtained below pH 6, where the particle surface density is very low. In this pH range, the pure DOPC membrane is the
most sensitive for disruption by the silica NPs. For vesicles with the highest
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Figure 4.5: Normalised leakage of vesicles composed of DOPC and a varying fraction of DOPG as a function of pH (a) and particle surface charge density at 50 mM
KNO3. Error bars represent the standard deviation in triple measurements on a
single 96-well plate. Circles, diamonds, triangles and squares are for DOPG fractions of 0, 1, 5, and 25%, respectively. Reproduced with permission from [19].
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DOPG contents (5 and 25%), the leakage sharply decreases between pH
6.5 and 7 and drops to zero around pH 8, that is for particle surface charge
densities of {50 mC m{2 and more negative. For vesicles with the two lower
DOPG amounts (0 and 1%), the point of zero leakage is reached at around
{150 mC m{2.
From comparison with the reflectometry results (Figure 4.2), it is clear that
these results in first order correlate to the adsorption of particles onto the lipid
bilayer. For both the adsorption and leakage experiments, there is not much
difference between the results obtained for the pure DOPC bilayers and the
bilayers that contain 1% of DOPG. For all DOPG concentrations, the adsorption reaches a maximum at zero NP charge density, which is also true for the
leakage. A more negative particle charge density leads to lower adsorption as
well as less vesicle leakage for all DOPG contents. However, there are also
differences: although below pH 6 the adsorbed amounts of NPs is similar for
all bilayer compositions, disruption of the vesicles decreases with increasing
DOPG content. Furthermore, in the higher pH range, vesicle leakage does not
occur anymore at particle charge densities above which adsorption still takes
place. This means that adsorption does not always lead to membrane disruption; depending on the physicochemical conditions the interaction can be too
weak to cause serious membrane disruption that leads to vesicle leakage.
It is unlikely that the disruption of the vesicles is a cooperative process,
i.e., due to the joint action of several or many particles. First of all, we have
seen that the maximum adsorbed amounts of silica NPs are relatively low in
the whole pH range studied and that the average surface-to-surface distance
is too large for particle-particle interactions, neither direct nor lipid-mediated.
Furthermore, we found in Chapter 3 that the degree of vesicle leakage does
not change when varying the relative particle concentration from less than
one to about hundred particles per vesicle. Therefore, we proposed a mechanism in which upon interaction the particle becomes (partly) covered with

0.8

Figure 4.6: Normalized leakage of mixed DOPC/
DOPG vesicles as a function of pH as a result of
interaction with TiO2 particles. Circles, diamonds,
triangles and squares are for DOPG fractions of 0,
1, 5, and 25%, respectively. 1 mM KNO3.
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lipids, thus disrupting the vesicle membrane. In literature ample evidence can
be found for such wrapping of bilayers around silica NPs (see for example Ref
[15] and references therein).

4.3.3 Disruption of DOPC/DOPG vesicles by titanium
dioxide particles
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Until now we have discussed results obtained for the interaction of lipid membranes with silica nanoparticles. Let us now turn to the interaction with titanium dioxide nanoparticles. This is particularly interesting, since their p.z.c.
is close to pH 6 and therefore they are positively charged at low pH. Unfortunately, TiO2 particle suspensions are much less colloidally stable than silica
suspensions. Due to strong particle aggregation, satisfactorily reproducible
reflectometry results could not be acquired, and the fluorescence assay could
be applied only at ionic strengths that were much lower than those used with
silica particles.
Figure 4.6 gives the vesicle leakage as a result of interaction with TiO2 particles as a function of pH. Since in this pH range the particle surface charge
density is quite linear with pH [31], we do not present separate curves as a
function of surface charge density, but suffice by mentioning that at pH 4 and
1 mM salt the charge density is approximately +20 mC m{2 and at pH 7 it is
approximately {10 mC m{2.
Below the p.z.c. of the TiO2 particles the leakage of the vesicles increases
with increasing DOPG content, which can be understood from the increasing
electrostatic attraction between the positively charged particles and the vesicle membrane. The vesicles with 5 and 25% DOPG content exhibit a similar
high degree of leakage. When the particle charge density approaches zero,
the leakage decreases, and remains around 10% in the rest of the studied pH
range for all DOPG contents.
It is noteworthy that for all vesicle compositions uncharged TiO2 particles
(pH : 6) cause much less leakage than uncharged silica particles, even
though the applied particle concentrations are similar. It is not likely that this
difference is due to the higher ionic strength used in the case of SiO2. It is in
line, however, with the finding that the interaction of lipid vesicles with (macroscopic) titanium dioxide surfaces is weaker than with silica surfaces: vesicles
do not break on TiO2 surfaces to form supported bilayers [31, 25, 26]. This
illustrates that not only electrostatics, but also more specific interactions such
as van der Waals attraction and hydration repulsion [15] are important for the
impact of NPs on lipid membranes.
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4.3.4 Self-consistent field calculations
Many of our experimental results give direct information on the interaction between nanoparticles and the lipid bilayer. We can relate these to results from
our SCF model, from which we obtain interaction energies and electrostatic
potentials of the NP and the bilayer surfaces, but also structural information
on the lipid bilayer.
The SCF model gives the volume fraction profiles of the separate lipid
groups, such as the phosphate and choline part of the DOPC head group and
the hydrophobic tail region. This allows investigation of the effect of the silicabilayer interaction on the bilayer structure. Figure 4.7 shows such profiles for
the DOPC bilayer near the negatively charged particle surface.
The lipids were not given any specific interaction with the NPs in our SCF
model, so that the interactions with the solid surface are mostly electrostatic
and excluded volume interactions. Grey lines give the profiles for the very
weakly charged silica surface at pH 4, the black lines give the profiles for the
more highly charged surface at pH 9. The distance from the particle surface
is given by z in units b. Going from pH 4 to pH 9, we clearly see that at the
bilayer side adjacent to the silica surface the choline groups on average move
closer to the surface. One might expect that the peak that represents the choline distribution would just move in its entirety closer to the surface, but this
does not seem to be the case. Instead, the choline groups become distributed
over two positions, indicated by the two peaks in their volume fraction profile.
This is best visible in the detail of the distributions given in Figure 4.7b. The
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Figure 4.7: Volume fraction profiles ' from SCF calculations for a DOPC bilayer in
interaction with a silica surface positioned at z = 0; z gives the distance from the
surface in units of the size of a lattice site, b = 0.3 nm. Profiles are given for two
different pH values: grey lines are for pH 4, black lines are for pH 9. Solid lines
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shows the hydrophobic tails. Ionic strength cs = 50 mM. a) Complete cross section
of the bilayer at the surface; b) detail of the profiles close to the surface.
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phosphate groups hardly change their position. This shows that at the highly
charged surface each head group is directed either parallel to the bilayer (as
in the free, undisturbed bilayer) or perpendicular to the bilayer plane. The
closer together the surface and the bilayer, the more head groups are found
in the perpendicular state, thus increasing the bilayer dipole, and the stronger
the attraction to the negatively charged surface.
The above SCF results support the interpretation by Wang et al [14] of
their experimental results regarding the effect of charged nanoparticles on
the dynamics of lipid bilayers. Using fluorescence techniques and calorimetry they showed that negatively charged NPs induce local gelation in vesicles consisting of PC lipids. They suggested that this is due to a reorientation
of the PC head groups in the interaction area, leading to a lower area per
head group which in turn leads locally to a closer packing and a liquid-to-gel
transition.
Figure 4.8 shows the interaction energy F as a function of the distance
h between the center of the DOPC bilayer and the silica surface for three
pH values at a ionic strength of 50 mM (Figure 4.8a) and for three ionic
strengths at pH 9 (Figure 4.8b). At pH 4 practically no attraction is observed,
which could be expected since at this pH the silica surface has a very low
charge density and in our model no specific affinity between silica and the
lipid molecules is taken into account. The repulsion at short distances is due
to excluded volume interactions. For pH 7 and pH 9 the interaction curves
feature a distinct attractive minimum and a much steeper repulsion near
the silica surface than in the pH 4 case. The minimum is the result of the

20 20

Figure 4.8: Interaction energy F in units of kBT/b2 between a DOPC bilayer and
a silica surface as a function of distance h (in units of b) between the bilayer and
the surface; h is defined as the distance from the bilayer center to the silica surface. a) The interaction energy at a salt concentration of cs = 50 mM. The solid,
dashed and dash-dotted lines represent pH values of 4, 7 and 9, respectively.
b) The interaction energy for pH 9 as a function of ionic strength. Solid, dashed
and dash-dotted lines are for ionic strengths of 5, 50 and 500 mM, respectively.
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Figure 4.9: Potential (in V) ca 1 nm outside a DOPC
bilayer as a function of DOPG content (fraction)
fDOPG. (The potential is calculated at a distance
of 9b from the bilayer center; the total bilayer thickness is approximately 12b.) Solid, dashed and
dash-dotted lines are for ionic strengths of 5, 50
and 500 mM, respectively.
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fP G
attractive interaction between the charged surface and the dipole of the lipid
head groups; the steep repulsion is caused by confinement of the electrical
double layer of the surface, i.e. the counter ions are forced to accumulate in
a limited volume between surface and bilayer. With increasing particle charge
density, the attractive interaction with the bilayer dipole increases, but also
the repulsion increases because of the confinement of the electrical double
layer. This latter effect dominates for very high particle charge densities. This
explains the experimentally found decrease in the adsorbed amounts of silica
particles on pure DOPC bilayers with increasing pH and the observation that
above a certain critical surface charge density of the silica particles (more
negative than {100 mC m{2) no vesicle leakage occurs, because the interactions between bilayer and NPs become too weak.
We already argued that the effect of salt on the adsorbed amounts is not
caused by direct or indirect (lipid-mediated) repulsion between the adsorbing
NPs; the average distance between the adsorbed particles is too large to feel
each other. Instead, the effect of salt reflects a change in interaction between
NPs and bilayer, as is confirmed by the SCF results in Figure 4.8b. At pH 9
and a low ionic strength, e.g. 5 mM, the double layer confinement is the main
contribution to the interaction curve. This is why the experimental results in
Figure 4.3 (obtained at pH 8.6) show very low adsorbed amounts at low salt
concentrations. As the salt concentration increases, the effect of double layer
confinement becomes less important and a plateau in adsorption is found:
this is corroborated by the SCF results that show that at pH 9 there is little difference in interaction for ionic strengths of 50 mM and 500 mM.
Bilayers that consist of mixtures of DOPC and DOPG obviously have more
repulsive interactions with negatively charged NPs than pure DOPC membranes. Our experimental results show that a low content of 1% DOPG still
has little effect, but when more DOPG lipids are mixed into the bilayer, less
silica NPs adsorb at a given pH. Experimentally, the most prominent effect
is seen between 1% and 5% DOPG; increasing the DOPG content of the
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bilayers from 5 to 25% has much less impact. This is also visible in the initial
adsorption rates and in the leakage assay results. To explain this we calculated the electric potential profiles over free lipid bilayers as a function of the
fraction of DOPG lipids. In Figure 4.9 the electric potential is given as a function of fraction of DOPG lipids for various salt concentrations at a distance
h = 9b from the bilayer center, i.e. approximately 1 nm outside the bilayer
(the total bilayer thickness is about 12b). This potential may be regarded as
the zeta-potential of the bilayer, although the choice of the potential plane
(assumed to correspond to the hydrodynamic shear plane of the bilayer) is
arbitrary and therefore the absolute values may not correspond to experimental zeta-potentials. Indeed most of the increase of the potential with DOPG
content is found in the low DOPG content region and the curves flatten when
the DOPG fraction increases further.

4.4 Conclusions

Membrane coverage and disruption

93

Chapter 4

We investigated the adsorption of silica NPs on supported lipid bilayers
and the disruption of lipid vesicles by silica and titanium dioxide NPs as a
function of the charge density of both the lipid membranes and the NPs.
Silica NPs adsorb on pure DOPC bilayers under all experimental conditions applied, although the coverage is always significantly lower than the
RSA limit. The adsorbed amounts decrease with increasing pH and decreasing salt concentration. Both trends are related to changing electrostatic interactions as confirmed by SCF calculations: on the one hand there is attraction
between the negatively charged NP surface and the PC head group dipole
and on the other hand repulsion due to confinement of the electric double
layer around the NPs when they adsorb to the bilayer.
From the SCF model it is found that the interaction with negatively charged
NPs induces a change in the orientation of the PC head groups; a fraction of
the head groups orient in such a way that their dipole is aligned in the electric field of the particle, while the rest keeps their orientation parallel to the
membrane surface (bimodal distribution). The aligned fraction increases with
decreasing distance between bilayer and NP.
The adsorption of NPs may lead to disruption of the bilayer and vesicle
leakage, provided that the attractive interaction is strong enough. Adsorption
can still take place under conditions that the interaction is too weak for disruption, i.e. at relative high charge density of the NP surface. It is unlikely that
disruption of the lipid membrane by silica NPs is a cooperative process that
involves several or many particles. More probable is a mechanism in which
the vesicle membrane opens upon interaction and the particle becomes (partly) covered with lipids as we proposed in Chapter 3.

Comparison of the results obtained with silica particles and titanium dioxide particles shows specific effects, which have not been taken into account in
the SCF model. Silica particles have a higher non-electrostatic affinity for the
DOPC bilayer than TiO2 particles. This is in line with literature data on vesicle
adsorption on flat silica and TiO2 surfaces.
Together the results give a clear picture of the ways in which electrostatics play a role in the interaction between oxide nanoparticles and zwitterionic
or negatively charged lipid membranes and show that control of the particle
surface charge density is an effective tool to modulate this interaction. This
is relevant for applications such as nanoparticle toxicity assessments and NP
drug delivery systems.

4.5 Supplementary Information
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Vesicle deposition on silica at different pH values
In Figure 4.10 the subsequent deposition of lipid vesicles and silica NPs onto
a hydrophilic silica surface as measured in the reflectometer is shown for
three different pH values. The first plateau in each curve indicates that the
maximum value of lipid adsorption is reached. This takes much longer for
pH 9 than for pH 4 and 7, indicating an energy barrier for the binding of the
lipid membrane to the silica surface at high pH. In addition, the lipid bilayer
formed at pH 9 is quite instable and easily washed off. At pH 4 and pH 7 the
maximum adsorbed amounts of lipids correspond to a full lipid bilayer at the
surface. After reaching the plateau in lipid adsorption, silica NPs were flown
to the surface until a new plateau was reached.

Figure 4.10: Reflectometer data for adsorption of
DOPC vesicles on a silica surface and subsequent
adsorption (indicated by the arrows) of silica nanoparticles to the formed lipid bilayer at pH 4, 7 and
9, displayed by the solid, dashed and dash-dotted
lines. Background electrolyte is 50 mM KNO3.

20

!=mg m!2
10

0
0

10

1

10

t/min
94

2

10

a a

!=mg
!=mg
m!2m!2
8

8

4

4

0

0

0.060.06

b b

(d!=dt)0=mg m!2s!1
(d!=dt)0=mg m!2s!1

12 12

0.040.04

0.020.02

6

6

8

8

pH pH

10 10

0

0

6

6

8

8

10 10

pH pH

Figure 4.11 a) Adsorbed amounts ! of silica particles of various sizes as a function of pH. Background electrolyte is 50 mM KNO3. b) Initial adsorption rates.
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Silica particles of different sizes were obtained from Sigma-Aldrich: Ludox
LS, TM and SM (30, 30 and 40 wt%, respectively, suspensions in water).
The hydrodynamic radii of these particles are 8.1 ' 0.8 nm, 11.0 ' 1.0 nm
and 3.5 ' 0.5 nm, respectively, as determined by dynamic light scattering.
Before the reflectometry measurements the suspensions were filtered using
a 200 nm polycarbonate filter and diluted 104 times.
In Figure 4.11a the total adsorbed amounts of the different silica particles
are given as a function of pH at 50 mM KNO3. For all particle sizes the same
trend is found. Under the same experimental conditions the degrees of surface coverage are comparable. For example, at pH 5 for Ludox SM (radius
3.5 nm) the surface coverage is 42%, for Ludox LS (8.1 nm) 32% and for
Ludox TM (11 nm) 35%.
The initial adsorption rates of the various particles onto DOPC bilayers as
a function of pH are given in Figure 4.11b. Within experimental error for all
particle sizes the initial adsorption rate is constant with pH, but significantly
lower than the flux of particles to the lipid bilayer surface, pointing to a nonelectrostatic barrier for adsorption.
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Edge energy and porous membranes

To perform its barrier function, the lipid bilayer membrane requires
a robust resistance against pore formation. Using a self-consistent
field (SCF) theory and a molecularly detailed model for membranes
composed of charged or zwitterionic lipids, it is possible to predict
structural, mechanical and thermodynamical parameters for relevant
lipid bilayer membranes. We argue that the edge energy in membranes is a function of the spontaneous lipid monolayer curvature,
the mean bending modulus and the membrane thickness. An analytical Helfrich-like model suggests that most bilayers should have a
positive edge energy. This means that there is a natural resistance
against pore formation. Edge energies evaluated explicitly in a twogradient SCF model are consistent with this. Remarkably, the edge
energy can become negative for phosphatidylglycerol (e.g., DOPG)
bilayers at a sufficiently low ionic strength. Such bilayers become
unstable against the formation of pores or the formation of lipid discs.
In the weakly curved limit we study the curvature dependence of
the edge energy and evaluate the preferred edge curvature and the
edge bending modulus. The latter is always positive, and the former increases with increasing ionic strength. These results point to
a small window of ionic strengths for which stable pores can form as
too low ionic strengths give rise to lipid discs. Higher order curvature
terms are necessary to accurately predict relevant pore sizes in bilayers. The electric double layer overlap across a small pore widens
the window of ionic strengths for which pores are stable.
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5.1 Introduction
The lipid bilayer envelopes the biological cell, and performs many other biological functions inside the cell. The bilayer has therefore always been a
highly relevant object to investigate, and has been studied in close detail over
the past decades [1-4]. The relation between the lipid composition and the bilayer structure and thermodynamic stability is understood at least qualitatively
already for a long time [5, 6]. Certain issues remain less clear, including the
role of molecular details and the physicochemical conditions in the lipid phase
behaviour [7]. These gaps in our understanding of lipid bilayers might explain
why the lipid bilayer does not yet cease to surprise, and research questions
related to these issues remain in the forefront of membrane science.
An example of such surprising bilayer behaviour is shown in recent work
by Riske and coworkers [8], in which they report on the temperature effects
on giant vesicles that are composed of negatively charged lipids. They observed that these vesicles can suddenly disappear from visual microscopic
observations upon a slight temperature decrease. This in itself may be not so
remarkable, if the vesicles would not reappear when the starting temperature
has been reached again, which they found to be the case at specific ionic
strengths.
From the reversibility of this process, they concluded that for each vesicle,
the lipids remain connected. As a mechanism to explain this unexpected behaviour, they proposed that these vesicles underwent extensive pore formation, which made them optically transparent. Apparently, pore formation was
suddenly promoted at these lower temperatures. The pores would close again
when the starting temperature was reached, making the vesicles once more
visible under the microscope. This experiment suggests that the tendency of
a bilayer to form pores is a phase-transition-like phenomenon, which can be
triggered by small changes in the right control parameter. The reversibility of
pore formation also suggests that equilibrium theory may be used to obtain a
deeper understanding of this phenomenon.
This remarkable experiment sheds some new light on the bilayer edge
properties. To perform the cell membrane barrier function, the bilayer must be
stable against pore formation, and we may expect that the edge energies of
such bilayers are positive. Biological bilayers, however, have many dynamic
functions, especially those inside a cell. Large molecules are transported
across the bilayer, and new enzymes must be embedded into the bilayer, and
we speculate that transient pores could facilitate that. This requires the ability
to form transient pores, which would suggest edge energies that lie relatively
close to zero.
To investigate further on bilayer edges, we build on the extensive work
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that has already been done on lipid bilayers. First of all, the self assembling
process that forms the bilayer may now be taken for granted, but is important
for a complete picture. The lipids associate in aqueous solutions due to the
high free energy cost of the apolar tail hydration [9]. These tails escape from
the solution and form a compact hydrophobic core, with a finite thickness
that differs per lipid used. This thickness would increase if more lipids were
added to the bilayer, so there must be a stopping mechanism that prevents
more lipids to enter the bilayer. This stopping mechanism is provided by the
close packing of the head groups on the outside of the hydrophobic domains
[10]. An additional stopping force originates from lipid tail stretching, which
becomes larger when the tails are stretched further [11]. As a result of this
force balance, different lipids under different physicochemical conditions can
form various kinds of association colloids. Lipids do not only pack into planar
bilayers, but may also form spherical or tubular vesicles, or - when they are
found in more highly concentrated lipid systems - inverted hexagonal or cubic
phases [12-14]. Complete theories for the lipid self-assembly should account
for all these appearances.
In the example from Riske and coworkers, we now see that different lipids
and the physicochemical conditions not only affect the bilayer properties, but
also the formation of edges in bilayers. We wish to better understand this
edge formation, especially for curved edges, which allow the formation of
pores or lipid discs. Pore formation in lipid bilayers has been a topic of both
experimental work [15] as well as computer simulations [16-20]. From these
works we know that typicallty pores can form while the membrane is under
tension. In general when bilayers are stable this is the only scenario: to form
pores one needs to stretch the bilayer. The analogy with an emulsion droplet
that features a Laplace pressure, which is forwarded below as well, was already elaborated on [18, 21, 22]. However, there are other scenario’s dramatically examplified by the PG bilayers studied by Riske et al. [8] The general
thermodynamic scenario’s are basically known [20, 23]. When the edge energy is sufficiently positive, thermodynamically stable edges do not exist and
pores only form when the bilayers are under tension. When the edge energy
is negative, the membrane will loose all consistency, and stable edges can
exist only for highly curved edges. But in between these extremes, there must
be conditions that keep the edge energy sufficiently close to zero to allow the
development of thermodynamically stable pores or discs. Below we focus on
situations that thermodynamically stable pores do form, which occurs for bilayers composed of negatively charged lipids at sufficiently low ionic stength.
There is one issue about pore formation which quite naturally draws our attention. We know that there must be a role for the Gaussian bending modulus
in the process of pore formation. Indeed when a pore is formed in a vesicle
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there is a change in the topology. More explicitly the Euler characteristic dekm in the curvature encreases with one. Hence, we expect a change of 4: 7
km is the Gaussian
ergy (grand potential) of the vesicle per pore formed (here 7
bending modulus of the monolayer). Such a contribution has been discussed
in the literature in several places [19, 24]. For negatively charged lipids the
Gaussian bending modulus is strongly negative [11] and becomes more negative with decreasing ionic strength. Hence, pore formation is counteracted
by the Gaussian bending contribution. In the self-consistent field (SCF) calculations the contribution from the Gaussian bending modulus is included. In
the scenario of stable pores, the free energy investment due to the Gaussian
bending is apparently earned back by having the charged lipids at the edge.
In this way the overall pore energy still can vanish. We note that below we
did not explicitly singly out the Gaussian bending contribution but instead focussed on the overall free energy change upon pore formation.
Using the self-consistent field theory, it is possible to forward a molecularly
detailed model for the lipid bilayer [11]. In two-gradient calculations we can
explicitly focus on the edge energy of lipid bilayers and this is the main focus
of this chapter. Typically, the edge energy is positive. However, as mentioned
already, we found conditions for which the edge energy can change sign.
This happens for lipids for which the spontaneous curvature of the monolayer
deviates strongly from zero (that is, deviates strongly from the planar state).
Indeed this is predicted for negatively charged lipids which prefer a relatively
large head group area, especially when the ionic strength is low. In the bilayer
configurations these large head group areas are not present and that is why
bilayer edges, where the lipds are allowed to space the head groups further
apart, become favourable. Bilayers composed of charged lipids thus may feature a vanishing edge energy without the need of edge active agents.
In this chapter, we study the ionic strength dependence for the edge energy of phosphatidylglycerol (PG) bilayers and consider phosphatidylcholine
(PC) bilayers to have a reference case. We show that for PG bilayers the
edge energies can change sign at a well-defined ionic strength, and that PG
lipids can form pores that are stable under specific ionic strengths. This provides a theoretical basis for the explanation given by Riske et al. for their
remarkable observations. We will first show that the Helfrich approach can
be used to relate the bilayer edge line tension (edge energy) to the familiar
membrane properties. We will argue that the uncurved edge energy can be
related to the mechanical membrane parameters such as the mean bending
modulus kc and the preferred monolayer curvature J0m, together with a structural parameter, the membrane thickness. In this case the Gaussian bending
modulus does not come in the picture because the edge is considered infinitely long. We will outline the SCF theory that is used to predict the structural,
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Theoretical work on lipid edges already has a long history, following directly on Helfrichs theoretical work on lipid bilayers [21]. It is welll known that
the membrane tension is linked to the edge energy and the curvature of the
pore, exploiting the strong analogy with the Laplace equation relating the
Laplace pressure with the interfacial tension and the curvature of emulsion
droplets[18, 22]. Physical descriptions of the lipid bilayer consider the lipid bilayer as an infinitely thin interface which is characterised by a membrane tension .. Then, the edge should be regarded as the border of this sheet, which
is a line and the edge energy may be identified as a line tension =. The shape
of the bilayer surface is characterised by two curvature radii, the mean and
Gaussian curvature at each point along the surface. Similarly, the trajectory of
the edge may be specified by a single curvature parameter J = 1/R at each
point along the line. In this chapter we consider only homogeneously curved
bilayers, where the curvature parameters are the same at all points along the
membrane surface, and correspondingly we focus on homogeneously curved
lines. Such a homogeneously curved edge results in the formation of a lipid
disc or a membrane pore. Note that for both the pore and the disc, the radius
is positive, and we are free to define a positive and negative curvature. We
therefore ascribe the negative curvature J = {1/R to the pore, which leads to
the definition of a positive curvature J = 1/R for discs.
For a straight membrane edge, the edge length can be determined unambiguously. For curved edges, on the other hand, we have to specify the
position of the edge to know its length. We find the location of the edge with
the concept that we borrow from the surface of tension (SOT) in curved
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thermodynamic, and mechanical parameters of the bilayer, and we introduce
the molecular model that we use. For most details, including the parametrisation of the molecular model, we refer to Chapter 2. In the results section we
will first focus on a two-gradient planar lattice geometry and obtain information on the edge energy of a straight edge. We will show results for various
phospholipid bilayers to elaborate that typically the edge energy is positive,
but that this edge energy can change sign under certain conditions. As the
edge energy can vanish for bilayers with charged lipids, such as DOPG, we
focus in the remainder of the chapter on these, potentially catastrophic, situations. Two-gradient cylindrical coordinate systems are used to find the curvature dependence of the edge energy. We will conclude with results that
show that stable pores can indeed be formed, and elaborate on how their size
depends on the ionic strength. At the end of this chapter we will sum up our
conclusions.

interfaces, like those in oil-in-water emulsions. Since we deal here with a line
rather than a surface, we will use the term line of tension (LOT). Typically the
LOT of the curved edge coincides closely with the edge position as it is observed physically, and we can accurately define the curvature dependence of
the edge energy. We here choose the radius at the line of tension, and then
the ‘Laplace’-equation for the line, simplifies to
(5.1)

τ = −γRd
and

Rd =



Ω
−πγ

(5.2)

The derivation can be found in the supplementary information. We find in
Equation 5.1 that the membrane tension . and line tension = are directly related, and that the membrane tension becomes negative when the line tension
is positive. The radius at the LOT can be determined directly from Equation
5.2 where + 2 F {
i 7ini is the grand potential of the membrane. Notice
that this equation fails when . ! 0, which according to Equation 5.1 coincides
with = ! 0. Apart from this condition, we can compute the edge energy = using Equations 5.1 and 5.2.
In Chapter 2, we established a routine protocol to obtain the mechanical
bilayer parameters, in which we typically use a cylindrical geometry to obtain
the mean bending modulus kc. The spontaneous curvature of the monolayer
is found from an analysis put forward by Kik et al. [25]. Below we will need
estimates for the membrane thickness. There are several options all of which
follow easily from the cross-sectional profiles of the membrane. The results
obtained from Chapter 2 are used and displayed here as a set of polynomial
fits to those data (Equations 5.8-5.16).
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5.2.1 Analytical model for the edge energy
The shape of the membrane edge may be visualised as depicted in Figure
5.1. From this structure, we derive an estimate of the energy of such an edge.
A simple model to describe this straight edge would be to take a planar membrane with thickness d, capped with a semi-cylindrical monolayer with radius
{12 d. The analysis for the monolayer curvature energy can start from the Helfrich equation [21], given in the supplementary information. Multiplying this
with the contour length of the curved monolayer ({12 :d) we find that the edge
energy = is given by

104

Figure 5.1: A schematic illustration of the
bilayer with an edge together with the simplified model, depicting the bilayer edge
as half a cylinder with radius {12 d, attached
to the bilayer sheet with thickness d. This
simplified model is used to formulate an
analytical equation (supplementary information) for the edge energy of a membrane.
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1
1
m
− J0
τ = kc π
(5.3)
2
d
Typically, the edge energy = > 0 when the spontaneous monolayer curvature J0m is close to zero. However, we may encounter the situation that
J0m > {d1 , so that the edge energy becomes negative. Such strong preferential monolayer curvatures are found for charged lipids at sufficiently low ionic
strength conditions.
Let us next consider the curvature dependence of the edge energy =(J =).
We can start from the Tailor series expansion for the edge energy, similar to
the Helfrich equations for the bilayer [21]:
1
τ (J τ ) = τ0 − kcτ J0τ J τ + kcτ J τ 2 + · · ·
(5.4)
2
in which kc= is the bending modulus (rigidity) of the line and J0= is the preferred line curvature. For small curvatures, this expansion up to the second
order suffices, but in realistic situations where the pore radius or disc radius is
small, we might need higher order terms.
In the introduction it was already mentioned that when we consider homogeneously curved edges that form a pore, we have an overall contribution to
the free energy of formation of the pore due to the Gaussian bending which
km, with 7km the Gaussian bending modulus for the monolayer,
equals 4: 7
k, the Gaussian bending modulus for the bilayer. This amount
which equals {12 7
can operationally be distributed along the length of the edge. Per unit length
of the edge, this contribution will be inversely proportional to R, and thus is
linearly with J =. This means that all contributions from the Gaussian bending
are hidden in the linear term kc= J0= J =. Since the second order term involves
the constant kc= as well, the Gaussian bending modulus is effecively incorporated into the value we find for J0=.
Since from now on all curvatures are line curvatures, we leave out the
superscript =, i.e., J 2 J =.

5.3 Methods
Scheutjens-Fleer self-consistent field theory
The results that we present in this chapter are obtained from a model that is based
on the Scheutjens-Fleer self-consistent field
(SF-SCF) theory. In Chapter 2, we showed
that molecularly detailed models for the lipid
bilayer membrane can be solved on the mean
field level. Detailed structural, thermodynamical and mechanical information on phosphatidylcholine (PC), phosphatidylethanolamine
(PE) and phosphatidylglycerol (PG) bilayers
were discussed at length [11]. We used a onegradient self-consistent field lattice model. On
this lattice we evaluated chain partition functions using the freely jointed chain model, implementing the Ansatz that each segment of
the molecule fits exactly one lattice site. We
will follow up on Chapter 2 by exactly copying
the molecular model (see Figure 5.2).
In the mean field theory, we use the BraggWilliams approximation. One of the consequences of this approximation is that the
bilayers do not feature a gel-to-liquid phase
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PC

transition. Hence, in our model we can increase the tail length above 18 without the
consequence that the bilayers turn into the
crystalline (so-called gel) state. In experiments, this is achieved by the introduction of
double bonds in the tails, which suppresses
the gel-to-liquid phase transition. In our model,
we will therefore refer to DOPG (indicating
unsaturated lipid tails) rather than DPPG (for
which the gel state should be expected). It is
possible to extend our SCF model by upgrading the chain statistics on a quasi-chemical
level, so that it predicts a gel-to-liquid phase
transition [26]. In the current work we choose
not to go into these complications and keep
the mean field theory on the simplest level.
The molecules
Our SCF model features molecules that are
composed of segments. These segments
are numbered s = 1, . . . , Ni, where Ni is the
number of segments of molecule i. For each
molecule we know precisely the segment type
X of segment s. This information is collected

lt = 18
C
O

DOPC

P (–0.2)
N (+1)
PG

C
Salt

PE

Water

Na+ or Cl–
W

Figure 5.2: Illustration of the molecular architectures, implementing molecules on a united
atom level. The (phosphatidylcholine) PC head group in the DOPC lipid shown on top has
two lipid tails with equal length, in this case lt = 18. The head group on the sn3 position
may be substituted by (phosphatidylglycerol) PG or (phosphatidylethanolamine) PE to get
corresponding lipids. Both water and salt are formed by ‘pentamers’. The difference between
water and ions is the charge on the central segment of the pentamer.
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in operators such as /X
i,s , which becomes unity

and ions. Both water and ions are modelled

when segment s of molecule i is of type X and

as small star-like clusters of 5 segments each.

is zero otherwise. With these operators we can

The ions can have a positive or negative

compute the volume fraction distributions of

charge. The rational for such a solvent model

any segment type X in the system from cor-

is pragmatic: when the solvent is composed

responding ranking number and molecular

of monomeric species, we find that too many

specific quantities:

water molecules or salt ions end up inside the

ϕX (r) =


i

hydrophobic core, a process that is driven by
X
ϕi (r, s)δi,s

(5.5)

translational entropy. The present model reduces the translational entropy of the small en-

s

tities, which mostly prevents the incorporation

each coordinate r for a specified segment with

of ions into the core. In addition, this relative

ranking number s. This volume fraction gives

large ion size prevents too many ions to be in-

the chance to find that segment on a certain

corporated into the head group region, so that

site, and can be seen as a dimensionless

the phosphate charge is not too easily com-

concentration. In the SCF model the so-called

pensated by the cations. The consequence for

incompressibility condition is implemented,

the zwitterionic PC and PE head groups is that

which implies that the sum of the volume frac-

they are orientated more or less parallel to the

tions over all segment types is unity at each

membrane surface, which is in line with experi-

coordinate r:

mental observations. The consequence for the



charged PG lipids is that the surface charge is

ϕX (r) = 1

(5.6)

X

not screened easily, and we need rather high
ionic strengths to screen the PG head group
charges. Smaller counter ions could more eas-

where the volume fractions are given by 'Xb .

ily penetrate the head group region, and then

To implement the freely jointed chain model,

locally compensate more of the phosphate

we need to know the ranking numbers of the

charge. This means that for a certain ionic

segments that are connected by a chemical

strength in our model, the electrostatic inter-

i
0, which is unity when in molecule i
bond /s,s

actions between PG lipids are possibly some-

a bond exists between segments s and s0 and

what stronger than in real experiments and we

zero otherwise. For a schematic representa-

might need more salt to screen these stronger

tion of the molecules that we used, we refer to

interactions. Hence, we can discuss the trends

Figure 5.2. These molecules fully specify all

for changes in the ionic strength on PG bilayer

i
relevant /X
i,s and /s,s 0 = 1 values.

mechanics, but we may not yet be in the po-

Inspection of Figure 5.2 shows that the

sition to pinpoint the exact ionic strengths for

lipids are modelled on the united atom level.

certain transitions, such as the point for which

Two equally long apolar tails with length lt (in

the edge energy vanishes.

units of segments) are coupled to a glycerol

In the calculations the volume fraction of a

backbone. The phospholipid head features a

1:1 electrolyte solution in the bulk is an input

phosphate group for which we distributed the

quantity. For the zwitterionic lipids PC and PE

negative charge over its united segments. The

the ionic strength is not extremely relevant. For

PC and PE lipids have a positive charge on

these calculations we have used cs = 50 mM

the nitrogen. The PG lipids have a hydrophilic

throughout this chapter. In the DOPG bilayer

yet neutral head group terminus. The aque-

calculations the salt concentration was kept as

ous solution is composed of water molecules

a variable.
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This constraint is also obeyed in the bulk
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in which 'i(r,s) gives the volume fraction at

The interaction parameters
The interaction parameters @ were copied
from Chapter 2. The Flory-Huggins interaction parameters (Table 5.1) specify the solvent
quality and the mutual interactions between
segments. A key parameter which gives the
driving force for self-assembly is @CW. The value @CW = 1.2 gives an accurate dependence

volume fraction weighted average, where the
water contributes with 0W = 80, the hydrocarbon segments with a low value of 0C = 2 and
the ions and the other segment types are assumed to contribute with an intermediate value
of 0O,P,N,Na,Cl = 10.

of the surfactant critical micelle concentration

The lattice

(CMC) as a function of the tail length lt. The

In the SCF model, a discretisation scheme is

interaction of water with the hydrophilic head

needed to evaluate the statistical weight of all

group segments N, O, and P is expressed by

freely jointed chain conformations. Here, we

@W{N,O,P. The choline methyl groups are tuned
separately with @CNW because they are less

used a system of lattice sites with a character-

hydrophobic than the other united C segments.

tions we have reduced the number of relevant

istic length b = 0.3 nm. In many of our calcula-

By taking @CNW = 0.65 and @CN { N,O,P = 1, a

coordinates r. Then, dictated by the symme-

head group conformation is found that is con-

try in the problem, a subset of lattice sites is

sistent with experimental findings, allowing the

recognised along which we have implemented

head groups to lie close to parallel to the mem-

the Bragg-Williams mean field approximation.

brane surface. We refer to Chapter 2 for further justifying remarks on our parameter set.
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local dielectric permittivity is computed by a

Classical SF-SCF calculations are done
in a one-gradient model. In such a model the

Since we used charged segments, we

mean field approximation is applied in layers

had to implement the Poisson equation. This

of lattice sites. For planar bilayers the averag-

equation relates the local charge density to

ing is over two directions (e.g. x and y) and

the local electrostatic potential. This potential

only gradients in the r = z-direction are kept.

in turn adds a contribution to the segment po-

For lipid vesicles we average the densities

tentials in a way that is similar to the Poisson-

over concentric shells of lattice layers and al-

Boltzmann theory, while it is understood that

low for gradients in the radial direction. Such

the volume of the ions is accounted for. In

models lead to information on the lipid bilayer

this extended Poisson-boltzmann apporach

structure, as well as the values of the mechan-

it is further necessary to specify the relative

ical parameters of the bilayers [11].

dielectric constants in the system. For obvi-

Because two-gradient calculations are used

ous reasons we need the core of the bilayer

extensively in this chapter it is appropriate to

to have a low dielectric permittivity and the sol-

give more details. Two-gradient models were

vent to have a high dielectric permittivity. The

used before in various contexts [27, 28]. We

Table 5.1: Interaction parameters @XY = @YX used
to quantify the solvent quality and the intermolecular interactions. The values give the interaction parameter between the monomers X and Y that are
listed to the left and on top. The monomer names
are shown in Figure 5.2. The CN groups are the methyl groups of choline, depicted by spotted spheres
in Figure 5.2, and C depicts the other methyl and
methylene groups. The parameters were taken from
Chapter 2 [11].
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C
N,O,P
CN
Na,Cl

W

Na, Cl

CN

N,O,P

1.2
--0.2
0.65
0

2
0
0

0.5
1

2

here consider two different two-gradient lattice

a two-gradient cylindrical system with a sym-

types. (i) The planar lattice is used to evaluate

metry plain perpendicular to z at the vesicle

the edge energy of a straight edge, i.e. =0. In

center so that a vesicle with two pores was

the planar geometry (see Figure 5.1) we have

created. The number of lipids was fixed to
form a vesicle with a radius of approximately

R = 50b. Again the pore position was controlled by the initial guess for the SCF equations (see below). The radius of the pore in the
initial guess was Rp = 10b. In these calculations neither the pore radius nor the vesicle
radius was fixed. Both these quantities con-

coordinate the number of lattice sites is fixed

verge to their optimal value. For example, the

to L. By taking L very large we naturally reach

fixed number of lipids in the vesicle causes the

the regime where end effects can be ignored.

vesicle to become larger when the pore radius

All quantities are then normalised by L so that

increases and vice versa. To ensure a robust

we consider the properties of the system per

evaluation of the pore sizes, two checks were

unit length in the x-direction. (ii) The cylindri-

performed. Firstly, a few calculations were

cal lattice is used to evaluate membranes with

performed without the symmetry plane per-

curved edges, forming either pores or discs,

pendicular to z at the vesicle center, in a sys-

which are used to compute =(J), as well as

tem twice as large. In this system, a vesicle

spherical vesicles with one or two pores posi-

with one pore was created, and we found pore

tioned at the poles of the vesicle. To evaluate

sizes identical to the vesicle with two pores.

membrane pores or discs, we use the cylindri-

Secondly, some calculations were done with

cal coordinates, where r = (r,z), and where

different pore sizes in the initial guess, some

the z-direction is normal to the membrane

larger, some smaller than the final value. We

surface. The radial coordinate runs normal to

found that the converging pore radius was in-

the membrane edge, and has layer numbers

dependent of the initial guess.
Vesicles that contain six or more pores were

of the disc or the pore. The number of lattice

obtained from calculations in a three-gradient

sites is linear in r, i.e. L(r) / r.

Cartesian coordinate system r = (x,y,z). By

To enforce the formation of an edge, the

selecting mirror-like boundary conditions we

lipid amount in our system is fixed, and the

could focus on {18 of a vesicle, and used an ini-

formation of a full tensionless bilayer without

tial guess of a vesicle that contained several

an edge is prevented. This is achieved by per-

holes. These vesicles had a radius of approxi-

forming our calculations in a canonical ensem-

mately R = 50b.

ble with respect to the lipids. For the ions and

The size of the lattice sites b (0.3 nm) is

the solvent we maintain the grand canonical

used to translate dimensionless concentra-

ensemble. An initial guess positions the bilayer

tions to molar concentrations. For example a

in the system, thereby also roughly defining

volume fraction of salt of 'sb = 0.1 converts to

the edge position. Due to the very low solubil-

a molar concentration cs : 1 M.

ity of the lipids in the solvent, by far the majority of the lipids self-assemble into a bilayer-like

Membrane properties

object and only few lipids float freely in the

A natural starting point to evaluate the edge

solvent.

free energy is a large unsupported planar bi-

Calculations on vesicles were performed in

layer. Without an edge such a bilayer is ten-
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r = 1, 2, 3, . . . , Mr, where r = 0 is the center
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r = (y,z) and the mean field approximation
is applied in the x-direction. The membrane
is positioned in the x-y plane. The membrane
edge lies in the x-direction and the normal to
the membrane surface lies in the z-direction.
Typically, z = 0 is selected to be at the symmetry-plane of the bilayer. In each r = (y,z)

sionless in its equilibrium state. If this bilayer

Typically, the edge length for curved edges

ergy can be assigned to the edge free energy.

is determined from its radius, which is derived

When the SCF equations have been solved

from the position of the line of tension. How-

for such a bilayer, we have a closed expres-

ever, in a situation where the edge energy

sion for the grand potential density !(r). For

vanishes or comes close to zero, the edge

the planar membranes, both in cylindrical and

line of tension does no longer coincide with

planar coordinate systems, the membrane

the visible membrane edge, and the method

tension is unambiguously evaluated far from

to position the edge fails, so that we have no

the edge. For the planar membrane, this yields

distinct way to obtain the edge energy curva-

. = 2 # 'z !(1,z); typically the membrane
tension . nearly vanishes, proving that indeed

ture dependence. Hence, exactly in the region

the membrane area, for a fixed number of li-

is the most interesting region for its practical

pids in the bilayer, adjusts itself correctly. In

usefulness, we cannot obtain the curvature

a similar fashion, the membrane tension is

dependence of the edge energy. Below, this

evaluated for the lipid disc by the summation

only occurs for pores. In those cases, we take

of the grand potential density over all z coor-

the pore diameter as the distance between

dinates at r = 1, and for the membrane pore,

the hydrophobic cores across the pore. The

a value r = rM is used, which is the radius at

exact core position is defined where its den-

the boundary layer. Indeed, when the edge is
curved the membrane tension is finite and the
edge energy is then obtained from the membrane tension by Equation 5.1.
The grand potential + is found as the sum
over all coordinates of the grand potential
density !, i.e., + =

'r L(r)!(r). For the

planar coordinate system, +/L is expressed
per unit length in the x-direction, and can be

Chapter 5

chosen this option below.

contains a straight edge, all excess free en-

when the edge energy is close to zero, which

sity equals half the maximum core density in
the bilayer (which happens at the sharp corecorona interface).
SCF approximations
The SCF theory [29] involves a number of
important approximations. The mean field
approximation, in which concentration fluctuations within all lattice sites for a specified

interpreted as the edge energy =0 = +/L of

coordinate r are ignored, already mentioned

the straight edge. The membrane tension is in

above, is the most essential one. This mean

units kBT/b2. For example, a dimensionless

field approximation allows us to use the vol-

. = 0.1 converts to a interfacial tension of or-

ume fraction as a measure for the local seg-

der 100 mN/m. The edge energy is given in

ment concentration, i.e., 'X(r), for the volume

units of kBT/b.

fraction of segment type X in coordinate r.

To test the analytical model for the edge

A segment potential profile uX(r) exists

energy, we use a numerical estimate for the

for all segment types in the SCF approach,

membrane thickness d, the choice of which

and is normalised by the thermal energy kBT.

is arbitrary. Among our choices, the head-

These potentials serve in the Boltzmann equa-

to-head distance across the bilayer dPP, and

tion GX(r) = exp[{uX(r)] to find the statistical

the hydrophobic core thickness dcore were the

segment weights together with the statistical

most promising. It appeared that when the

weight of chain conformations as a prereq-

thickness of the bilayer is estimated from the

uisite to compute the volume fractions. With

hydrophobic core thickness we arrive at a bet-

these complementary distributions, that is, the

ter agreement between the two approaches

volume fractions ' and the potentials u, we

for the edge energy, and therefore we have

can write a free energy functional [11, 30-32].
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The free energy is optimised with respect to
both the volume fraction profiles and the segment potential profiles. This optimisation results in the self-consistent field conditions that
may be summarised by

ϕ [u] ↔ u [ϕ]

(5.7)

Chapter 5

5.4 Results and Discussion

Edge energy and porous membranes

In words, the volume fractions ' are computed uniquely when the segment potentials
u are known. The other way around, the
segment potentials follow uniquely from the
knowledge of the volume fraction profiles in
the system. The main ingredients to implement the left hand side of Equation 5.7 is the
freely jointed chain (FJC) model [29, 33, 34].
All possible and allowed FJC conformations
on the lattice are generated and the statistical weights are summed to obtain the volume
fractions [29]. The main ingredient to implement the right hand side of Equation 5.7 is
the complete set of Flory-Huggins interaction
parameters (Table 5.1) that is used to quantify the energy costs for all possible segmentsegment contacts in the system. The number
of such contacts is estimated using the Bragg-

Williams approximation. There are also electrostatic contributions to the segment potential: the charge density profile follows uniquely
from the volume fraction profiles and the electrostatic potential can then be computed using
the Poisson equation. We see from Equation
5.7 that the two conjugated fields mutually depend on each other. It is a technical issue to
make these fields consistent with each other,
which means that, e.g., the potentials both follow from the volume fractions and determine
them. Such a fixed point of the equations is
referred to as the self-consistent field result.
This SCF result is found iteratively by using
a Newton-like optimisation scheme [35]. The
solution can be accepted only if the SCF result
is also consistent with the incompressibility
condition of Equation 5.6. For such a solution
the volume fraction profiles give insight in the
structural properties of the bilayer and further
analysis of the free energy of the system gives
access to the thermodynamic (e.g. grand potential) and mechanical parameters of the
bilayers. Unless specified otherwise, all SCF
results have an accuracy of 7 significant digits.

5.4.1 Structure of the membrane edge
To obtain information on the edge energies, we consider a model that mimics a half-infinite membrane that contains a straight edge or a membrane disc
with a curved edge. From a given SCF solution, we obtain detailed structural
and thermodynamic information. Let us first focus briefly on some structural
aspects. For this, we selected a result for a DOPG lipid bilayer with a straight
edge, at an ionic strength of cs = 0.2 M. This result is presented in Figure 5.3.
In the calculation volume there is just one edge, but because we impose
mirror-like boundary conditions, we can represent the result as a planar bilayer that is enclosed on two sides by straight edges. The contour plot gives
a convenient view of the membrane structure perturbation that is caused by
the edge, and shows roughly the position of the lipid moieties. The black outer
ridge shows the position of the head groups, and the gray inside shows the
111
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−50

0

y

50

Figure 5.3: Equal density contour plot in the y-z plane
for the volume fraction distribution for a planar bilayer
positioned in the x-y plane enclosed by two edges.
Black shows the lipid head group position and grey
shows the lipid tails. The transitions between the lipid moieties and between the head group and water
are defined as the positions where, respectively, the
tail region and the head group region reach half their
maximum density. Lipid used: DOPG, ionic strength
cs = 0.2 M.

position of the lipid tails. The contour plot does not show many details and
may suggest homogeneous densities of the head groups and lipid tails. Of
course more detailed information is available, as can be seen in the density
profiles displayed in Figure 5.4.
Let us now focus on the membrane perturbation caused by the lipid edge
from y = 40 to 50 in Figure 5.3. Without structural rearrangements, the hydrophobic tails in the core would be exposed directly to the water phase. This
is very unfavourable and therefore a curved lipid monolayer wraps around
the edge, connecting both bilayer sides, as is seen clearly in the profile. The
tails must pack into a smaller volume where the monolayer is most strongly
curved. In general this results in a local bilayer thickness increase near the
edge, but in many cases this increase is only modest. Closer inspection of this
slice through the membrane edge shows a narrower distribution of the head
groups in the end-cap region, which indicates a reduction of the number of
lipids per unit area, and an increase in head group area per lipid. Below, we
will review the edge profile more closely.
More detailed information on the structure of the bilayer can be obtained
from cross-sectional profiles. In Figure 5.4a we present '(0,z) profiles, which
are taken through the y-z plane at y = 0. Here we choose to present the water
distribution, the tails, the glycerol backbone and the phosphate groups. The
profile is identical to the profile found in one-gradient calculations on a membrane without an edge, when the area per molecule is adjusted such that the
membrane tension is zero. This is consistent with the finding that the membrane tension far from the edge vanishes as long as there is a straight edge.
From the profile we see that the water hydrates the bilayer upto and including
the glycerol backbone. The phosphate groups are widely distributed. This is
caused in part by the size of the phosphate, which occupies in our model 5
sites, but it also shows the conformational fluctuations of the lipid in the membrane. These fluctuations tend to be larger near the free end of the molecule
(not shown) and are smallest at the glycerol backbone unit of the molecule. In
contrast to PC bilayers, in which the head group is oriented slightly outward
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(the choline is on average further from the core than the phosphate [11]), in
PG bilayers the glycerol at the end of the head group is directed inward. In
previous publications we have paid extensive attention to these cross-sectional profiles, including the electrostatic and charge density profiles.
It is interesting to compare the profile through the membrane center with
the profile in the edge (Figure 5.4b). This edge profile is taken through the
y{z plane at y = 0. Some remarkable differences can be seen between these
two profiles, where we focus for obvious reasons on the structure near the
lipid head groups. As we noticed already from the 2D profile, the number of lipids per area is much smaller at the edge, by a factor of 0.67, which is at least
qualitatively in line with experimental data [36]. There is a slightly stronger
expulsion of phosphate groups from the edge center when compared to the
glycerol moiety, leaving 20% less phosphate than glycerol. Apparently, the
charges are pushed to the sides of the edge. Notable is the phosphate orientation in the edge. While in the membrane center the phosphate groups lay
0.7 layers further outward than the glycerols, this has become 1.7 layers in
the edge. The final difference that we notice from these profiles is the density
of the hydrophobic core. We see here that in the edge as compared to the
bilayer center, even more water is expelled from the core, so that only 0.8%
water is left instead of the 1.5% that we find in the bilayer center. This is likely
due to the crowding of the lipid tails in the edge. Although the lipids try to rearrange to shield off the hydrophobic bilayer core in the edge, we conclude that
this rearrangement is not complete due the lack of space for the tails, so that
the head groups are packed more thinly compared to the rest of the bilayer.

y

40
50

y

50
60

60

Figure 5.4 Corresponding with Figure 5.3: a) the cross-section volume fraction
profile '(z) 2 '(0,z) and b) '(y) 2 '(y,0) for the lipid bilayer, with ({) tails,
(- -) phosphate groups, ({ ") the glycerol-moiety at the end of the head group, (. . . )
water. The two-gradient planar lattice is used. Lipid used: DOPG, ionic strength
cs = 0.2 M.
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5.4.2 Edge energy for the straight edge
For a wide variety of bilayers, we have created edges such as displayed in
Figure 5.3. For these edges, we have acquired the edge energies from the
grand potential density profiles as explained above. These edge energies will
be discussed for PC and PE bilayers as a function of the lipid tail length, and
for DOPG bilayers as a function of the ionic strength. The results will be compared to the analytical model, which uses three bilayer properties to estimate
=: the mean bending modulus kc, the preferred monolayer curvature J0m, and
the hydrophobic core thickness dcore (Equation 5.3). Detailed predictions for
these three parameters were obtained in Chapter 2, and their dependence on
tail length and ionic strength can be fitted accurately by first or second order
polynomial fits. The results for the core sizes dcore (units b) are given by
C
dP
core (lt ) = 0.38lt + 3.5

(5.8)

E
dP
core (lt ) = 0.39lt + 3.7

(5.9)

G
dDOP
(cs ) = 0.19 log(cs )2 + 0.73 log(cs ) + 9.9
core

(5.10)

Chapter 5

which indicates that the bilayer thickness increases with tail length, as can be
expected. If the increased tail length would only have caused an increase in
bilayer thickness without changing the head group area, the slope would have
been unity. A value of 0.4, however, is consistent with our observation that this
head group area increases with tail length as well. For DOPG bilayers, the
bilayer thickness as a function of ionic strength has a minimum around 10 mM
at 2.8 nm, and increases to 3.0 nm at 1 M.
The corresponding mean bending moduli kc in units kBT are given by

kcP C (lt ) = 0.40lt − 0.57
kcP E (lt ) = 0.46lt − 0.84

kcDOP G (cs ) = 0.90 log(cs )2 + 1.6t log(cs ) + 9.4

(5.11)
(5.12)
(5.13)

The bending modulus is always positive, and increases with tail length. The
slope is smaller than unity, which indicates that the bilayer does not behave
as an homogeneous amorphous elastic sheet. Instead, both the core and corona contribute to kc, which is seen in particular for charged lipids. The bending modulus is non-monotonous with ionic strength for charged lipid bilayers.
At low salt concentrations, the strong repulsion between the head groups
dominate the bending modulus, while at high salt concentrations, the core
contribution dominates kc. At these high ionic strengths, the charged head
groups are highly screened, the lipids pack more closely, and the core becomes stiffer, causing this core domination [11]. At moderate ionic strengths,
both contributions are weak enough to allow for the minimum in kc.

114

The spontaneous lipid monolayer curvature J0m in units b{1 was found to
obey

J0m,P C (lt ) = −7.5 · 10−3 lt + 0.11

(5.14)

J0m,DOP G (cs ) = −0.023 log(cs )2 − 0.093 log(cs ) + 0.034

(5.16)

(5.15)

J0m,P E (lt ) = −7.2 · 10−3 lt + 0.11
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Edge energy and porous membranes

The values for J0m lie relatively close to zero for both types of zwitterionic
head groups, which shows that these lipids naturally form bilayers, in line
with the concept of the ‘surfactant packing parameter’ P = v/lt a (with v the
volume occupied by tails, lt the tail length, a the area per lipid molecule) by
Israelachvili and co-workers [37]. This concept also predicts our observations
that the spontaneous curvature becomes negative with increasing tail length.
Long enough tails cause P > 1, so that bilayers become unstable and instead
incline to inverse hexagonal (HII) or cubic phases. For PG lipids, the spontaneous monolayer curvature becomes strongly positive at low ionic strengths.
This corresponds to very low P values, which lead to phases such as the
hexagonal (HI) phase, or the formation of worm-like micelles. It is easily seen
that J0m can become of order 1/d. Such strong monolayer curvatures would
lead to negative edge energies as is seen directly from Equation 5.3.
We will try to relate these three membrane properties to the edge energy =0. In Figure 5.5 we have collected the numerical SCF predictions for
=0 for various membranes. The energy of the straight edge is given by the
black lines in Figure 5.5a for bilayers composed of PC (solid line) and PE
lipids (dashed line) of different lengths, and in Figure 5.5b for PG lipids with
lt = 18 segments as a function of the ionic strength. For PC and PE lipids the

−1

10

−1

10

cs /Mcs /M

Figure 5.5: a) The edge energy =0 of a straight membrane edge in units of kBT/b
as a function of the tail length lt for PC (solid line) and PE (dashed line) lipids.
b) The edge energy =0 in units of kBT/b as a function of the ionic strength cs for
DOPG lipids in lin-log coordinates. The gray lines depict the prediction of the analytical model using the fitting results of Equations 5.8-5.16.
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edge energy is positive and of order unity and increases with approximately
0.15 kBT for every addition of another tail segment. This means that a membrane receives an energy penalty of order kBT per unit length b for all edges.
Neglecting the curvature dependence, this would mean that a pore with a radius of Rp : 2b is already expected to have a free energy penalty of 5-10 kBT.
Hence the model predicts that PC and PE bilayers are well protected against
pore formation. Only when the tails become shorter than 910 segments, the
formation of small transient pores may be expected.
The result for the charged PG bilayer is fundamentally different (Figure
5.5b). The edge energy is positive at high ionic strengths, and lies close to
the values for PC and PE lipids. This is expected, as the ions can effectively
shield the head group charge, removing the difference between charged and
uncharged lipids. The edge energy changes sign at a salt concentration of
9100 mM, and reaches values around {1 kBT at 10 mM. This result indicates
that charged bilayers become highly unstable at low ionic strengths.
In addition to the direct results for the edge energy, Figure 5.5 also shows
in gray the prediction from the analytical model presented in Equation 5.3.
The results of the two approaches are quite close to each other. This shows
that the main aspects of the edge energy are captured well in the simple
model. The edge energy and the membrane parameters that are used as
an input in the analytical model are all obtained from the same SCF model,
albeit from separate well defined calculations in separate geometries, and
the similarity would be even more convincing with an ab initio edge energy
calculation. Nevertheless, the good agreement of this model with the direct
evaluation allows us to interpret the edge energy in terms of the bilayer mechanical and structural parameters. From all parameters that might contribute
to the edge energy, it is clear that the spontaneous monolayer curvature J0m
is the key player. We have argued that J0m can be rationalised by the packing
parameter P, where large J0m values are related to small P values, which indicates cone-shaped lipids that have large head groups and short tails. Thus,
PG lipids, which assume large head group areas at low ionic strengths, or PC
lipids with short alkyl tails should accommodate the high monolayer curvature
that is found in the membrane edge, thus stabilising the edge and causing low
or even negative edge energies.
The edge energy increases with longer lipid tails. This increase is caused
by both kc and J0m, although the contribution from J0m is larger. This cooperative effect of kc and J0m further explains the strong resistance against pore
formation for lipids with longer tails.
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5.4.3 Curvature dependence of the edge energy
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Figure 5.6: The edge energy =(J) in units of
kBT/b as a function of the edge curvature
J = 1/R in units b-1 for DOPG bilayers at
200 mM salt. The points are the numerical
results for discrete values of the curvature
of the edge as found in a two-gradient cylindrical coordinate system. The positive
values of J are obtained for a lipid disc, the
negative values for J are for a bilayer with
a pore. The line is a quadratic fit according
to Equation 5.27 (supplementary information). The value of J is obtained by the LOT
method.

Edge energy and porous membranes

The next step is to study curved edges, which exists in bilayer discs and
pores. The edge energy can be Taylor series expanded in the edge curvature
J (which should be a small parameter). We wish to obtain the edge bending
modulus kc= and the spontaneous edge curvature J 0= for a given bilayer as
defined by this Taylor series expansion (Equation 5.4). The intricacies to find
an accurate estimate of the line curvature in membrane pores or discs are
extensively discussed above, and boil down to the following: J can be determined accurately as long as the edge energy deviates far enough from zero
and an accurate value of =(J) can be acquired from the grand potential and
the membrane tension (Equations 5.1 and 5.2). The edge energy as a function of curvature =(J) closely follows the parabola shape, which is illustrated
in Figure 5.6 for a DOPG bilayer at 200 mM salt. In this figure, =0 coincides
with the value reported in Figure 5.5. The good fit to the parabola indicates
that it suffices to expand the edge energy with respect to the curvature up to
the second order only, which is in good agreement with the theoretical evaluation in Equation 5.4.
It is seen in Figure 5.6 that the obtained curvatures cover a larger range
of negative than positive values. The origin of this difference is purely practical. An accurate edge energy evaluation requires the evaluation of the membrane tension. To prevent any contributions from the edge perturbations, the
membrane tension is obtained as far from the edge as possible. For positive edge curvatures, this corresponds to the membrane disc center. If the
disc becomes too small, the edge perturbations start affecting the measured
membrane tension, and the evaluation of = fails. This problem does not occur
for negative curvatures. These are determined for lipid pores, in which case
the membrane tension can be determined far from the pore, regardless of its
size. The fit presented in Figure 5.6 gives the values for kc= = 13.5 kBT/b and
J 0= = {0.065 b{1.
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Figure 5.7: The bending modulus kc= in units of kBT/b as a function of the tail
length lt, and b) the corresponding spontaneous curvature J 0= of the edge of a
membrane in units of b-1 as a function of the length of the tails lt for PC lipids (solid
line) and for PE lipid (dashed line).

For all bilayer conditions that are displayed in Figure 5.5, we analysed the
curvature dependence as shown in Figure 5.6. The resulting line stiffness
and spontaneous curvatures of the edge are displayed in Figures 5.7 and 5.8.
Let us first focus on the results for PC and PE lipids with various tail lengths,
displayed in Figure 5.7. Panel 5.7a shows the edge bending modulus, which
increases non-linearly with tail length, its slope increasing with longer tails.
In panel 5.7b the spontaneous edge curvature is shown to be negative for
both membrane types. The absolute value of the spontaneous curvature decreases for increasing tail lengths and its value is slightly lower for PC than for
PE. We recall that for both PC and PE membranes, the value of = is always
positive and that the curvature dependence is a minor correction to the edge
energy. Pores remain unfavourable for PC and PE bilayers with sufficiently
long tails.
The results for kc= and J 0= for DOPG as a function of ionic strength are
presented in Figure 5.8. The solid black lines in Figure 5.8a display the SCF
results, and the first thing to remark is the step discontinuity around 100 mM
salt. At that ionic strength, the edge energy changes sign, and we anticipated
earlier that this causes problems for the evaluation of =(J), because the radius at the line of tension (LOT) coincides no longer with the visually observed
radius. This is the reason that we see the asymptotic behaviour of the edge
bending modulus near 100 mM salt. This bending modulus diverges to minus
infinity when approached from the lower ionic strength, and to plus infinity
when approached from the higher ionic strength. Since we have no sound
method at our disposal to determine the actual relation between kc= and the
ionic strength, we take the most basic estimate that we can make. This is a
linear interpolation between the highest and lowest ionic strength at the log
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Figure 5.8: The bending modulus in units of kBT/b, and b) the corresponding
preferred curvature J 0= of the edge of a membrane in units of b-1 as a function of
the salt concentration cs for PG lipids with lt = 18. The solid line gives the values
where the spontaneous curvature was determined with the LOT method. In the
region where = is very close to zero, the evaluation of the LOT fails and the values
of kc= diverge to plus infinity when the zero edge energy is approached from above
and diverge to minus infinity when the zero edge energy is approached from below. The dashed line interpolates linearly between the spontaneous curvatures
found at positive values of = and negative values of =. Apparently the evaluation of
J 0= does not suffer from the same divergences, but the discontinuity in the slope
around 0.1 M is still attributed to the failure to find the correct position of the edge.

119

Chapter 5

scale, displayed by the dotted line, and we find that the edge bending modulus decreases with increasing ionic strength. This is in contrast with the mean
bending modulus kc of a DOPG bilayer as a function of the ionic strength,
which in this ionic strength interval is almost constant, near 10 kBT, and features a very weak minimum (Equation 5.13).
The edge bending modulus kc= is found from the second derivative of =(J)
with respect to its curvature J. The preferred edge curvature J 0=, which is
found from the first derivative of =(J), does not exhibit the step discontinuity
that we see for kc= around 100 mM salt (Figure 5.8b). There is, however, a
discontinuity in the slope of J 0= around this salt concentration. The preferred
curvature changes sign at 920 mM salt. At first glance, we might expect that
this sign change indicates a phase change from bilayers with pores to disc
shaped bilayers. In the next section we will show that this is not the case.

Edge energy and porous membranes
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5.4.4 Stable edges
From the observations above the question arises whether thermodynamically stable edges can exist. We have shown that the curvature dependence
of the edge energy can be described with a parabola, of which the second
order derivative is given by kc= (see Equation 5.4). We have also seen that the
edge bending modulus is always positive. Given that =0 can become negative,
we find that the minimum of =(J) can be negative as well. For edges to become stable, their line tension must vanish. Under the conditions where =(J)
can become negative, =(J) = 0 has two solutions with different curvature,
of which only one results in stable pores or discs. It is easily shown that the
stable solution obeys

Chapter 5

∂τ
>0
∂J

(5.17)

This stable solution corresponds to the tensionless line with the highest J.
Importantly, if Jeq > 0 lipid discs are preferred over pores and if Jeq < 0 we
can expect pores to be preferred over discs. The tipping point between discs
and pores is found when Jeq = 0, and since the other requirement is that
=(J) = 0, we find this point when =0 changes sign. For the DOPG bilayer, we
have seen that =0 changes sign at a higher ionic strength than J 0=. In other
words, with decreasing ionic strength, just before =0 = 0, J 0= is still negative
so that stable pores can form. When J0m increases further, lipid discs will be
favoured, getting gradually smaller with further increasing J0m and J 0=. In summary, we conclude that only a very small window exists where stable pores
can be formed. The curvature dependence of the edge energy causes these
pores to maintain a well-defined radius, and because of their zero-energy line
tension they are thermodynamically stable. The remainder of this chapter will
focus on DOPG bilayers under these conditions, in which thermodynamically
stable pores form.
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Figure 5.9: Equilibrium pore size Rp in units b as
a function of the ionic strength cs for DOPG vesicles. The theoretical equilibrium pore size is displayed by the solid line, which ends in the circle,
at which stable pores can no longer form. This line
is extended by the dotted line which shows the actual pore sizes as observed in two-gradient SCF
calculations on vesicles that contain two pores.
The dashed line is from similar calculations, now
on vesicles that contain DOPG lipids for which the
charge on the PG head group is reduced to {0.8e.
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From the data in Figure 5.8, we can extract a prediction for the radius of
the pore as a function of the ionic strength. The result is displayed in Figure
5.9 by the solid line, which ends in the circle. This circle corresponds to the
point where =(J) becomes positive, so that stable pores can no longer form,
which is at 9100 mM and a pore size of 920b. When the ionic strength is
lowered, the pore radius diverges at the ionic strength below which lipid discs
are preferred, which is in our calculations found at 94 mM.
The above pore size predictions originate from the Taylor series expansion
of the edge energy for the weakly curved limit. It is not evident that these predictions are accurate also for very small pore sizes. Hence it is important to
explicitly examine the small pore limit in two-gradient calculations. We therefore consider a planar DOPG bilayer which has a circular pore with a small
radius Rp. The radius is controlled by the number of lipids in this system. For
each SCF solution we can evaluate the grand potential and the membrane
tension. Especially when the membrane tension and the edge energy are
close to zero, we estimated the pore radius in a similar fashion as used to
obtain the thickness of the hydrophobic bilayer core. The pore size is here
defined as the distance from the pore center where the lipid tail density 'C is
0.5. Figure 5.10a shows the edge energy for small pores in DOPG bilayers at
three ionic strengths: 105, 150 and 300 mM. The stable pore size should lie at
the highest radius at which the curves cross =(Rp) = 0, as discussed above.

Edge energy and porous membranes

Figure 5.10: a) The edge energy = in units kBT/b as a function of the size of the
pore R = Rp in units b for a planar DOPG membrane for three salt concentrations cs = 105 mM (solid line), 150 mM (dashed line) and 300 mM (dotted line).
Calculations were done in a two-gradient cylindrical coordinate system. b) The
electrostatic potential A(y,0) across the center of the pore for a small pore with
diameter 7b (solid line) and a larger one with diameter 23b (dashed line) both corresponding to a ionic strength of 150 mM.
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This results in sizes ranging from 3 to 50 units b, which corresponds to 1 to
13 nm. These ionic strengths are in the range where the predictions based on
the series expansion for small curvatures indicated that stable pores cannot
form.
Also, the pore sizes at these ionic strengths obtained from the two-gradient
calculations are smaller than the pore size limit of 20b that was reported in
Figure 5.9. Apparently, higher order curvature terms become important to
estimate the edge energies at relevant pore sizes.
A search for the factors that lie behind the strong curvature corrections
leads to the electrostatic interaction generated across the pore, which is depicted in Figure 5.10b. This figure shows the electrostatic potential A as a
function of the distance from the pore center. Both lines are for DOPG membranes at an ionic strength of 150 mM, which corresponds with the dashed
line as displayed in Figure 5.10a. The solid line in Figure 5.10b shows the
A(y,0) profile for a pore size of 7b, and the dashed line shows A(y,0) at a
pore size of 23b. In the larger pore, the electrostatic potential practically drops
to zero at the pore center, so that the electrostatic double layers are not confined across the pore. However, for the smaller pore size, the double layers
overlap substantially, which is clear from the finite electrostatic potential at the
pore center. Now the question arises how this issue affects the equilibrium
pore size. The electrostatic repulsion between the edges across the pore acts
as a driving force to increase the pore size, or to increase the edge length,
and any tendency to increase the edge length is seen as a decrease in edge
energy. Since salt screens the electrostatic repulsion, the equilibrium pore
size limit shifts to smaller values with increasing ionic strength. From Figure
5.10a, we can see that the limit lies close to the dotted line for 300 mM salt,
with a pore size of 4.3b. A further increase in ionic strength will lift the edge
energy at low radii well above =(R) = 0, and stable pores cannot form any
longer.
In the above we have evaluated the edge energy for bilayer systems in
which the edge curvature is imposed. To prove that under appropriate conditions a pore in a bilayer relaxes spontaneously to the equilibrium state for
which the free energy of pore formation is zero, we consider spherical vesicles with pores. We can generate pores in such a vesicle by means of an
initial guess. Here we have initiated two pores, one on each pole. We can
generate such a vesicle in a two-gradient cylindrical coordinate system. Upon
equilibration the system has two degrees of freedom: the pore radius and the
vesicle radius. With a fixed number of lipids, both can be adjusted to remove
all surface and edge energy. We present in Figure 5.11 an equal density
contour plot for an equilibrated DOPG vesicle at cs = 150 mM. Even though
the accuracy in this calculation was reduced for computational reasons, the
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vesicle clearly adjusted its pore size to the expected value. The pore radius
was computed from the contour plot, and was found to be close to the pore
size that is predicted by the analysis of the pore in a planar bilayer (cf. Figure
5.10). There may be a small deviation of the spherical shape of the vesicle
near the pore opening, but it is not trivial to analyse the shape, also because
the accuracy of the calculations was compromised.
Let us now return to Figure 5.9. We have already discussed the solid line,
which displays the low curvature prediction of the pore size as a function of
the ionic strength. In a similar fashion as used to determine the pore size of
the vesicle in Figure 5.11, we obtained the equilibrium pore radius as a function of ionic strength from direct two-gradient analysis, which is displayed by
the dotted line. These results unambiguously prove that the pore radius is a
strongly non-linear function of the ionic strength in DOPG vesicles. Above
300 mM the pore closes automatically when the vesicle is equilibrated. Below
100 mM the radius of the pore diverges to much larger values.
In the SCF calculations it remains necessary to nucleate a pore in order
to find a pore in the vesicle. Since this pore is fixed in space by the system’s
symmetry, the entropy of distributing the pores over the vesicle surface is not
accounted for. This explains why the results converge to the pores which have
a vanishing pore energy.
For the DOPG bilayers that were used here, the Gaussian bending modulus
is approximately {12 kBT as reported in Chapter 2 [11]. This means that when
{2 : 75 kBT
a pore forms in the bilayer, the penalty for pore formation is 4: # 12
to start with. Above it was mentioned already that this contribution is effectively incorporated in J0=. As we determined J0= from the curvature dependence
of the grand potential without the need to identify its contributions we must
realise that the Gaussian bending modulus contribution is already taken into
account and there is no need to correct the results for it. In Figure 5.9 it is
shown that the equilibrium pore size is perfectly predicted by the values that
were obtained for J0= and kc=.
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Figure 5.11: Equal density contour plot for a DOPG
vesicle in a two-gradient cylindrical coordinate system
in the z-r plane. The symmetry axis of the vesicle
is at r = 0 and the vesicle has two pores. The ionic
strength is cs = 150 mM. The accuracy by which the
SCF solution was obtained was reduced to 3 significant digits. The lipid head group regions are black and
grey shows the lipid tails. The transitions between the
lipid moieties and between the head group and water
are defined as the positions where, respectively, the
tail region and the head group region reach half their
maximum density.
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Figure 5.12: A DOPG vesicle in 150 mM salt that contains eight stable pores. The
vesicle is obtained from a three-gradient calculation of {18 of a vesicle, displayed
by the cube. The pore is positioned in the center of the bilayer, thus imposing the
symmetry on the vesicle. The colouring is provided to give a better impression of
the 3D structure of this vesicle. Six of the eight pores are visible.

In Figure 5.9, one more curve is presented. The dashed line gives the
equilibrated pore size Rp(cs) for DOPG lipids that have a reduced head group
charge of 80%. For these lipids, the pore formation takes place at a lower
ionic strength because of the reduced electrostatic repulsion. A similar trend
is expected when the size of the ions is reduced. Smaller ions can come
more easily in between the PG head groups and by doing so they can more
effectively screen the charge of the phosphate group. As a result, at lower
salt concentrations enough spontaneous curvature exists in the DOPG monolayers to allow the edge energy to become zero. When in DOPG bilayers a
small fraction of zwitterionic lipids is mixed, the effective charge density in the
head group region is also decreased. Hence, for such mixtures, we expect
that the tipping point above which pores become stable moves to lower ionic
strengths than for pure DOPG bilayers.
We have seen above that stable pores can form in a narrow range of conditions. We have mentioned that the SCF model does not account for the
mobility of the pores along the membrane surface. Such a mobility will slightly
shift the conditions for pore formation in the sense that pores are more easily
formed, as the translational freedom of every pore formed introduces a mixing
entropy term to the free energy of the system.
In principle, we can consider vesicles that contain multiple pores. This
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requires three-gradient calculations and an example is given in Figure 5.12.
We expect that the overall curvature energy of the vesicle with pores is affected by the presence of pores, simply because the integration of the mean
{1 k J 2,
bending modulus contribution over the available membrane area,
+ 2 c
results in a bending contribution which is decreased by the area of the pores.
A vesicle with many pores might be used to test whether this is indeed the
case. Unfortunately, the accuracy of our calculations is insufficient to evaluate
these subtle differences in the grand potential. Partly, this is caused by the
compromised accuracy, but more importantly, calculations on vesicles suffer
from lattice artefacts and only by taking special measures that are computationally very expensive we can effectively deal with these artefacts, as shown
in Chapter 2 [11]. Figure 5.12 again illustrates that a DOPG vesicle in 150 mM
salt solution, can maintain pores with a radius of 910b. The fact that during
equilibration the vesicle radius as well as the pore sizes were relaxed (as in
the two-gradient calculations discussed above) proves once again that under
the specified conditions the pores in the vesicles are thermodynamically stable. It also serves as a proof of principle that vesicles with many pores can
exist and that it is very well imaginable that indeed the “disappearing” vesicles
observed by Riske et al [8] were undergoing a phase transition from a closed
state to a porous one.

s
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We have used a two-gradient self-consistent field theory and a detailed
molecular model to show that lipid bilayers composed of zwitterionic lipids are
well-protected against the formation of pores, but that highly charged membranes, such as bilayers composed of DOPG lipids, can form thermodynamically stable pores in a narrow ionic strength regime, just before the vesicles
are completely destabilised and fall apart in small discs. These pores can
form without the need of edge active agents. The results are at least qualitatively in line with the experimental findings and interpretation by Riske et al,
who have reported that DOPG vesicles suddenly go through a phase transition in which pores develop spontaneously. We show that the edge energy
can be understood by a simple analytical model in which the bilayer edge
is described by half a cylindrical cap. This model gives the edge energy as
a simple function of the bending modulus of the bilayer, the thickness of the
bilayer and importantly the spontaneous curvature of the monolayer.
These results allow us to extend the phase diagram for lipid bilayers.
Between the transition from a vesicle to cylindrical or spherical micelles we
should expect membranes that have edges. The transitions to these structures can be related to the preferred monolayer curvature J0m. Vesicles form
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5.5 Conclusions

when J0m lies close to zero. When its value increases, first pores are formed,
followed by lipid discs. A further rise of J0m will then allow for the formation of
cylindrical or spherical micelles. Such extreme values of J0m occur only for
specific lipids under very specific conditions, such as charged PG lipids at low
ionic strengths.
We have also shown that the size of thermodynamically stable pores in
DOPG bilayers can be tuned by the ionic strength. We expect that pore formation in lipid bilayers can be tuned further by mixing charged with zwitterionic lipids and by considering ions that can penetrate the bilayer head group
region such that the charge of the phosphate can be partially compensated.

5.6 Supplementary Information
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The radius at the line of tension
Analogous to the derivation of the radius at the surface of tension for emulsion droplets, we can evaluate the radius at the line of tension for the membrane edge.
To this end, let us focus on a planar circular membrane disc composed of
two sheets of phospholipids that are oriented such that the tails form a single
hydrophobic (dry) core with on both sides a well-hydrated head group region.
Let this bilayer be composed of nlipid lipids and let its circumference be characterised by a curvature Jd = 1/Rd. The lipids in the bilayer occupy on average an area a0 per molecule, so that the radius of the disc and the number
of lipids in the bilayer are related as nlipid# a0/2 9 :R2d. Thermodynamically
this membrane disc is characterised by a membrane tension . and an edge
energy =. Thus the grand potential of the bilayer + 2 F + pV {
i 7i ni (with
Helmholtz energy F, pressure p, system volume V, chemical potential 7 and
number of molecules n; the index i refers to the various molecular species in
the system) is given by

'

Ω = γπRd2 + 2πRd τ

(5.18)

Note that in this equation the focus is on a single disc or a single pore,
which should be contrasted to the case of a membrane with many pores. At
this point we realise that both + and . do not depend on where we choose to
position the edge of the disc. Differentiating this equation with respect to Rd,
the so-called notional change of Rd (without physically changing anything to
the membrane disc), thus gives:


∂τ
(5.19)
γ2πRd + 2πτ + 2πRd
=0
∂Rd
Usually, a disc radius exists for which the third term vanishes. In the
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emulsion literature this radius is known as the surface of tension (SOT) [38].
Analogously, we adopt here the term line of tension (LOT) for the radius of a
curved edge. At the LOT Equation 5.19 simplifies as
(5.20)

τ = −γRd

Helfrich equation for the monolayer
Symmetric lipid bilayers do not exhibit a spontaneous curvature. Regarding the properties of the individual monolayers, however, the situation is different. For the monolayer we can write a Helfrich equation

Line tension
It is understood that the edge energy is a function of the edge curvature,
=(Jd). In model calculations it is possible to consider the limit of Jd ! 0.
In this case the membrane tension vanishes and the grand potential of the
membrane per unit length of the line is identified as =0. We may use a Taylor
series expansion of the edge energy up to the second order in the curvature

τ (Jd ) = τ0 +

∂τ
1 ∂2τ 2
Jd +
J
∂Jd
2 ∂Jd2 d

(5.23)
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1
2
(5.22)
γm = γm (0) − kcm J0m Jm + kcm Jm
+ k̄ m Km
2
Applying this equation to a spherical vesicle, we find that the tension in
the monolayer must vanish, the mean bending modulus of the monolayer is
1
just half that of the bilayer, km
c = {
2 kc, and similarly the value of the Gaussian
m
k = {12 7k. When
bending modulus of the monolayer is half that of the bilayer 7
the curvature of the interface is small, we can use Jm : J and Km : K for
the ‘inner’ monolayer and Jm : {J, Km : K for the outer one. Following
previous work [25], we therefore can obtain the spontaneous curvature of the
monolayer J0m, which is positive when the layer spontaneous likes to curve
such that the head groups are on the outside and the tails on the inside (as
in the geometry of a spherical micelle). In Chapter 2 we have systematically
evaluated the spontaneous curvatures for monolayers for various lipids and
physical chemical conditions.
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which indicates that the membrane tension is negative when the line tension is positive. Inserting this result in Equation 5.18 allows the unique determination of the LOT:

Ω
Rd =
(5.21)
−πγ

2

=

@
and define kc= 2 @J
|
as the bending modulus of the membrane edge.
2
d J=0
This coefficient is a measure for the stiffness of the line and it is expected to
control the fluctuations of the edge position. Alternatively, we may develop a
Taylor series expansion around the preferred radius of the edge J 0d
2
1 
(5.24)
τ (Jd ) = τ (Jd0 ) + kcτ Jd − Jd0
2
and find

1
J(0) = τ (Jd0 ) + kcτ (Jd0 )2
2


∂τ
= −kcτ Jd0
∂Jd J=0
and therefore Equation 5.23 can be written as
1
τ (Jd ) = τ0 − kcτ Jd0 Jd + kcτ Jd2
2

(5.25)
(5.26)

(5.27)
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In both our experimental work and in the theoretical modelling, we focused on simple lipid model systems, in which one lipid type is used,
or occasionally two when we wanted to obtain a charged bilayer and
incorporate charged lipids. We were interested in understanding
integrity and structural stability upon exposure to nanoparticles. In
the introduction, however, a much larger question was postulated,
namely what happens to the biological cell membrane when it is exposed to nanoparticles? The biological membrane resembles a well
stuffed multi-grain sandwich. It is composed of many different lipids,
but also contains other substances such as cholesterol, integral and
peripheral proteins, and so on. In addition, these bilayers are kept
actively in an off-equilibrium steady state, which is enforced by processes such as active ion transport across the bilayer, which causes
a concentration gradient across the bilayer, or processes that maintain lipid composition differences between both bilayers with active
so called lipid flip-flop operations - as if the sandwich is made from
two different slices of bread. Our model systems to study bilayer integrity upon exposure to man-made particles are indeed far off the
biological system. It is good practice to simplify systems, as was
done in this thesis. But when the basic issues are mostly settled,
more challenging problems may be faced, although it may be prudent to do this step by step, especially for systems as intricate as
biomembranes. To continue our work, the next step would be to go
to more complex bilayers.
The leakage assay would be a perfect starting point to screen
the effects of increased complexity, so that more advanced systems
can indeed be created and tested step by step. We discussed in the
introduction that the natural bilayer is found in a state that balances
between rigid and unstable. Pure DOPC bilayers have long been
known to be in such a balanced state, which is why they are often
used as a model system. Simply adding complexity to these bilayer
does not guarantee a more realistic model bilayer. But the information that we obtained from the SCF model regarding bilayer stability
can be very useful to select the composition of a more complex bilayer while maintaining the fragile in-between state that a biological
bilayer is found in. Such a well considered approach might deliver a
bilayer that is much more complex than simply a DOPC bilayer, but
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that remains unmistakably in this balanced state to yield a more realistic yet
well understood model bilayer.
In parallel to a more complex experimental bilayer model, our theoretical
model may also easily be made more complex. The first extension regards
more variation in the lipid composition, with more than two different head
groups, and tails of various lengths. This step may then be followed by the
incorporation of protein-like structures into the bilayer, and possibly elements
from the cytoskeleton. On interaction of such a more complex membrane
with nanoparticles, the result may be lipid sorting under particles, which may
induce local changes in bilayer mechanical properties. A change in local preferred curvature, for example, may thus induce bilayer bending upon interaction with a nanoparticle.
Knowledge of bilayer properties in relation to lipid architecture allows for
the fine-tuning of lipid systems, and possibly to walk new ways. There may be,
for example, an application in obtaining membrane protein structures. To elucidate a protein structure, x-ray crystallography is often the preferred method,
since it is fast and accurate. It has the drawback, however, that it needs protein crystals, for which very pure and intact proteins are required. For membrane proteins, these crystals are very hard to obtain, since the proteins are
generally not stable without the membrane. However, these membrane proteins may be embedded in bilayers with a fine-tuned layout. This may be done
in the following two ways. Cubic phases can be composed for bilayers with a
k, and maybe even the mesh size of the cubic phase
known positive value for 7
can be set by slightly attuning e.g. the ionic strength. Incorporation of proteins
in such bilayers may allow the repetitive order that is required for crystallography. Secondly, small protein discs may now be obtained from bilayers that are
composed of a single lipid type, and without the use of edge active agents.
These examples of bilayers in the shape of a lipid disc, or in a cubic phase,
are but examples of the spectrum of phases the bilayers may be found in.
The SCF results combined from Chapter 2 and Chapter 5 allow for an overview of lipid bilayer phases as a function of the membrane parameters. We
have shown how some membrane parameters are correlated, but also which
parameters may deviate from each other with the change of certain system
variables. This deviation, however, remains within certain limits, so that a
complete overview of lipid bilayer appearances may still be attempted. It was
k, which in turn
shown in Chapter 2, that vesicle stability is largely affected by 7
is closely related to J0m. At the same time, we showed that variations in kc and
kA are generally minor compared to 7k and J0m. This leads to the picture as
displayed in Figure 6.1. From the results in Chapter 2 (Figure 2.6 & 2.10), we
k and J0m that was used to align
derived an approximate correlation between 7
the two axes. In the center, we find the conditions in which DOPC bilayers
132

7
k
-12
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are found, with P values close to 1. This correlates to J0m values little above
0. Under these conditions, vesicles are the stable form in which the bilayers
k is always negative when J0m is positive, and the effective bendare found. 7
~ is invariably positive. When we move to the left, which relates
ing modulus k
to changes such as shorter lipid tails, or the addition of charged lipid head
k becomes more negative. The effective bending
groups, J0m increases and 7
~ decreases, which results in a lower cost to create a
modulus for vesicles k
new vesicle. Such a lower cost to create a vesicle means that vesicles become smaller in the thermodynamic equilibrium, driven by the entropy that is
gained when there are more vesicles. On the other hand does kc increase
when we move to the left, which means that the bilayer becomes stiffer, so
that giant vesicles become more stable, although this state is opposite to the
thermodynamic equilibrium. We have found in Chapter 5, that the range of
k values below {10 kBT. These stable edges
stable vesicles and discs are at 7
are found in a very narrow region, and transcends into the region where bilayers are no longer stable, and micellar structures are the only stable forms.
~ is still positive. There
Interestingly, the constant that denotes stable vesicles k
is thus yet no driving force for a vesicle to fall apart into numerous small
vesicles. Instead, pores start to form, so that the vesicle eventually falls apart
into discs or micelles. At the very left of this graphic, J0m values are very high,
which we found only for charged lipids in the membrane at low ionic strengths,
and the packing parameter P drops under {13 . This is the region where micelles
may be found, and worm-like micelles at slightly lower J0m. When we again set
out from the range of stable particles in the center, and move to smaller valk a little
ues for J0m on the right, we see that first J0m changes sign, followed by 7
further. Both sign changes indicate stability issues for lipid vesicles. Negative
values for J0m allow stable inverse hexagonal phases, while positive values
k allow stable cubic phases. These phases require high lipid densities, but
for 7
the lipids may phase separate when the driving force to produce these phases is high enough. This phase separation between a dense lipid phase and
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a dilute lipid phase may facilitate such inverse hexagonal and cubic phases.
We have now dealt with several issues regarding the complexity of bilayers. But not only the bilayer is much more complex in nature. The nanoparticles that were investigated in this work are expected to be found in nature
not as pristine as they deliberately were in our experiments. The choice for
simple but well defined model particles is, just as with a well defined model
membrane, justified in an effort to understand the particle behaviour as well
as possible in a simple system. In the natural environment, pristine particles
are hard to find, since these charged particles will easily be covered by substances that are present in the environment, such as humic and fulvic acids.
These natural macromolecules contain negatively charged groups, of which
the charge may reverse when positively charged multivalent ions are bound.
Charged regions, both positive and negative, may result in new and unexpected behaviour that was not covered in this thesis. Our finding that especially positively charged particles strongly affect the bilayer integrity may be
a reason to even more strongly suspect particles covered by humic acids,
due to these positive charges. Additionally, the humic and fulvic acids are not
strongly bound to the particles, so that they may interact more dynamically
with the membrane. This dynamic interaction may fortify the original particlebilayer interaction and destroy the lipid bilayer with little effort, but it may just
as likely sabotage this interaction and prevent bilayer destruction. Experiments with the leakage assay may easily shed light on this interaction, when
the amount of these substances is varied. Especially with the small silica
particles, which were found to cause a strong disruption at pH 7, these effects
may be studied. Note that for a realistic study, as mentioned above, not only
pure humic substances should be tested, but that realistic polyvalent ion concentrations should be included, in ranges in which they are found in surface
waters. These surface waters should not only reflect conditions in pristine
natural areas, but especially include more or less strongly polluted waters.
This brings us to another point of discussion. Water pollution is found in
various ways, and is legally regulated in many countries. Most commonly,
however, every substance that is released in surface waters is legislated separately from other substances. For many substances, this does not impose direct problems. Nanoparticles, however, have such properties that they might
more strongly combine their own toxicity with that of other compounds. Especially (heavy) metal ions may easily bind to the negatively charged surface of
e.g. silica. The attached metal ions may even reverse the charge on the particles, resulting in easier particle access to the cell. In a process which is now
known as the Trojan-horse effect, the particle may enter a cell to deliver substances into such a cell that are even much more harmful than the particles
themselves. Experimental work may continue to investigate the nanoparticle
134
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impact on bilayers with more complex nanoparticle conditions. We have seen
that experiments with the leakage assay and quantitative reflectometry, combined with SCF model calculations, allow for a complete picture of the interactions. If such a picture is drawn for a more complex system, other experimental techniques may come into view to further fill in the details. Especially the
Trojan-horse effect with heavy metal ions may be studied with potentiometric
techniques to detect metal ions that pass the lipid vesicle membrane. Effort
must be made, however, to prevent the adsorption of lipids to the electrodes.
Unpublished work on this project showed that the ion detection in a stripping
voltammetry setup may be disturbed by the presence of lipids, probably due
to lipid adsorption on the mercury drop surface.
We have shown in our theoretical work in Chapter 5 that pores may form
spontaneously, but it may be useful to relate this to the real pore forming behaviour in lipid vesicles. We show that lipid bilayers composed of PG lipids
may be tuned by ionic strength to form pores automatically. This result may be
studied experimentally with the leakage assay that was presented in Chapter
3. Vesicles filled with a fluorescent dye may be shown to leak at a slight decrease in ionic strength, or by a temperature change as was applied by Riske
and coworkers.
When a series of vesicle dispersions with increasing ionic strength is created, we have a vesicle array with increasing pore initiating energy. Such an
array may be used for two purposes. First of all, it may serve as a means to
validate or calibrate our theoretical model. Secondly, when the energy to create a pore is known for each ionic strength, this series may be used to measure the pore-forming energy with the addition of e.g. nanoparticles: when the
energy needed to form a pore exceeds the energy that a nanoparticle needs
to create a pore, no pores are formed and the assay shows no leakage. This
technique may then also be used with other substances such as membraneactive peptides.
Further research on the bilayer stability and the interaction with nano-sized
objects, including viruses and large peptides, and obviously man-made nanoparticles, will contribute to numerous applications. The primary goal of this
research project was to contribute to answer the question if nano-sized particles provide a larger ecotoxic risk than their micrometer counterparts. But in
addition, this work may provide more insight in other fields. Some antimicrobial peptides affect the microbial membrane integrity, and the viral passage
across the cell membrane is in part related to the particle passage across the
lipid bilayer. When such processes are better understood, it may allow for
improved medication.
Another area to which this work contributes indirectly, is the application of
nanoparticle passage across the cell membrane for purposes that may be
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beneficial for human health, in the field of targeted drug delivery by nanoparticles of various kinds. Overall, it should be clear that this field of science
is largely multi-disciplinary, and needs contributions from toxicology, biology,
medicine and other sciences. We show here that from the field of physical
chemistry, a large contribution can still be made, but inevitably, the other sciences are needed to obtain a full picture of the interaction between nanoparticles and the cell membrane.
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Dit proefschrift gaat over de stabiliteit van lipide bilagen, en in
het bijzonder hoe deze stabiliteit verandert door de interactie met
nanodeeltjes, of specifieker - oxide nanodeeltjes. Dit zijn vaste hydrofiele deeltjes, waarvan de oppervlaktelading bepaald wordt door
de pH. Lipide bilagen, ook wel lipide membranen genoemd, zijn het
belangrijkste bestanddeel van het celmembraan en andere membranen in de cel, en er wordt verwacht dat hun stabiliteit een belangrijke
rol speelt in de schadelijkheid van nanodeeltjes. Dit werk richt zich
hoofdzakelijk op twee vragen: hoe wordt de (in)stabiliteit van lipide
bilagen bepaald door de lipide-architectuur, en onder welke condities
en met welke eigenschappen kunnen nanodeeltjes de lipide bilaag
openscheuren. De eerste vraag wordt in dit proefschrift onderzocht
met een nieuw theoretisch model van een lipide membraan, dat uitgaat van de Scheutjens-Fleer Self Consistent Field (SCF) theorie,
gepresenteerd in hoofdstuk 2. De tweede vraag wordt onderzocht in
hoofdstuk 3 en 4, waarin experimentele technieken gecombineerd
worden met SCF modellen. Het laatste en vijfde hoofdstuk bouwt
voort op hoofdstuk 2 in een onderzoek naar de destabilisatie van
lipide vesikels door de vorming van poriën, of de uiteenvalling tot
lipide schijfjes: kleine ronde lipide bilagen, omsloten door een rand
van lipiden.
Vanwege het grote belang van lipide bilagen in alle bekende
levende organismen, is deze structuur onderzocht met een breed
scala aan technieken, zowel experimenteel als theoretisch, en er
bestaan theoretische modellen die de lipide bilagen op meerdere
lengteschalen beschrijven. Nu is het echter zo dat de modellen op
atomaire schaal moeilijk te relateren zijn aan modellen op grotere
schaal. We hebben een nieuw SCF model ontwikkeld dat deze verschillende lengteschalen met elkaar kan verbinden, door gebruik te
maken van realistische moleculen en uitgekiende interactie-parameters. Deze parameters zijn gekalibreerd met behulp van bekende
waarden voor de oplosbaarheid van lipiden in water, de hoek die de
kopgroepen maken in de bilaag, en de Gaussische buigingsmodulus
voor DOPC bilagen.
In dit model zijn de membranen gekarakteriseerd voor drie soorten lipide kopgroepen. Dit zijn het zwitterionische phosphatidylcholine (PC) en phosphatidylethanolamine (PE), en het negatief geladen

phosphatidylglycerol (PG). Daarbij zijn de staartlengte gevarieerd voor PC en PE, en de
zoutsterkte voor PG lipiden. De membraanparameters die vervolgens zijn onderzocht
zijn de membraandikte, en de lipide dichtheid ofwel het oppervlak dat één lipide inneemt. De mechanische parameters hebben betrekking op de rek (kA), de buiging (kc),
k) in een membraan. Daarbij komt de voorkeurskromen de vorming van een zadelvlak (7
m
ming van de monolaag (J0 ) en een samengestelde parameter die betrekking heeft op
~ = 2kc + 7k).
de stabiliteit van lipide vesikels (k
Dit onderzoek heeft verschillende belangrijke verbanden laten zien, die ook hun toepassing vinden in de stabiliteit van lipide membranen. Zo vonden we dat elasticiteitsparameters kc en kA, die in de literatuur vaak aan elkaar gerelateerd worden, meestal
hun eigen weg gaan als wijzingen worden aangebracht aan de kopgroep, voornamelijk
door de aanwezigheid van een kopgroeplading en variaties in de zoutconcentratie. De
waarde van beide elasticiteitsparameters fluctueert over het algemeen relatief weinig,
k tonen daaren blijft positief, conform hun fysische betekenis. De parameters J0m en 7
entegen vaak een sterke correlatie. We vonden dat beide begrepen kunnen worden
door de Israelachvii pakkings-parameter, die lipide moleculen karakteriseert door de
verhouding tussen staartlengte en kopgroep oppervlak. Beide parameters kunnen extreme waarden aannemen, en van teken wisselen, wat erg belangrijk is voor de memk juist onafhankelijk. Zo wordt
braanstabiliteit. Onder bepaalde condities, zijn J0m en 7
7k beïnvloed door de keuze voor PC of PE lipiden, terwijl J0m onveranderd blijft. Door
zulke mechanismes is een biologische cel in staat om de membraaneigenschappen
onafhankelijk in te stellen.
De membraanstabiliteit is vooral in het geding bij extreme waarden van de mem~. Hoe
braanparameters. Lipide vesikelstabiliteit wordt bepaald door de waarde van k
sterker positief deze waarde, hoe meer energie het kost om een vesikel in tweeën te
breken. Is deze waarde nul of negatief, dan wordt het vesikel instabiel. Door de cork en J0m vinden we echter dat negatieve waarden voor k~ alleen gevonrelatie tussen 7
den worden bij condities (geladen lipiden en lage zoutconcentratie) waarin J0m zulke
hoge positieve waarden aanneemt, dat (wormvormige)micellen verkozen worden boven
bilagen.
Laten we nu terugkeren naar de wisselwerking tussen het lipide membraan en nanodeeltjes. De bezorgdheid in de maatschappij naar de schadelijkheid van deze deeltjes is
de laatste jaren sterk toegenomen, vooral door een sterke toename in het gebruik van
deze zeer kleine deeltjes, die 100-1000x kleiner zijn dan een menselijke cel. Door hun
grootte kunnen deze deeltjes eigenschappen hebben die afwijken van grotere deeltjes
van hetzelfde materiaal. Om te testen of deze deeltjes door een celmembraan heen
zouden kunnen dringen, hebben we een assay ontwikkeld dat laat zien of deze deeltjes een membraan open kan scheuren. Door gebruik te maken van een microtiterplaat waarin 96 monsters tegelijk gemeten kunnen worden, kunnen meerdere condities gevarieerd worden, in een kwantitatieve bepaling. Het protocol is geoptimaliseerd
voor de beste reproduceerbaarheid, waarin speciale aandacht besteed wordt aan het
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zorgvuldig mengen van de deeltjes met de vesikels, zodat de deeltjes een
interactie aangaan met alle beschikbare vesikels. Deze assay methode, die
gebruik maakt van vesikels die geladen zijn met een fluorescente kleurstof,
wordt geïntroduceerd in hoofdstuk 3, en de resultaten worden verder uitgewerkt in hoofdstuk 4, waarin ze worden vergeleken met resultaten uit andere
experimentele methoden en SCF berekeningen. De vesikels bestaan uit ongeladen DOPC lipiden, of uit een mengsel tussen DOPC en negatief geladen
DOPG lipiden. Deze lipiden hebben twee olioyl staarten (C-18 met één dubbele binding), en een PC of PG kopgroep. In de experimenten is hoofdzakelijk
gekeken naar silica deeltjes (SiO2), die bij alle gebruikte pH waarden negatief
geladen is, maar ook naar titanium dioxide deeltjes (TiO2), die bij lage pH juist
positief geladen zijn. Metingen met titaniumdioxide deeltjes laten zien dat zij
in ongeladen toestand minder schade toebrengen aan het lipide membraan
dan de silica deeltjes.
Het fluorescentie assay en de reflectometrie metingen laten een duidelijke correlatie zien tussen de lading op de deeltjes en de vesicles, en de
mogelijkheid voor de nanodeeltjes om het lipide membraan te doorbreken.
Bij gelijk geladen deeltjes en vesikels geldt, dat hoe groter de lading, hoe
minder interactie er plaatsvindt. Dit geldt ook als de vesikels zelf ongeladen
zijn, doordat de elektrische dubbellaag om de geladen deeltjes heen deze
afschermt voor interactie met de vesikels. Ook vinden we dat er een domein
bestaat waarin de lading zodanig laag is dat de deeltjes wel op een lipide
bilaag kan adsorberen, maar dat de lading te hoog is om het membraan te
verstoren. Aan de andere kant zien we dat zeer sterk geladen silica deeltjes
niet sterker adsorberen aan PC bilagen. Dit kan verklaard worden doordat de
electrostatische aantrekking tegengewerkt wordt door de inperking van de
vergrote elektrostatische dubbellaag.
Fluorescentie assay metingen met vesikels en nanodeeltjes van verschillende grootte, met slechts een geringe oppervlaktelading, laten ook zien dat
een enkel deeltje meerdere vesikels lek kan maken, en dat de mate van de
lekkage recht evenredig is met de oppervlakteverhouding tussen deeltjes en
vesikels. Deze resultaten wekken de suggestie dat een nanodeeltje door de
interactie met een vesikel deels bedekt raakt met lipiden, om vervolgens het
membraan van een ander vesikel open te scheuren. Dit proces kan doorgaan
totdat het nanodeeltje volledig bedekt is met lipiden.
Details over de structuur van de lipide bilaag uit SCF berekeningen na
interactie met een negatief geladen silica oppervlak laten zien dat zwitterionische PC kopgroepen aangetrokken worden door het silica oppervlak. Hoewel verwacht zou kunnen worden dat alle kopgroepen zich naar het geladen
oppervlak toebuigen, vinden we twee kopgroep-fracties: de ene ligt in de
oorspronkelijke positie vrijwel parallel aan het membraanoppervlak, terwijl de

andere daar haaks aan staat, met de positief geladen choline groep naar het
silica oppervlak gericht.
In het laatste hoofdstuk wordt het theoretische onderzoek naar membraanstabiliteit uitgebreid naar de vorming van een rand in een lipide membraan, zoals de rand van een porie of de omsluiting van een schijfvormige
bilaag. De energie die nodig is voor de vorming van een porie kan inzicht
geven in de mogelijkheid voor een nanodeeltje om een porie te creëren. In
een twee-gradiënt SCF model kan een bilaag gevormd worden met een rand.
Als de rand recht is, is deze oneindig lang. In een cilindrische geometrie wordt
er een schijf wordt gevormd, of een vlak membraan met daarin een porie. De
energie van deze rand kan direct uit dit model bepaald worden, maar ook
via een eenvoudige analytische vergelijking die de randenergie = correleert
aan de membraandikte d en de mechanische membraanparameters kc en
J0m. We vonden dat het analytische model de direct bepaalde randenergie
goed weergeeft, en kunnen we concluderen dat deze energie hoofdzakelijk
bepaald wordt door de waarde van J0m, en daarmee nauw samenhangt met
de Israelachvii pakkingsparameter.
Aangezien J0m van teken kan veranderen, geldt dat ook voor de randenergie. Hieruit kunnen we concluderen dat er een domein moet bestaan waarin
poriën in vesikels stabiel zijn, wat we kunnen vinden voor geladen DOPG
vesikels met de juiste zoutconcentratie. Inderdaad hebben we dit in dit onderzoek aan kunnen tonen, en we zagen dat de poriegrootte een functie was
van de zoutconcentratie. Om onze resultaten nog eens te bevestigen hebben
we een vesikel gemaakt met daarin één porie, en we vinden dat de porie zich
direct aanpast tot de evenwichtsgrootte die hoort bij de aanwezige zoutconcentratie. Vervolgens hebben we in een drie-gradiënt model laten zien, dat
meerdere stabiele poriën kunnen bestaan in één vesikel.
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