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CHAPTER 1

Introduction

1.1 Scope of this thesis

Ever since the invention of the microscope in the 17" century, our knowledge of life
skyrocketed. Microscopic observations revealed the immense scope of the invisible micro-
scopic universe. Most astoundingly was the discovery of small living cells. We now know
that every living being on our planet consists of cells, and that these are the ’factories’
of all life. Almost everybody by now has seen some type of drawing of a cell. Nowadays,
the picture of the cell as seen in figure 1.1 is one of the first illustrations present in a biol-
ogy textbook. A cell consists of many components: a nucleus and many other organelles
such as the endoplasmic reticulum (ER), mitochondrion or the Golgi apparatus. However
one thing in particular stands out when looking at this picture (or any other schematic
picture of cells that you can find): membranes. What you mainly see are membranes. I
subsequently realized that biological membranes must be one of the most, if not the most,
important feature of the cell. First and foremost, there would be no cell or organelles if
not for membranes as these define their boundaries. As such, the cell membrane acts
as a barrier, protecting the cell from the often hostile outer environment. The barrier
function additionally provides the opportunity for different micro-environments on either
side of the membrane. This is essential for organelles as it allows them to perform specific
and unique tasks within the cell. Next to this, biomembranes fulfil crucial functions in
numerous processes like the cell metabolism and intercellular communication. But for
this to happen, the cell membrane has to allow nutrients to enter the cell, and waste
products to exit. Interestingly, this seems to contradict its primary role as a barrier. The
cell membrane however seems to be able to manage the intricate balance between being

a barrier while selectively allowing substances to go through.
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Figure 1.1: Graphical representation of a cell and its components.

In 1972 Singer and Nicolson [1] came up with a model that could capture the properties
described above: the 'fluid-mosaic model’, see figure 1.2A. In this model, two layers of
(phospho)lipids, together the lipid bilayer, form the basic structure of the membrane.
There exist many types of lipids. Most commonly, lipids consist of two apolar fatty
acid ’tails’ and a polar ’head’. For phospholipids, the headgroup consists of a negatively
charged phosphate group which subsequently is connected to another R~ (residual) group.
The negative charge makes that biomembranes often are also negatively charged. The
general phospholipid used in this thesis has a choline R-group, dioleoyl phosphatidyl-
choline (DOPC), see figure 1.2B for a coarse-grained schematic drawing. The nitrogen
of the choline group is positively charged, making DOPC a zwitterionic phospholipid.
The charges in the headgroup of the phospholipid make the headgroup hydrophilic (water
loving), as opposed to its hydrophobic (water repulsing) tails. As such, the lipids are
oriented in such a way that their hydrophobic tails face each other and their hydrophilic
'heads’ face the water phase. The hydrophobic 'dry’ core of this bilayer is ideally suited
for the barrier function, even though it is only a few nanometers in width, because it is
impermeable to most water-soluble molecules. All other components of the bilayer, e.g.
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Figure 1.2: The fluid-mosaic model of a biological membrane (Copyright by LadyofHats Mariana
Ruiz [Public domain|, via Wikimedia Commons) ) (A), and the basic (coarse-grained) structure of
the phospholipid DOPC (B). The black, gray and white segments resemble carbon segments of the
tail, glycerol and headgroup respectively. Red resembles oxygen, orange resembles phosphor and blue
nitrogen.

cholesterol, proteins and saccharides, are embedded in this bilayer and provide further
functionality, such as allowing the transport of selective substances across the bilayer.
The overall composition is different for each membrane of a different cell type or organelle
and is ultimately responsible for the unique functionality of each particular membrane.
Another important aspect of the fluid-mosaic model is that each bilayer component is able
to move laterally along the membrane. This "fluid’ part of lipid bilayers is a prime cause
for membranes being so versatile in their function, as it allows for the diffusion of specific
components, such as membrane proteins, towards the area where they can execute their
task. This property of lipid membranes turned out to be crucial in my research as well,
as will become clear in the experimental chapters of this thesis.

While the fluid-mosaic model is an ideal starting point to model biomembranes, it is
arguably still too simplistic. For one, it does not explain how the bilayer on a mesoscopic
scale - the scale between molecular and macroscopic - can take on many different shapes
and forms. In other words, a bilayer membrane can exist in various mesomorphic phases.
Take for example the nuclear envelope. As can be seen in figure 1.1, the nucleus is
surrounded by a double bilayer that safeguards the DNA of a cell. Special pores, so-
called nucleopores, form holes in this envelope allowing for the transport of RNA out of
the nucleus and into the ER. In these nucleopores the bilayer is curved in such a way
that the inner membrane and outer membrane are connected through handles, such as
depicted in figure 1.3. Topologically speaking, the nuclear envelope can thus be seen as
a single membrane where a lipid could diffuse to the other side through these handles.
While large protein complexes facilitate the formation of nucleopores, the impact of the

mechanical properties of the lipid bilayer itself is often overlooked. However, these are
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Figure 1.3: Close-up of a handle between two lipid bilayers.

crucial because they regulate the formation of complex structures such as bilayer handles.
After all, if bending the bilayer would cost an excessive amount of energy, the formation
of bilayer handles would not happen.

Apart from handles, as found in nucleopores, many more different shapes and forms can
occur in membranes. An overview of different bilayer mesophases will be given later in
this introduction, but to give a general idea, bilayers can be flat or curved, individual or
stacked, separate or connected. The endoplasmic reticulum for example clearly exhibits a
different membrane shape compared to the nuclear envelope, or the outer cell membrane,
see figure 1.1. While on the mesoscopic scale these membrane structures are highly dif-
ferent from one another, on a molecular level they all show the same configuration: the
bilayer membrane. It should be clear that membranes can do much more than expected

based on the fluid-mosaic model.

We know that the packing of lipids within the bilayer affects its mechanical properties,
including its resistance to stretching and bending, and that these properties determine
what shape the bilayer can adopt. However, many questions remain as to what bilayer
composition (types of lipids and additives) causes the formation of specific mesomorphic
bilayer structures. For example, what composition of the bilayer is required to allow for
the formation of nucleopores? Which bilayer properties are the reason bilayers undergo

mesoscopic phase transitions such as fusion? Can we control this behaviour? In this
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thesis, I try to solve a piece of this complex puzzle by exploring how bilayers respond and

interact with each other through the addition of specific additives.

1.2 Phase separation and self-assembly

To figure out what aspects of a phospholipid bilayer are responsible for the specific meso-
scopic structure of a bilayer, we must understand why a bilayer is formed in the first place.

For this, let’s start with the very basics of bilayer formation: phase separation.

When enough of a hydrophobic substance is put into a hydrophilic solvent such as water,
phase separation occurs. The best known example is that of oil in water. After mixing,
phase separation results in an oil-rich phase and a water-rich phase. In a pure oil-water
system the interface between the two phases is sharp, in the order of a single molecule
width, to limit the contact of oil with water as much as possible. Following the same logic,
the area of the interface becomes as small as possible as well. In such a system, increasing
the interfacial area costs energy as this implies that more oil will come in contact with
water. In other words, the interfacial tension v, which is defined as the amount of energy

necessary to increase the interfacial area by a certain amount, has a finite value.

When instead of purely hydrophobic molecules, amphiphilic molecules (molecules with
both hydrophilic and hydrophobic groups), such as phospholipids, are mixed with water,
fascinating behaviour is observed as these molecules self-assemble into specific mesoscopic
structures above a certain concentration, generally dubbed the critical micelle concen-
tration (CMC). The driving force for self-assembly is the same as the driving force that
initiates phase separation in an oil-water system: reduction of the contact of the hydropho-
bic parts with water. However, the situation is different as the transition of hydrophilic
to hydrophobic occurs within the same molecule. Although the force minimizing the area
of the interface is still present, this now causes the amphiphiles to be pushed towards
each other, creating a ’local’ pressure that pushes back. In equilibrium, both forces are
equal and as a result v = 0. In other words, for such systems, the interfacial surface area
is not minimized anymore (like with the oil-water interface) but becomes proportional to
the number of amphiphilic molecules present in the interface. This leaves the door open

for amphiphilic molecules to self-assemble into various structures.

One of the commonly known structures that amphiphiles self-assemble into is the bilayer.
However, aside from the bilayer, many other forms exist as well. A good first-order
prediction of the type of self-assembled structure can be made based on the effective
shape of the molecule. Israelachvili and coworkers were one of the first to realize this

and published their theory in 1976. [2] Here they described the effective shape of a
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amphiphile or surfactant with the dimensionless critical packing parameter P. It combines
the (average) length (1) and the effective volume of the hydrophobic chain(s) (v) with the
cross sectional area of the hydrophilic-hydrophobic interface in the surfactant molecule
(ap) in a dimensionless number,

v

P (1.1)

which value is indicative of how the amphiphiles would preferentially self-assemble. For

" lag

P < 1/3, the surfactant has a cone-like shape, see figure 1.4. As such it prefers to pack
in the form of spherical micelles. When 1/3 < P < 1/2 the surfactant appears to have a
wedge-like shape and tends to pack in the form of cylindrical micelles. When 1/2 < P < 1
the surfactant appears to have a cylindrical shape and in this case a bilayer is the preferred
self-assembled structure. Lastly, when P > 1 various inverted structures such as an
inverted hexagonal phase or inverted micelles can occur. Phospholipids, consisting of a
hydrophilic headgroup and two relatively long hydrophobic tails generally have a packing
parameter of P ~ 1 [3, 4] and as such they tend to pack in the form of a bilayer. An
example of such a phospholipid is dioleoyl phosphatidylcholine (DOPC), the main lipid

used in this thesis.

1.3 Bilayer mesophases

The effective shape of phospholipids thus explains that they self-assemble into bilayers.
But to understand or predict which mesomorphic structure a bilayer adopts, we should
look at the physics of bilayers themselves. For this, it is convenient to first provide an
overview of the various bilayer mesophases and topologies that can happen.

First of all, there is the planar bilayer. However, individual planar bilayers are generally
not stable as they have an energetically unfavourable edge. The edge-energy increases
with increasing bilayer surface area and at a certain moment is larger than the energy-
cost to curve the bilayer into closed spherical structures, so-called vesicles or liposomes, in
which no unfavourable edge exist. As such, planar bilayers at concentrations above their
CMC take on the appearance of vesicles. In addition, bilayers can be both attractive
(’sticky’) or repulsive. As bilayers are generally negatively charged, planar bilayers and
vesicles generally repel each other. However bilayers without negatively charged lipids can
become attractive or ’sticky’ because of electrostatic attraction (dipole-dipole attraction)
or with the addition of linker molecules (we will discuss these later in the introduction
as well). As a result, vesicles aggregate together or form stacks of flat bilayers, the so-
called lamellar phase. They subsequently phase separate into a bilayer-rich phase and a

water-rich phase, similar to the case of oil in water. Various lamellar phases with different
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bilayer properties can be distinguished depending on temperature and other factors such
as saturation (presence of double bonds) in the lipid tails. A schematic drawing of two
main types of lamellar phases is given in figure 1.5. Apart from these general phases,
various subphases exist as well. For example, lipid tails ordering as found in the gel
phases can be tilted, inter-digitated or in any phase in between the gel and fluid lamellar
phase. In this thesis we do not go into detail on these different phases and operate mainly
in conditions in which the lipid bilayer exists in the fluid lamellar phase (L) where the
lipid tails are disorderly oriented in the bilayer core. This phase is characterized by a high
lateral fluidity of the bilayer components.

Apart from lamellar phases, in which bilayers are stacked but not connected, bilayers can

be connected through handles, effectively resulting into one single bilayer. If this happens
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Figure 1.5: Schematic representation of two main types of lamellar bilayers.

disorderly we refer to this phase as a sponge phase (L3), while if this happens periodically
we call this a cubic phase. Cubic phases can have different forms of periodicity, giving
rise to different mesomorphic structures. An overview of the sponge phase and various

cubic phases is given in figure 1.6.

While lamellar phases subdivide a volume in many different compartments, the cubic or
sponge phase subdivides the solvent in only two volumes that both span the whole system.
To visualize such a bicontinuous phase, one can imagine a swimmer on one side of the
system. To get to the other side of the system, this swimmer has to cross several bilayers
in a lamellar phase system, whereas he could 'swim’ all the way to the other side without
crossing a single bilayer in a cubic/sponge phase system. These topological differences
have severe consequences for the physical properties of such a system. The conductivity of
a cubic phase system is, for example, much higher compared to a lamellar system. Nature
has found a way to utilize the properties of these different mesomorphic phases to its own
benefit. Cubic-like phases have been observed in various organelles such as chloroplasts,
mitochondria and the endoplasmic reticulum (ER) [5], which benefit enormously from
having a greatly enlarged membrane surface area that divides their volume into just two

different compartments.

1.4 Elastic properties of the lipid bilayer

To understand why bilayers form cubic/sponge phases over flat bilayers, we have to go
further than electrostatic and dipolar interactions and look into the elastic properties of
these bilayers. To do so, we have to start with curvature itself. The curvature of any
interface at a specific spot is generally described by the two principal curvatures, R,
and R,. The curvature in the x-direction is then given by ¢, = 1/R, and similarly the
curvature in the y-direction is ¢, = 1/R,. However, instead of using ¢, or ¢,, it turns

out to be more elegant to use the mean (J) and Gaussian (K) curvatures which are
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la3d

Figure 1.6: Schematic representation of various cubic phases (Im3m, Pn3m, Ia3d) and the sponge
phase (Lg) of lipid bilayers. Adapted from Koynova et al. [6] with permission.

combinations of these two:
J=c+¢y (1.2)

K =c¢; x ¢ (1.3)

To make this a bit less abstract, let me give some relevant examples for this thesis: for a
spherical vesicle we have ¢, = ¢, = 1/R and thus J = 2/R and K = 1/R%. A cylindrically
shaped bilayer has ¢, = 1/R, and ¢, = 0, which gives J =1/R and K = 0. A membrane
handle between bilayers, such as seen in a nucleopore, has a very interesting shape, where
the two circles describing the curvature lay at opposite sides of the interface, see figure
1.3. For these so-called saddle shapes, ¢, = 1/R, and ¢, = —1/R,,, which makes K < 0.
This negative sign for K is important to remember.

The origin of the current theory on membrane elasticity stems from the work of Helfrich
in 1973 [7]. Helfrich suggested to consider a Taylor series expansion of the interfacial
tension (7) in the curvatures J and K up to second order in 1/R. This equation bears
his name: 5 L 5

+(J, K) =7(0,0)+£J+58—J72J2+8—;K (1.4)
Here, 7(0,0) is the surface tension in the planar state. In equilibrium its value equals
zero. The tensionless planar bilayer can be seen as the ground state from which the
curvature energy is counted. The term 0v/0.J is related to the spontaneous curvature of
the interface (.Jp), which due to the symmetry of the bilayer equals zero as well. Note that
the spontaneous curvature of a single leaflet (Ji*), which follows from the same Helfrich
equation for a monolayer, does not have to be zero. In fact, JJ* can be related to the
critical packing parameter [8] where JJ* >> 0 corresponds to P < 1/2, in which lipids
self-assemble into micellar structures, and J§* << 0 corresponds to P > 1, indicative of

inverted self-assembled structures.
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By defining two bending rigidities: x = 9%*y/9J% and & = 9v/0K we can write equation
1.4 as: )
v(J,K) = EI{J2+RK (1.5)

These rigidities effectively quantify the amount of energy required to bend the bilayer
in a certain way. In physical terms, you can think of x as related to the stiffness of
the membrane: the ’stiffer’ the membrane, the higher x and the more energy is required
for bending the membrane. Quantitatively, « is always positive. This is not the case
for R, which can have both positive and negative values. & is related to the tendency
of bilayers to form saddles. A positive & means that the saddle shape, for which K is
negative, lowers the surface tension of the bilayer. In simpler words, when £ is positive,
the membrane has the tendency to form saddle shapes, corresponding to sponge and cubic
phases. The opposite is true for a negative &, which supports the formation of non-saddle
shaped bilayers, like vesicles. We therefore hypothesize that a sign-switch in & for bilayers
as a result of a change in conditions (e.g. temperature, concentration, ionic strength or
addition of specific additives) can be interpreted as a topological or mesomorphic phase

transition.

To provide a deeper insight into why the formation of saddle shapes can be related to
topological transitions, we generally refer to the Gauss-Bonnet theorem, which relates
curvature of an interface to topology. This theorem states that the total Gaussian cur-

vature of a closed surface M is equal to 27 times the Euler characteristic of that surface
(Xar)-
K dA =2mxu (1.6)

M
For bilayer structures, the Euler characteristic is given by xa; = 2 — 2¢g where g is the
genus of the structure, which effectively is a measure for how many ’'holes’ or handles
are present in the membrane. A vesicle for example does not have a hole and the Euler
characteristic x, = 2, whereas a bilayer torus (donut shape), does have a hole and the
Euler characteristic x; = 0. The total Gaussian curvature for a vesicle and torus are
subsequently Ky = 27 X 2 = 471 and Kiory = 27 X 0 = 0, regardless of their size or
how many dents or protrusions are present. Different surfaces are topologically seen as
different if the total Gaussian curvature is different. All vesicles, no matter their shape
or size, can therefore topologically be seen as similar objects, but they are topologically
different from donut-shaped vesicles. Topological transitions also occur during vesicle
fusion, although the begin and end state topologies of the structures remain the same,
i.e. vesicles. However, in order for vesicles to fuse the bilayers need to connect, which
they do through intermediate structures such as a stalk [9] where the outer leaflets of

both vesicles are connected in a handle, but the inner leaflets remain separated. Both
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the fusion of vesicles and the formation of holes and handles are associated with the
formation of saddle-shaped curvatures. This is why the sign-switch of &, indicative of
whether saddle-shaped curvatures naturally occur or not, can be a good prediction of a

topological transition.

1.5 Aims of this thesis

Let us summarize the previous sections before we highlight the aims of this thesis. There
are quite a number of variables that are responsible for the mesomorphic phase be-
haviour of self-assembled lipid structures. This thesis focuses on the phase behaviour
of (phospho)lipid bilayers, which under general circumstances exist in lamellar, usually
non-aggregated phases, such as lipid vesicles. The stability of these phases however is
rather intricate: a small amount of ’sticky’ molecules can already disturb the colloidal
stability of the vesicles. Additionally, the bilayer itself can be disturbed through the addi-
tion of surfactants with a low packing parameter (P < 1/2) or a high packing parameter
(P > 1). In these cases, the spontaneous curvature of the monolayer goes far from 0, which
pushes the self-assembly of the surfactants into micellar structures (JJ* >> 0) or inverted
structures (J§* << 0). Lastly, the change in various conditions such as temperature, con-
centration, ionic strength or addition of specific additives can alter the lamellar stability
through the formation of saddles (when % > 0). Exerting control on the phase behaviour
of lipid bilayers is a daunting task, for which many questions need to be addressed. To
name a few: which lipid properties are responsible for the corresponding mechanical prop-
erties of the bilayer? How can we change the properties of stable lipid bilayers to trigger
a mesomorphic phase change? Which additives can help to do this?

The main goal of this thesis is to provide the tools and insight necessary to obtain control
on the mesomorphic phase behaviour of lipid bilayers. To do so, we have chosen to combine
experimental work with theoretical modelling and have defined a number of objectives for
both routes.

Experimentally, we have focused on obtaining methods to bring lipid bilayers in close
proximity of one another, as this is an ideal starting point to induce phase changes like
the formation of membrane handles or membrane fusion. Additionally, our goal was to
establish a method that allows to check whether the formation of such a phase change,
or any other process like membrane fusion, has occurred. Theoretical modelling should
provide insight into how the mechanical (bending) properties of the lipid bilayer depend
on the molecular structure of the lipids. It should also address the question as to what

bilayer composition is needed to potentially allow formation of saddle shapes, i.e., what
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type of additives we can use to stimulate this mesomorphic phase change in lipid bilayer

systems.

1.6 Approach

In this section we describe our approaches to reach these objectives in some more detail.

Let’s start with our experimental approaches first.

1.6.1 Experimental

The most important experimental challenge was to develop methods that could bring
membranes together in a controlled manner and allowed us to check the occurrence of
a mesomorphic phase change such as the formation of membrane handles or membrane
fusion. The two routes that have been followed in this work are creating supported double
lipid bilayers (SDLBs) and making small vesicle aggregates. Both are explained in some
detail below.

Perhaps the most straightforward method to bring two bilayers in close proximity, is the
formation of a double bilayer onto a surface, a so-called supported double lipid bilayer
(SDLB). The first supported lipid bilayer (SLB) is generally deposited via adhesion, rup-
ture and fusion of lipid vesicles on a clean substrate, usually silica or glass [10, 11]. The
second bilayer can be deposited on top of the first following a similar process of vesicle
adhesion, rupture and fusion, but for this to happen the adhesion force between the sup-
ported bilayer and the vesicles should be strong enough. This can be achieved through
electrostatic interactions, i.e. depositing negatively charged vesicles on top of a positively
charged SLB [12], by covalently binding lipids together that can act as linkers between
the bilayers [13] or by using other linker systems, such as biotinylated lipids in combina~
tion with streptavidin [14], polycationic polymers such as poly-L-lysine [15] to connect
negatively charged bilayers or complementary DNA strands attached to lipids [16]. An
advantage of using SDBLs to study the interaction between two lipid bilayers is the pos-
sibility to use analytical surface techniques such as atomic force microscopy (AFM), total

internal reflection fluorescence (TTRF) microscopy and reflectometry.

My initial PhD work was focused on producing SDLBs, but in a later stage I switched to
creating small vesicle aggregates, which is another straightforward method to bring mem-
branes close together. The same linker systems as mentioned above for SDLB production
can be used to link vesicles together, as is evidenced by the shear amount of literature
[17-22] available. An advantage of making vesicle aggregates instead of SDLBs, is that

the contact area between vesicles represents an ideal double membrane, free in solution.



1.6 Approach 13

In SDLBs the first supported membrane is in close contact with and adheres to the sub-
strate surface, which might prevent topological shape changes like saddle formation. In
addition, within vesicle pairs or other small aggregates, formation of handles or vesicle
fusion would result into lipid and content exchange between vesicles, which both can be
used in an assay to monitor such events. Within this thesis I tested a lipid exchange assay
based on Forster resonance energy transfer (FRET) to report the mixing of fluorescently
labelled lipids.

While much literature on vesicle aggregation is available, the frontier research in this area
is now on controlling this process and directing it to formation of vesicle aggregates of
specific shapes or sizes. Small, stable vesicle aggregates can for example be used as a
model for primitive cell assemblies, or as multi-compartment drug delivery tool. For our
research, obtaining stable vesicle aggregates of limited size is highly preferred as well, as
our long term goal is to induce intermembrane handles using additives. As such, additives
should be able to reach the contact areas between vesicles. For large vesicle aggregates,
a major part of these areas will however be unreachable for these additives and moreover
results from e.g. FRET assays would be hard to interpret.

Complete control on size of the vesicle aggregates however remains a challenge. By making
clever use of different types of linkers, including a novel thermo-reversible linker (C18-
pNIPAm), and taking into account the timescales for vesicle collision and linker diffusion
laterally along the membranes, we provide a solid new strategy for the production of

vesicle pairs and small stable vesicle aggregates.

1.6.2 Theoretical modelling

Above we have highlighted the fact that the mean and Gaussian bending rigidity control
much of the physics of tensionless bilayers, including its mesomorphic phase behaviour. Is
it therefore important to gain more knowledge on how these mechanical parameters follow
from the properties of the membrane constituents. However, while various experimental
methods are available to determine x of model lipid bilayers [23-26], determining & is much
more difficult and currently no experimental method exist that can quantify it directly.
We can only gain insight in trends of this parameter by correlating (topological) phase
changes upon the change of the molecular composition, the temperature or pressure. In
this thesis we explore theoretical modelling as an alternative to deepen our insight in the

relation between the molecular structure of bilayers and the mechanical parameters.

Various modelling methods exist. The one with perhaps most appeal is molecular dynam-
ics (MD), which has been successfully used to predict various self-assembled structures

and has even been applied to follow complex processes such as protein folding [27, 28].
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With this technique one follows the dynamics of a system over time on a molecular or
even atomistic scale. It does so by applying Newton’s laws of motion for each particle in
the system. For this, the mass, initial position and velocity of each particle are required
as input values. In addition, the interaction forces between all particles need to be de-
fined and these follow from the pair potentials. These potentials are collected in so-called
force fields, which from time to time are being fine-tuned to improve the accuracies of
the predictions. The molecularly detailed 'movie’ of the system subsequently provides
detailed structural and dynamical information. The main caveat of this technique is that
it is computational very demanding. The larger and more complex the system, the more
computation time is required to follow the system even for a short amount of simulation
time (typically tens of nanoseconds is doable). Although the computational strength of
computers has increased immensely over the last couple of decades, the simulation of bio-
logical processes that involve many molecules and require simulation times in the order of
a couple of microseconds is far from routine (realistically out of reach). The simulation of
protein folding has therefore been limited to small, fast-folding proteins [28, 29]. Simula-
tions of biological membranes, which are per definition ensembles of many molecules, have
mostly been limited to obtaining structural information on equilibrium bilayers, following
relatively simple and fast processes such as the transport of small molecules across the
membrane [30, 31], or membrane-peptide interactions [32]. Many biological processes,
such as topological phase transitions of bilayers, occur on timescales of milliseconds, if
not seconds [33], making it hard to use MD simulations. The few researchers who have
reported on these processes [34, 35], used the MARTINI model, a coarse-grained MD
simulation model which effectively sacrifices molecular detail in favour of computation

time.

In addition, we are interested in determining thermodynamic and mechanical properties
of the bilayer. According to the laws of statistical thermodynamics this calls for the evalu-
ation of so-called partition functions, which can be described as the sum of the statistical
weights over all possible and allowed configurations of a system. For MD simulations,
finding all possible configurations is nigh impossible. In addition, the system needs to
be very large in order to be (thermodynamically) meaningful in terms of the mesoscale
morphology. This once again increases the already extensive computation time. As an
alternative one can use Monte Carlo simulations, but these simulations run into similar

problems in estimating partition functions and other thermodynamic quantities.

When molecular detailed simulations do not readily give answers, mean-field calculations
can be the way to go. Mean-field modelling effectively solves the problem of one molecule
in an external mean force field, which represents the average interactions with all other

molecules. Compared to the many-body problems of MD and MC simulations, the mean-
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field approach is much less computational demanding. For bilayers, it turns out that
the mean-field approach tends to give very reasonable results despite that it disregards
fluctuations in the system. This is because in large and densely packed systems, such as
bilayers, fluctuations are relatively inconsequential. We therefore choose to use a mean-
field approach as both structural and thermodynamic properties can be evaluated while

using a reasonably detailed molecular model.

In this thesis, we make use of Scheutjens-Fleer self-consistent field (SF-SCF) theory
[36, 37]. At the base of this mean-field theory is a (mean-field) free energy functional.
This free energy functional is written in terms of volume fractions profiles (dimension-
less concentrations) of the segments (molecules are composed of strings of segments) and
segment potential profiles. The segment potentials are characteristic for SCF theory and
quantify the amount of (potential) energy that is required to transfer a certain segment
from the bulk to a specified location. These potentials feature in Boltzmann-like statis-
tical weights and are instrumental to evaluate the volume fraction distributions. These
volume fraction distributions are subsequently used to compute the segment potentials.
Hence, the segment volume fraction distributions and the segment potentials mutually
depend on each other. Importantly the SCF machinery calls for an optimisation of the
mean-field free energy functional. Characteristic for such optimised free energy is the
so-called self-consistent field situation: the segment potentials both follow from and de-
termine the volume fraction profiles and vice versa. [38] This 'fixed point’, better known

as the self-consistent field solution, is found numerically by iterations.

In order to execute the above procedure, various input variables need to be provided.
These include how many lipids one has per unit membrane area, the molecular architecture
of the molecules (lipid, water) and a set of interaction parameters that specify how the

segments of the molecules interact with each other (hydrophobic versus hydrophilic).

As soon as the self-consistent field solution is available, we can evaluate the mean-field
free energy and extract other thermodynamic quantifies, such as the membrane tension
v. In general, this membrane tension will not be zero, as it would be a very lucky guess
that exactly the correct number of lipids per unit membrane area was chosen as input.
Consequently, the number of molecules per unit membrane area has to be adjusted and
the optimisation of the free energy functional is repeated. This cycle is repeated until the
membrane is free of tension. Once this is done we can implement the Helfrich analysis
and obtain estimates for the mechanical parameters of the membranes (more about this
below).

As mentioned, the SF-SCF model makes use of computer algorithms to optimise the

mean-field free energy. The implementation of such algorithms requires some sort of
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discretisation scheme. The SF-SCF theory makes use of a lattice (a regular set of co-
ordinates) to discretize space. On top of this, the method considers that the molecules
are composed of strings of discrete segments (in our case coarse-grained atoms). In the
classical approach [8, 39] one segment fits exactly on one lattice site. Hence, there is only
one length scale in the discretisation protocol. A disadvantage of this method is that all
information on a length scale smaller than one lattice site, or (in this case) one segment,
is lost. As a consequence, in systems in which gradients in densities (volume fractions)
are steep, such as for lipid bilayer membranes, lattice artefacts develop and the method

becomes inaccurate.

To solve this problem, we report on a variation on the discretisation strategy in this
thesis. Here, each lattice site is a discrete number of times smaller than a segment. We
refer to this approach as the lattice-refined SF-SCF theory. In doing so, we are able
to eliminate the lattice artefacts, which subsequently allows us to evaluate the bending
rigidities for the first time in the grand canonical ensemble (uV7T ensemble), as will be

explained below.

In order to correctly evaluate the free energy functional, it is important to make some
assumptions and decisions. First of all, we have to choose the lattice and the lattice
refinement. Secondly, we have to implement the chain model. We use the freely-jointed
chain (FJC) model. In this model, consecutive segments in a molecule are put in adjacent
lattice sites, but there is no long-distance correlation that would limit in which direction
a consecutive segment is positioned. Thirdly, we have to characterize the interactions
between the segments. This is done with a mean-field approach and quantified using so-
called Flory-Huggins x-parameters [40, 41], where a x > 0 stands for repulsion and y < 0
for attraction. The higher the absolute value of y, the stronger the attraction/repulsion.
In our models, we only take interactions between neighbouring segments into account
and neglect longer distance interactions. The final choice we have to make is what type
of molecules we put into the system and in what quantities. For a lipid bilayer system,
this involves lipid molecules and water. In chapter 5 we also consider additives in the

membranes.

The lattice-refined SF-SCF machinery provides two types of outputs. First of all there
are the volume fraction profiles per segment type. For a system of phospholipids in water,
in which the interaction parameters of the tail segments with water are higher than those
of the headgroup segments with water (tail is more hydrophobic than the headgroups),
this results in a bilayer. In figure 1.7 an example volume fraction profile of such a bilayer
is given. As can be seen from such a profile, we find the lipid tails in the centre of the
bilayer, and the hydrophilic headgroups at the outer sides. Water, i.e. the solvent, resides
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Figure 1.7: A typical cross-sectional volume fraction profile of a tensionless lipid bilayer. Here, the

volume fractions () of the lipid tails (black), the lipid headgroup (red) and the solvent (blue) are
given as a function of the z coordinate, with z = 0 at the mid-plane of the bilayer.

partly in the headgroup areas but is expelled from the bilayer core. On top of the volume
fraction profiles, we can extract thermodynamic quantities such as the grand potential 2.

The grand potential per unit area is identified as the membrane tension.

Using the lattice-refined SF-SCF approach, we are able to model a planar bilayer for the
first time without large lattice artefacts and therefore unambiguously find the tensionless
lipid bilayer, i.e. the number of lipids per unit area for which the membrane tension
v = 0. We also obtain information on the concentration of lipids in the aqueous solution
which is in equilibrium with the bilayer. Next, we do similar calculations in a spherical
lattice geometry. The bilayer in such a system is homogeneously curved in a vesicle
type structure. The grand potential of the resulting vesicles is found to be completely
determined by the curvature energy: Q = 4w (2k+k&). This remarkable result indicates that
the curvature energy of a vesicle does not depend on its radius and thus is scale invariant.
The natural consequence is that the chemical potential of the lipids in the vesicle system
must be the same as the chemical potential of the lipids in the tensionless planar bilayer. In
other words, the planar bilayer and the spherical vesicle are considered in one and the same
grand canonical ensemble (chemical potentials p fixed, same lipid bulk concentrations).
To cut a long story short, it is therefore possible to correlate the thermodynamic quantities
found in the two geometries and accurately extract the bilayer mechanical parameters such
as the bending rigidity. With the mechanical parameters known, we can subsequently
correlate molecular properties of the lipids to existing mesomorphic phase behaviour of
lipid bilayers and are able to identify groups of additives that may induce a specific
mesomorphic phase change such as the formation of a bilayer handle.
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1.7 Thesis outline

This thesis is structured as follows. In chapters 2 and 3 I show our experimental efforts
and results on the controlled production of stable vesicle pairs (chapter 2) and small
vesicle aggregates (chapter 3) using several linker systems: (i) vesicles containing biotiny-
lated lipids are coupled together with streptavidin, (ii) cationic polymers (polylysine) are
used to link negatively charged vesicles, and (iii) temperature as a control parameter is
used for the aggregation of vesicles using the thermo-sensitive surfactant C18-pNIPAm.
We show that a key characteristic allowing for “self-limiting aggregation” is that the
membrane-bound linker molecules can diffuse to the contact area between two vesicles,
depleting the rest of the membrane, before collision with another vesicle occurs. We fur-
ther demonstrate that by combining the reversible ’switch-like’ aggregation properties of
C18-pNIPAm with the irreversible linkage between biotinylated lipids and streptavidin,
it is possible to control the size of the aggregates step by step using a simple temperature
program. In chapter 3, we additionally introduce and apply a lipid-exchange assay to
identify whether lipids exchange between vesicles as a result of the linking process, some-
thing that will happen if vesicles fuse or form intermembrane handles. In chapters 4
and 5 we discuss SCF calculations on lipid bilayers. To be specific, in chapter 4 we
introduce a lattice refinement to the existing SF-SCF framework that allowed us to revise
and follow the correct protocols to estimate the bending rigidities of phospholipid bilayers.
We then used this protocol to gain insight on the effects of several lipid properties, for
example headgroup hydrophilicity and tail length on these bending rigidities. In chapter
5 we expand on the work of chapter 4 by introducing various additives in the system to
stimulate changes in bending rigidities and identify groups of additives that could poten-
tially induce mesomorphic phase changes. The final chapter (chapter 6) of this thesis
provides a general discussion, where I put our results in a wider context, discuss aspects
and results that have not yet been addressed and provide an overview of the challenges

that still remain and what direction future research may take.
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CHAPTER 2

Self-limiting aggregation of phospholipid

vesicles

Lipid vesicles are widely used as model systems to study biological membranes. Self-
assembly of such vesicles into vesicle pairs provides further opportunity to study inter-
actions between membranes. However, formation of vesicle pairs, while subsequently
keeping their colloidal stability intact, is challenging. Here we report on three strategies
that lead to stable finite-sized aggregates of phospholipid vesicles: (i) vesicles contain-
ing biotinylated lipids are coupled together with streptavidin, (ii) bridging attraction is
exploited by adding cationic polymers (polylysine) to negatively charged vesicles, and
(iii) temperature as a control parameter is used for aggregation of vesicles mixed with
a thermo-sensitive surfactant. While each strategy has its own advantages and dis-
advantages for vesicle pair formation, the latter strategy additionally shows reversible
limited aggregation: above the LCST of pNIPAm, vesicle pairs are formed, while be-
low the LCST single vesicles prevail. Mixing protocols were assessed by dynamic and
static light scattering as well as fluorescence correlation spectroscopy to determine un-
der which conditions vesicle pairs dominate the aggregate size distribution. We have
strong indications that without subsequent perturbation, the individual vesicles remain
intact and no fusion or leakage between vesicles occurs after vesicle pairs have formed.

This chapter has been published as: De Lange, N., F. A. M. Leermakers, and J. M. Kleijn. Soft Matter
16(9) (2020): 2379-2389.
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2.1 Introduction

The biological membrane is a cornerstone of life. Not only are cells surrounded by such a
double leaflet of lipids, but their interior is also packed with it. Where the primary function
of the outer cell membrane is that of a barrier, membranes, in particular intracellular
membranes, have a wide variety of different tasks. It is well known that the composition
of membranes is tactically adjusted to suit these tasks [1-3]. This is evidenced by an
extraordinary variety of shapes, structures and even topologies of the membrane present
in the cell, each of which is accompanied by a distinct, complex and dynamic composition

of the membrane.

Changes in shape or topology of the membrane, like membrane fusion or the formation of
handles between membranes occur often within cells [4]. This allows for content exchange
across membranes which is vital for the cell that needs to transport materials to and
from organelles or in and out of the cell. However, the physics behind these membrane

interactions remains poorly understood.

Model membrane systems like lipid vesicles, or liposomes, are widely used to study the
membrane. They consist of some liquid enclosed by a lipid bilayer and naturally occur
within the cell for transport of material across the cell. Lipid vesicles have been used
for various applications like drug delivery [5, 6], bioreactors [7, 8] or to study chemical
reactions under confinement and biologically relevant conditions [9]. Liposomes can easily
be generated in vitro when carefully selected lipids are dispersed in an aqueous solution.
This ’bottom-up’ approach allows for control over the membrane composition. Liposomes,
therefore, are ideally suited to study membranes including various inter-membrane inter-
actions like adhesion [10] or (hemi-) fusion as was shown using lipid-anchored DNA [11]
and SNARE proteins [12].

A natural starting point for studying membrane (hemi-)fusion are small aggregates of
liposomes, ideally limited to vesicle pairs. To obtain such systems, one has to first start
the self-assembly of liposomes and stop further self-assembly at a very early stage. We

will refer to such arrested aggregation as limited aggregation.

Aggregation of colloidal particles, such as lipid vesicles, has been a popular research field
since the publishing of the DLVO theory [13, 14]. For charged colloids, the colloidal
stability is governed by a balance of electrostatic repulsion and van der Waals attrac-
tion. The DLVO theory explains the loss of colloidal stability through its dependence on
ionic strength as an ’all or nothing’ process. To control the aggregation, by limiting the
aggregation or directing the assembly into specific shapes and structures, several strate-

gies can be applied. Particles of specific shapes [15, 16], with symmetrically arranged
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patches [17, 18], or with functionalized surfaces [19, 20] have been successfully used. In
particular, DNA sticky ends are widely used on numerous colloidal particles such as solid
metal nanoparticles [21, 22], polystyrene microparticles [23] and emulsion droplets [24].
The aforementioned strategies have provided a rich variety of advanced colloidal materials

with various functions [18, 25].

For vesicles, aggregation needs to be induced by additives as van der Waals attraction is
negligible. Additives that can do this may be referred to as ’linkers’. This approach is
not new, as is evidenced by the amount of literature available. Different types of linkers
include the previously mentioned tethered DNA strands with complementary sticky ends
[26-28], the protein streptavidin which links to biotinylated lipids [29-31] or using charged
polymers and oppositely charged vesicles [32, 33]. Other methods include the use of uni-
valent or divalent counterions [34, 35]. A linker binds vesicles together which usually leads
to large multivesicular aggregates. While such aggregates are easy to obtain, achieving
control on the aggregation to get vesicle aggregates of a given size vastly expands possible
applications, for example multicompartment drug delivery [6]. Several strategies have
been applied to control the aggregation. This includes introducing charge in vesicles to
slow down the aggregation rate [29]. The electrostatic repulsion between vesicles obtained
through the charge creates an energy barrier for aggregation, which reduces the amount of
successful vesicle collisions. The range of electrostatic repulsion is governed by the Debye
length which can be controlled using salt or other electrolytes [36]. The specific properties
of biotin and streptavidin can also be used to control vesicle aggregation. As streptavidin
is able to bind 2 biotin on either side of the molecule, it is able to bridge vesicles. A
prerequisite for this is that a bound streptavidin is able to find a free biotinylated lipid
on another vesicle. If however the biotin is already bound to another streptavidin, which
happens often if the amount of streptavidin present exceeds the amount of biotin present
(biotin-starved regime), bridging between vesicles does not occur. This limitation can be

exploited for the formation small vesicle aggreggates [30].

An aspect of the liposome that can be exploited for limited aggregation is the lateral
mobility of the lipids and subsequent linker molecules inserted in the membrane. Upon
binding of two vesicles an adhesion patch is formed. Through the lateral mobility of other
linker molecules to this adhesion patch, the strength of the adhesion between two vesicles
increases in time [37]. A consequence of the local enrichment of linker molecules in an
adhesion patch is that these linkers are no longer available to link to other vesicles and
that the parts of the vesicles outside the adhesion zone are depleted of the linkers. This
intra-aggregate binding is the hallmark for limited aggregation, as was previously shown
[26, 38].
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Our aim is to stop the assembly of vesicles as good as possible on the pair level. For this,
we have to obtain the optimal relation between the time scale for vesicle-vesicle collision
and the time scale for the lateral mobility of linkers towards the adhesion patches. In
short, the vesicle concentration should be low enough so that the characteristic collision
time is large compared to the maximum lateral diffusion time. Of course, the number
of linkers per vesicle should remain under a threshold value so that a sufficient part of
them can be hidden in the adhesion patches. Ideally, we would like to obtain multiple
orthogonal approaches to extend the possibilities of manipulating vesicle associates. With
an extended toolbox, one can, for example, bring two bilayers together by one of the linkers

and compromise the topological stability of such a bilayer pair by another.

We have tested several types of linkers for their capability of linking vesicles to form small
stable aggregates. Aggregation of the vesicles was studied using static and dynamic light
scattering, with fluorescent correlation spectroscopy and with electrophoretic mobility
measurements. We found three scenarios in which the self-limiting association could
be established: (1) biotinylated lipids act as receptors on the vesicles with streptavidin
as ligand coupling the vesicles together. This method was shown before to give finite
sized aggregates [30]. (2) Cationic polymers (polylysine, or PLL) are added to a solution
with anionic vesicles. Because of the strong cooperative binding of the polymer onto
the vesicle, we can induce bridging flocculation. When we limit the number of polymers
per vesicle to (close to) unity, the assembly is naturally limited. (3) Thermo-sensitive
surfactants containing a C18 tail and a poly-NIPAm headgroup (C18-pNIPAm) allow for
the formation of stable small liposome aggregates by a temperature switch: pNIPAm
exhibits LCST behaviour and thus the aggregation is triggered by bringing the vesicles
to a temperature above T ~ 32 °C. While this method has not been used for vesicle
aggregation before, it has been shown that this thermosensitive surfactant can initiate
aggregation of polystyrene particles into small crystallites (order of 100 particles) in a
matter of minutes or to destabilize droplet suspensions triggering phase separation using
a simple temperature switch [39]. For each system, we explore the effects of the relevant
physical conditions on the self-assembly of vesicles and discuss in which way vesicle pair

formation can be further optimized.

Our working hypothesis is that the ability to fabricate small clusters of vesicles, or more
specifically, vesicle pairs, is a useful step to start studying the physical properties of
membrane pairs. Combining different attraction strategies systematically with variations
in the lipid composition of vesicles may prove to be crucial to alter the topological stability
of bilayer pairs and induce membrane (hemi-)fusion or the formation of handles between
the vesicles which could be checked with lipid mixing assays or content mixing assays
[40, 41].
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2.2 Materials and Methods

2.2.1 Materials

All chemicals are analytical grade and were used without further purification.
Chloroform solutions of the phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap ~ biotinyl) (DOPE-
biotin), 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) and 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE) were purchased
from Avanti Polar Lipids Inc. Streptavidin was purchased from Jackson ImmunoResearch.
N-isopropylacrylamide (NIPAm) was obtained from TCI Europe N.V. Other analytical
grade chemicals were acquired from Sigma-Aldrich. This includes 1-octadecatonethiol,
2,2’-azobis(2-methylpropionitrile (AIBN), 0.1% (w/v) poly-L-lysine solution in H,O
(M, ~ 1.5 x 10° — 3.0 x 10° g/mol), poly-L-lysine hydrobromide (M, = 1000 — 5000
g/mol) and all chemicals used to make the buffer solutions.

Buffer solutions were prepared using ultrapure water (resistivity > 18 MQ cm). All buffer
solutions contained 10 mM Tris (2-amino-2-(hydroxymethyl)propane-1,3-diol) and 50 mM
NaCl and the pH was adjusted to 7.5 unless otherwise mentioned. Adjusting the pH was
done by adding 1 M HCI or 1 M NaOH. All buffers were filtered through 0.2um pores
before use.

2.2.2 Vesicle preparation

Vesicle preparation was performed similarly to previous work [42, 43]. In short, we mixed
phospholipids together in the desired ratio in a round bottom flask, evaporated the chlo-
roform under a stream of nitrogen and dried the lipid film under vacuum for at least 2
h. After drying, the lipids were resuspended in the appropriate buffer to a final lipid
concentration (C; ~ 2.0e—2 M) and hydrated for about 1 h in a rotary evaporator (no
vacuum, 323 K, 100 rpm). This resulted in multilamellar vesicles. Subsequently, four
freeze-thaw steps were applied using liquid nitrogen and a 40 °C water bath to obtain
unilamellar vesicles. After this, the vesicles were extruded 21 times using a mini-extruder
(Avanti Polar Lipids, Inc) equipped with a polycarbonate membrane with 0.2um pore
sizes, to obtain vesicles of approximately 75 nm in radius. The vesicles were subsequently
collected and stored in the fridge until further use. The maximum storage time was 5
days. Characterization of the vesicles was performed using dynamic and static light scat-
tering (DLS and SLS) [44, 45]. A cumulant analysis [46], see Supplementary information
(SI), showed the vesicles to be spherical, with hydrodynamic radius R;, ~ 65-80 nm and
polydispersity index (PDI) & 0.1. An overview of all vesicles used can be found in the SI,
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table 2.2.

2.2.3 C18-pNIPAm surfactant synthesis

Synthesis of the C18-pNIPAm surfactant was done following the protocol previously de-
scribed [39]. It involves a free radical chain-transfer polymerization of 1-octadecanethiol
and NIPAm using AIBN as the initiator. 1.03 g of 1-octadecanethiol (~ 3.5 mmol), 29.36
g NIPAm (~ 262.5 mmol) and 1.14 g AIBN (~ 7.0 mmol) were dissolved in a 250 ml round
bottom flask with THF (100ml). This corresponds to molar ratios thiol/NIPAm/AIBN
of 1:75:2. The solution was bubbled with nitrogen for 30 minutes after which the reaction
was run overnight at 55°C. Purification was done by precipitation into cold hexane, with
subsequent centrifugation. The precipitate was dried under vacuum, collected and stored
for further use. The molecular weight of the surfactant was characterized by gel perme-
ation chromatography (GPC) with HFIP (hexafluoro-2-propanol) as the running solvent;
(M,,) = 5708, PDI = 2.8, degree of polymerization approximately 50.

2.2.4 Aggregation experiments

For aggregation experiments vesicles were diluted in buffer to a final lipid concentra-
tion C} =~ 1.0e—4 M, unless specified otherwise. After measuring the size, mass or elec-
trophoretic mobility of the vesicles, a small amount of linkers, i.e. streptavidin, polylysine
(PLL) or C18-pNIPAm surfactants, was added to the sample. Streptavidin was added to
vesicles containing biotin (B vesicles or NBD vesicles), PLL was added to vesicles con-
taining DOPG (PG vesicles) and C18-pNIPAm was added to pure DOPC vesicles (S-0
vesicles); see table 2.2 (SI). After adding the linkers, the sample was mixed gently and
measured for the new size and mass. Subsequently, the amount of linkers in the sam-
ple was doubled, mixed and measured once again. This cycle was repeated until the
molar streptavidin/biotin ratio (Ns/N,) was 2.4, the molar C18-pNIPAm / DOPC ratio
(Ncis/Npopc) was 0.32, or when uncontrolled aggregation of the vesicles was observed.
The latter happened at high PLL amounts and could be recognized by an indefinite in-

crease in hydrodynamic radius (Rj,) over time.

For DOPG vesicles with PLL, reverse aggregation experiments were carried out as well.
For this, stable aggregates of vesicles at fixed PLL per vesicle ratio were subjected to an

increasing amount of salt (NaCl) in the solution.

The size and mass of the vesicles and vesicle aggregates were measured using dynamic
and static light scattering (DLS and SLS). For NBD vesicles fluorescent correlation spec-
troscopy (FCS) was applied.
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2.2.5 Light scattering

All light scattering experiments were performed using an ALV instrument equipped with
an ALV5000/60x0 external correlator and a 300 mW Cobolt Samba-300 DPSS laser
operating at a wavelength A = 532 nm.

For aggregation with streptavidin and biotin or with PLL, standard DLS experiments
involve 45-100 measurements of 10 s recorded at a 90° angle. The diffusion coefficient D
and subsequently the R, were calculated similarly to previous work [47]. Once D was
steady over time, the average D was determined and this value was used to obtain a
normalised diffusion coefficient Do/D or hydrodynamic radius R/ Ry, with Dy and Ry the
diffusion coefficient and hydrodynamic radius of single vesicles. SLS experiments were
only carried out after DLS experiments showed a steady D over time. Standard SLS
experiments consist of measurements performed at scattering angles (6) ranging from
30° to 55° with steps of 1°. For each 6, three measurements were recorded of 10 s. To
calculate the absolute Rayleigh scattering (Ry), a similar SLS experiment was performed
on buffer solution (10 mM Tris-HCl, 50 mM NaCl, pH 7.5) and on toluene as reference.
The molar mass of the aggregates (M,) and the radius of gyration (R,) were estimated
using a Guinier analysis [48]. From M, we can calculate the mean aggregate number
(M), which is defined as the average number of single vesicles per aggregate. See SI for a

detailed explanation on the data analysis of DLS and SLS.

For samples in which C18-pNIPAm surfactants were added to the vesicles, a standard
DLS measurement consists of 1000 measurements of 10 s recorded at a 90° angle. During
the recording, the vesicles underwent a temperature program. This involved 10 minutes
at 25 °C, 30 minutes at 40 °C and the remainder of the experiment back at 25 °C. In
repeat experiments, vesicles were subjected to an extensive temperature program. Here,
30-minute cycles at various temperatures (27.5 °C, 30 °C, 31 °C, 32 °C, 33 °C, 34 °C, 35
°C, 37.5 °C and 40 °C) were alternated with 60 min cycles at 25 °C. SLS experiments
were performed similarly as for the other vesicles, both at 25 °C and at 40 °C.

2.2.6 Fluorescent correlation spectroscopy

FCS measurements were performed as an extra check for the size and aggregation number
of the vesicles containing biotin, before and after self-assembly with streptavidin. For these

experiments, vesicles were fluorescently labelled with NBD (NBD vesicles).

Comparable to DLS, FCS uses the intensity fluctuations of the detected fluorescent light
caused by the diffusion of fluorescent particles in and out of the confocal volume, to
determine the diffusion coefficient of the fluorescent particles [47, 49, 50]. For this, the
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dimensions of the confocal spot have to be known. Therefore, Rhodamine 110 (R110),
of which the diffusion coefficient is known (D = 4.3e—10 m?/s), was used to calibrate
the setup. We found a diffusion time of 18 ps and a structural parameter a (= w,/wyy,
i.e. the ratio of the equatorial and axial radii of the detection volume) between 5 and 10.

From this, the confocal volume was found to be approximately 0.2 fL.

To perform FCS experiments, a Leica TCS SP8 X microscope equipped with a 63x 1.20
NA water immersion objective and a super continuum laser or White light laser (SLL)
selecting the 488 nm laser line was used. NBD was excited at 488 nm wavelength with
a pulse frequency of 40 MHz. The fluorescence signal was detected through a pinhole,
set at 90 pum, and filtered using a 495-550 nm spectral filter. The signal was recorded
with the internal hybrid detector, coupled to a PicoHarp 300 TCSPC module (PicoQuant).
Measurements were performed in 8-well chamber slides from Nunc™ Lab-Tek™ (Thermo
Fischer Scientific). For each sample that contained vesicles, 15 or more measurements were
recorded of 4 minutes. For the R110 samples, 20 measurements of 30 seconds each were

recorded.

For FCS data analysis, the FFS-data processor version 2.3 (Scientific Software Technolo-
gies Software Centre) was used [50]. With the program, the average number of particles
in the confocal volume ((V)), their diffusion coefficient (D) and corresponding R, were

calculated. See SI for a detailed explanation of the data analysis.

2.2.7 Electrophoretic mobility

The electrophoretic mobility of DOPG vesicles with added PLL were measured by laser
microelectrophoresis on a zetasizer Nano ZS with a dip cell (Malvern Instruments). See

section 1.4 for the procedure of sample preparation.

2.2.8 Simple model of vesicle pairs

We model the translational diffusion behaviour of the vesicle pairs as if they are prolate
ellipsoids. For such objects the diffusion coefficient is given by Kuipers et al [51]. In
DLS and FCS the diffusion coefficient is experimentally determined and using the Stokes-
Einstein equation an effective hydrodynamic radius, Ry, is calculated. It can be shown
(see SI) that for pairs of monodisperse vesicles, Ry, is expected to be between 1.32 Ry and
1.15 Ry: the first value refers to the case that the vesicles have a very small contact area
(< R2), the second value is for an extensive contact area causing the vesicle pair to be

perfectly spherical.
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Figure 2.1: A) Normalized diffusion coefficient (Dg/D) as measured using DLS, B) the aggregation
number (M), as a function of the logarithm of the streptavidin/biotin ratio (Ng/Np). Experiments were
carried out for different fractions of biotinylated DOPE phospholipids (f,). The results are shown for
vesicles containing f, = 0.0004 (blue), f, = 0.002 (red), f, = 0.004 (orange) and f, = 0.006 (purple).
All experiments are performed with a lipid concentration C; = 0.1 mM.

2.3 Results and discussion

Using the extrusion method as described in the materials and methods section with 21
push-throughs we produce monodisperse unilamellar vesicles with an average radius of
65-80 nm, as determined using SLS and DLS (see SI, table 2.2).

2.3.1 Vesicle aggregation using biotin and streptavidin

Streptavidin has four binding sites for biotin, two on opposite sides of the protein molecule.
If streptavidin is added to vesicles that contain biotin, it acts as a cross-linker between
the vesicles, inducing vesicle aggregation. For all measurements reported here, after a
short incubation period, the aggregate size, or diffusion coefficient, proved to be stable
over time and the aggregation was regarded as limited. The size and aggregate number
(M) were subsequently determined from DLS and SLS measurements. Figure 2.1 shows
Do/D and M as a function of the streptavidin/biotin molar ratio (Ng/N,) for vesicles
with different fractions of biotinylated lipids.

In figure 2.1 two regimes can be distinguished. In the first regime, at relative small
amounts of streptavidin (N,/N, < 0.1), Dy/D increases logarithmically (Dy/D o
log(Ng/Np). A transition to the second regime occurs between 0.1 < N, /N, < 0.2. Here,
Ry /Ry increases more or less sharply depending on the experimental conditions. In the
second regime, for Ny/N, > 0.2, Dy/D is practically constant. We find that at the end
of the first region M = 2, suggesting a population of mainly vesicle pairs. In the second
regime, M > 2 for the samples containing a fraction of biotinylated DOPE phospholipids
f» > 0.0004, implying aggregation beyond vesicle pairs.

To further verify the formation of vesicle pairs, FCS measurements were performed. Sim-
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Table 2.1: Comparison between DLS/SLS and FCS results for the B-0.4% vesicles. Normalization
of diffusion coefficients and aggregate numbers were done using vesicles without added streptavidin
(Ns/Np = 0), see SI (table 2.2).

N,/N,  Do/D DLS Dy/D FCS M SLS M FCS

-] [-] £ St. Dev. [-] £ St. Dev. [-] £ St. Dev. [-]£ St. Dev.
0 1 40.02 1 4+0.08 1 +0.03 1 4+0.07
1/25.6 1.47 £0.03 1.56 £0.17 2.47 +£0.23 2.11 £0.35

ilar to DLS, from the intensity fluctuations due to the movement of fluorescent particles
in and out of the confocal volume the hydrodynamic radius is obtained. In addition, the
average number of particles ((N)) in the (known) confocal volume can be determined.
Comparing the concentration of fluorescent particles in the confocal volume with the
known total (original) concentration of single vesicles allows to distinguish between the
cases of aggregation in mainly vesicle pairs or having a few larger aggregates with many
single vesicles. In the first case the concentration of fluorescent particles is half the total
concentration of single vesicles, in the latter the concentration fluorescent particles is only
slightly lower compared to that of the single vesicles. Based on the (N) values we cal-
culated the aggregation number M as well. The FCS results as compared with findings
from DLS/SLS can be found in table 2.1.

According to our data, at the end of the first regime, Dy/D obtained through FCS is
equal to D/D, as measured by DLS. In addition, FCS also gives an M =~ 2, verify-
ing the formation of vesicle pairs (on average). In comparison, M obtained by SLS is
slightly higher, which we attribute to the dominant contribution of larger particles to the

scattering signal.

The vesicle preparation methods we perform yields polydisperse samples (PDI > 0.1) and
the distributions of sizes and aggregate numbers are expected to widen upon aggregation.
This is reflected by the somewhat higher standard deviations for the vesicle pairs compared
to that of single vesicles, see table 2.1. In addition, we performed a CONTIN analysis [52—
54] on the DLS results to follow the changes in particle distribution during the aggregation
experiments (SI, figure 2.11). This reveals for the streptavidin-biotin linker system that
broadening of the size distributions is quite limited. We will come back to this later in

the discussion.

Streptavidin is a protein that can bind a maximum of four biotin moieties. Assuming that

half of the biotinylated lipids in a vesicle are on the inner leaflet of the membrane, all the
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available biotin can bind to streptavidin at Ng/N, ~ é. Below this fraction, we have more
biotin than biotin-binding sites. In other words, the amount of streptavidin is limiting
the amount of connections that can be formed. We will therefore refer to regime 1 as the
streptavidin-limited regime. At Ns/N, > % we have less biotin than biotin binding sites,
and then the amount of biotin is limiting the amount of connections that can be formed.
The second regime will therefore be referred to as the biotin-limited regime.

Streptavidin-limited regime.

Within this regime, adding streptavidin to the system directly increases the amount of
links that can be established between vesicles. As a consequence, the total aggregation
increases. Interestingly, this does not happen linearly, but the aggregation number M
increases only logarithmically with the added amount of streptavidin. This behaviour
can be explained by intra-aggregate binding (the binding of a biotin-streptavidin pair

with another biotin of an already bound vesicle).

Intra-aggregate binding happens especially if the time required for a bound streptavidin to
diffuse to the vesicle-vesicle contact zone (tg;) is very low compared to the vesicle collision
time (7). We calculated that for a standard aggregation experiment with C; = 1.0e—4 M
and R, ~ 65—80 nm), assuming each collision is successful and that a bound streptavidin
has to diffuse the maximum distance, tgz ~ 1 —2 ms and 7 ~ 80 — 130 ms (see SI for the
full calculation). So, for our standard experiments, 7/tqis =~ 70. That we are in the regime
where 7 < tgir was confirmed by the observation that the concentration of vesicles has no
effect on the results (see SI). This heavily favors intra-aggregate binding over coupling to
new vesicles, not even taking into account steric hindrance and alignment effects during
vesicle collision. As a consequence, although the total amount of links between vesicles
increases with increasing amount of streptavidin, aggregation remains limited to mainly

vesicle pairs.

At the end of the streptavidin-limited regime, the SLS and FCS measurements confirm
a vesicle population of mainly vesicle pairs, as M = 2, see table 2.1. At this point, for
vesicles with biotin fractions of 0.002, 0.004 and 0.006, the average hydrodynamic radius
has increased to about 1.4 times the hydrodynamic radius of a single vesicle (R,,/Ry = 1.4,
corresponding to a Dy/D = 1.4). Since we are dealing with mainly vesicle pairs, based
on the model used for their diffusional behaviour (see SI) we conclude that the contact

zones have to be small (i.e., patch radius significantly smaller than Ry).

The size of the contact zone is dependent on the balance between the adhesion strength
and energy cost associated to the increased membrane curvature. The stronger the adhe-

sion strength, the larger the contact zone, but the membrane curvature at the edges of the
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contact zone increases as well. Biotin and streptavidin have a very high bond strength,
on the order of 30 kg7 [55], which suggest the formation of large contact areas. This is
however not the case. As the energy required to pull a phospholipid out of a bilayer is
smaller, 16 kT [55], we can imagine that streptavidin attached to a single vesicle is able
to pull out other biotinylated and more lipids to form micellar structures on the non-
vesicle bound side of streptavidin. Other structural conformations might be possible as
well. While bridge formation between two vesicles is the preferred conformation, the ad-
hesion strength could be of much lower strength in comparison to the biotin-streptavidin
bond strength. In addition, the energy required for deforming already highly curved
membranes, which is the case for our small unilamellar vesicles (SUVs), is high as well.
Finding the balance of these two forces as a function of vesicle size and adhesion strength
is a highly interesting topic, for which further experiments and theoretical calculations

are required, something we aspire to do ourselves.

Transition to the biotin-limited regime.

As the amount of streptavidin increases, so does the energy penalty associated with ac-
commodating more streptavidin in the existing contact zones. This increases the chances
of streptavidin linking with other not yet bound vesicles or vesicle aggregates. As a conse-
quence, above a certain N, /N, ratio, vesicle pairs aggregate together to larger structures.
However, above N;/N, = 0.2 the higher aggregates do not grow anymore. This is easily
explained as from this point biotin becomes the limiting factor preventing the formation
of new contacts. In line with this, the final mean aggregate number M increases with
the biotin fraction in the vesicles: after the contact zones are saturated, for higher biotin

fractions more biotin is left for connections with other vesicle pairs.

The sample with f, = 0.0004 hardly shows aggregation beyond vesicle pairs. Apparently,
at this low fraction of biotin, practically all biotin is already involved in the contact
zones of vesicle pairs, leaving no biotin for further aggregation. We also performed the
aggregation experiment for vesicles with relative high biotin fractions: f, = 0.02 and
higher (data not shown). In the streptavidin-limited region this resulted in similar results
as obtained for the other biotin fractions. However, adding more streptavidin resulted in

a continuing, unlimited aggregation.

Interestingly, for biotin fractions 0.002, 0.004 and 0.006 the transition to the streptavidin-
limited regime seems to occur around the same Ng/N, ratio (= 0.075). This suggests
that saturation of the contact zones between vesicles occurs at a fixed N,;/N, ratio, for
vesicles of similar size. We however expect the transition to occur at higher Ns/N, ratios

for lower biotin fractions. For f, in the range of 0.002 - 0.006 this is probably not visible
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Figure 2.2: Normalized hydrodynamic radius of the vesicles found by DLS as a function of the
N, /Ny, ratio in lin-log coordinates. The concentration of streptavidin was increased by subsequently
adding an amount of streptavidin to a fixed concentration of vesicles (C; = 0.1 mM) with biotin fraction
f» = 0.004. Each coloured series represent a new experiment in which the initial amount of streptavidin
added to the sample is different. This amount corresponds to the Ng/N; of the first (most left) data
point of each series.

because of the limited experimental accuracy. However, as expected, for the sample with

f» =0.0004 a much higher N;/N, fraction is necessary to get vesicle pairs.

Effect of overloading biotinylated vesicles with streptavidin.

In the experiments described above, streptavidin was added stepwise, exploring both the
streptavidin-limited and the biotin-limited regime. In addition, we performed experiments
in which the biotinylated vesicles were immediately overloaded with streptavidin. This is
illustrated in figure 2.2 for the case of f, = 0.004. For each series of measuring points the

initial amount of streptavidin added to the single vesicle solution is different.

When the starting amount of streptavidin is low (red curve), the maximum hydrodynamic
radius obtained is about twice the radius of a single vesicle. For all the cases with initial
ratio Ny/N, higher than 1/8, the final hydrodynamic radius is lower and drops down to
about only 1.3 Ry for an initial value N; /N, ~ 2.5 (red dot). This effect can be contributed
to an overloading of streptavidin onto the biotin. If the initial amount of streptavidin is
high, many of the biotinylated lipids in the vesicles immediately bind to a streptavidin
molecule and the formation of links with free biotin on other vesicles is hampered, so that
less aggregation will occur. The higher the initial amount of streptavidin, the stronger
this effect. With proper tuning, vesicle aggregates of specific aggregate sizes could be

achieved, including vesicle pairs (green curve, figure 2.2.
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Figure 2.3: DLS results showing the normalized diffusion coefficients,Dy/D (A and C) and mean
aggregation number,M (B and D) of PG vesicles as a function of the charge ratio between PLL and
vesicles, Z (A and B), or the number of PLL molecules per vesicle, Npr,/Ny (C and D). Blue: vesicles
with a DOPG lipid fraction fpopg = 0.025. Red: fpopg = 0.1. Measurements were performed at
three NaCl concentrations: 10 mM (circles), 50 mM (triangles) and 100 mM (squares).

2.3.2 Vesicle aggregation using polycations

Vesicle aggregation experiments using cationic polymers were performed in a similar way
as those with biotin and streptavidin: we started with single vesicles and stepwise added
linker molecules to induce aggregation. The linker molecule here is the polycation poly-L-
lysine (PLL). We continued adding of PLL until unlimited aggregation was observed. In
most cases this happened close to the point where the amount of positive charges on the
added PLL equals the amount of negative charges of the DOPG in the vesicle (Z = 1).
The results are presented in figure 2.3; for all measured points, D was constant on the

time scale of the experiments (= 0.5 h)

All these aggregation experiments have in common that, no matter the DOPG content
of the vesicles or the salt concentration, the finite aggregate size increases with addition
of PLL, which is consistent with previous studies involving aggregation of charged vesi-
cles and oppositely charged polymers [32, 56]. The extent of the exponential increase
varies with salt concentration and vesicle charge density (o) as will be discussed in the
next paragraph. This is fundamentally different compared to aggregation with biotin and
streptavidin, where we found a logarithmic relationship between size and amount of link-

ers. Apparently in this case newly added linkers form bridges with other vesicles rather
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than diffusing to the adhesion zone. We contribute this effect to the repulsion between
PLL molecules, which prevents accumulation of the polymer in an adhesion patch. As a
consequence, when a second PLL molecule attaches to a vesicle, it will tend to attract
another vesicle. As such, establishing (mainly) vesicle pairs is only possible if a very lim-
ited amount of linker molecules is added. This is reflected in figure 2.3D in which vesicle
pairs (M = 2) are obtained at PLL/vesicle ratios (Nprr/N,) at 1.5 and below.

Another key difference with the biotin-streptavidin type of linkage is that all positive
charges on PLL can interact with the negative charges on one single vesicle, while strep-
tavidin only has four binding sites. As the bond between streptavidin and biotin is
very strong [57] we expect that the lipid membrane of a vesicle adjusts it conformation
to cover all four binding sites. However, as the binding sites are at opposite sides of
the molecule, the conformation in which streptavidin bridges two vesicles is most stable.
Furthermore, the bond between streptavidin and biotin is notoriously resilient and inde-
pendent of experimental conditions [58]. In contrast, the strength of the interaction of
PLL with the vesicles strongly depends on salt concentration and charge density o. At
low ¢ in combination with a high salt concentration, limited aggregation was obtained at
7 =1, whereas continuous aggregation was observed at lower Z for all other conditions,

see figure 2.3.

Effect of salt concentration and vesicle charge density.

PLL binds to the vesicles as a result of electrostatic attraction. Therefore, it is no surprise
that adding salt to the system, which screens the charges on both PLL and the vesicles,
leads to a lower degree of aggregation. Interestingly, the effect of salt decreases at high o,
see red curves in figure 2.3. We correlate this effect to the extent to which polylysine binds
to the vesicle surface. At low o (fpopg = 0.025), PLL binds only weakly to the vesicle
surface. Further screening of these charges, at higher salt concentration, consequently
has a strong effect on the binding of these PLL to the vesicles and thus on the extent of
vesicle aggregation that follows. At low o, in combination with a high Cnaci = 100 mM,
vesicle aggregation could be reduced significantly. We expect that at higher salt concen-
trations, aggregation can be prevented all together. At high o, PLL binds more strongly
to the vesicle surface, and although at Cnac = 100 mM, the salt does screen the charges
considerably, this does not have a strong impact on the extent of the PLL adsorption
on the vesicle surface and thus on the extent of vesicle aggregation. Our electrophoretic
mobility (4.) measurements support this claim (see SI section "Electrophoretic mobility
of PG vesicles’).

When comparing the extent of vesicle aggregation with the Nppy,/N, ratio (figure 2.3),
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Figure 2.4: Normalized hydrodynamic radius of DOPC/DOPG vesicles measured by DLS as a func-
tion of the NaCl concentration obtained with stepwise adding NaCl to the solution. The results are
shown for vesicles with fpopa = 0.025 (blue), fpopc = 0.05 (red) and fpope = 0.1 (orange).

we observe that at low salt concentrations (10 mM), vesicle aggregates with M ~ 2 are
obtained at lower Npry,/N, for low o (red circles) compared to high o (red circles). We
anticipate this because at low o the charge of PLL is not easily compensated by binding
to a single vesicle, and linkage with another vesicle therefore happens more frequently
than for vesicles with a high charge density. Interestingly, for Z < 1, the electrophoretic
mobility of stable vesicle aggregates remains constant with increasing PLL concentration
and increasing aggregate size. This supports the idea that once PLL binds to a vesicle
surface, it initiates aggregation with other vesicles, completely enclosing itself in the

contact area.

Reversibility.

An additional feature offered by using polyelectrolytes for aggregation of charged vesicles,
is reversibility. Increasing the salt concentration of a DOPC/DOPG vesicle solution in
which limited aggregation has occurred by addition of PLL, can reverse the aggregation,

as can be seen in figure 2.4.

The effect of increasing the salt concentration is strongest for vesicles with a low charge
density (fpope = 0.025), where small vesicle aggregates break up completely into single
vesicles. Also at higher fpopg, the average hydrodynamic radius could be reduced by
increasing the salt concentration and possibly full reversal to single vesicles occurs at salt

concentrations higher than explored in this experiment.

Reversible aggregation of vesicles is an important feature which may be useful in fur-
ther research on lipid bilayer interactions and for application in controlled drug delivery

strategies, where release may be triggered by aggregation and inhibited when reversed.
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In practice, however, using variations in salt concentration to (repeatedly) induce aggre-
gation and de-aggregation is not possible or at least complicated, since in many systems
the salt concentration cannot be varied and otherwise decreasing the salt concentration
while maintaining other conditions, such as the vesicle concentration, requires dialysis or

other labour intensive techniques.

Effect of polylysine chain length.

All experiments with PLL shown thus far, were performed using PLL of molar mass M,
of 150 - 300 kg/mol. In addition, we performed the same aggregation experiments with
much smaller PLL molecules (M,, of 1 - 5 kg/mol) (see SI). Interestingly, we found no
aggregation at all up until unlimited aggregation occurs. Stable, small aggregates could
not be obtained. We assume the cause for this behaviour is that for small PLL molecules
at low concentrations the conformational and translational entropy penalty is too high to
adsorb on the vesicles. As a consequence, the small PLL exist in large quantities solvated

in the solution.

Above a threshold concentration, however, the PLL start to adsorb. Once adsorbed, the
chains were also able to form bridges between vesicles, linking vesicles to each other.
However, at these high PLL concentrations the adsorption is such that the equilibrium
concentration of PLL in the bulk is hardly affected and therefore uncontrolled aggregation

occurs.

2.3.3 Vesicle aggregation using thermoresponsive poly-NIPAm containing

surfactants

The principle behind aggregation using C18-pNIPAm is that its carbon tail is inserted into
the vesicle membrane while the pNIPAm part can link the vesicles together depending
on temperature. Above its characteristic LCST (lower critical solution temperature),
pNIPAm expels its hydration water, effectively becoming hydrophobic. It tries to form a
condensed pNIPAm phase and it can do this better when pNIPAm of an opposite vesicle is
also used. Hence the LCST-behaviour starts vesicle aggregation. This effect is reversible
as once the temperature goes below the LCST, the pNIPAm polymers take up water again

and swell, and as a result de-aggregation occurs.

To perform an aggregation experiment with C18-pNIPAm, we make a DOPC vesicle
solution to which we add a certain amount of the surfactants. After mixing light scattering
measurements are performed while the sample undergoes a temperature program. This
involves a 10 minutes step at 25 °C, then half an hour at 40 °C and lastly another
10 minutes at 25 °C. The LCST of pNIPAm lies around 32 °C. In figure 2.5 a typical
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Figure 2.5: Hydrodynamic radius Ry, over time for DOPC vesicles undergoing a standard temperature
cycle of 10 min at 25 °C, 30 min at 40 °C and another 10 min at 25 °C. The blue curve represents

the temperature at the given time. The hydrodynamic radius (Rp) is shown for vesicles without
C18-pNIPAm (red) and for vesicles with a C18-pNIPAm/DOPC fraction of 0.08 (orange).

DLS result is displayed for vesicles with a C18-pNIPAm/DOPC ratio of 0.08. Control

measurements on vesicles without surfactants are shown as well.

As can be seen from the figure, in the presence of C18-pNIPAm aggregation occurs above
the LCST. Without vesicles, the surfactants aggregate very quickly and uncontrollably
while vesicles without surfactants show no aggregation. For the mixture after increasing
the temperature to 40 °C, a quick increase in size is observed after which the aggregation
size stabilizes, indicating that the aggregation is limited. This process is fully reversible,
as once the temperature drops below the LCST, the aggregates quickly disassemble into
single vesicles again. Like for the streptavidin-biotin system, stabilizing of the aggregation
size above the LCST is due to intra-aggregate binding of the linkers. Basically, C18-
pNIPAm surfactants in the membrane of the vesicles diffuse towards the contact areas as
they are attracted to the other C18-pNIPAm surfactants already lumped together there.
As a result, within a short time, there are no remaining surfactants on the outer surface

of the vesicles and therefore binding to other vesicles does not happen anymore.

Effect of C18-pNIPAm/DOPC ratio.

Control of the aggregation size is most easily obtained by tuning the C18-pNIPAm/DOPC

ratio. The effect of this ratio on the aggregation size is shown in figure 2.6.

Each dot represents a standard aggregation experiment as explained earlier. The average
size is calculated for both 25 °C and 40 °C. After each experiment, instead of making
a new sample, more C18-pNIPAm surfactants are added to the initial sample, mixed
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Figure 2.6: Normalized hydrodynamic radius of the vesicles as a result of stepwise adding C18-
pNIPAm surfactant to the sample. The average size is shown for each sample at 25 °C (blue) and at
40 °C (red). Lipid concentration C; = 0.1 mM in 10 mM Tris-HCI buffer.

and measured using DLS with the standard temperature program. The results clearly
show a dependence of the aggregation size on C18-pNIPAm/DOPC ratio. A threshold
ratio of around 0.01 has to be reached before aggregation occurs at all. Above this
threshold ratio, the aggregation size scales logarithmically with the ratio, confirming
accumulation of collapsed pNIPAm in contact zones (intra-aggregate binding, similar
to what happens in the biotin-streptavidin system). Above the LCST and around a
C18-pNIPAm/DOPC ratio of 0.04-0.08 the vesicles are mainly present in pairs. Our SLS
results show M = 2.62 at 40 degrees at a C18-pNIPAm/DOPC ratio of 0.08. The presence
of a threshold value is characteristic for phase separation. This can only set in when
the concentration grows above the binodal. In this case the local pNIPAm concentration
needs to be above a binodal value for the C18-pNIPAm anchored into the membrane. The
binodal value appears at relatively high C18-pNIPAm/DOPC ratios, which we attribute
to C18-pNIPAm being able to partition partly in the bilayer, near the interface between
lipid head groups and tails, thus already avoiding contact with water to some extent. We
anticipate that this binodal/threshold value further decreases with temperature, that is
when the PNIPAm-water demixing is quenched deeper in the two-phase state we expect
the threshold concentration to decrease. This threshold concentration may further be a
function of the size of the PNIPAm block.

Effect of temperature.

Close to the LCST the aggregation size depends on the temperature, which is shown in
figure 2.7. Slightly above the LCST, at 32 °C, some aggregation already occurs, but the
aggregation size is substantially lower than at 40 °C . This phenomenon is due to the

fact that there is no sharp transition in properties of pNIPAm at the LCST. Slightly
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Figure 2.7: Normalized radius of vesicles containing C18-pNIPAM as they undergo a temperature
program (red curve). The blue curve shows the temperature. C18-pNIPAM/DOPC ratio = 0.08.

above the LCST, pNIPAm does repel water, but not all of it yet. As a consequence, the
hydrophobic attraction between the C18-pNIPAm molecules and thus the driving force
for vesicle aggregation is still relatively low.

2.4 General discussion

Limited aggregation, i.e. the formation of stable, small aggregates, is a special feature
in the assembly of vesicles triggered by additives. This is emphasized by the fact that
not all approaches that we attempted to form stable vesicle pairs, were successful. Apart
from the strategies reported here, we tried, for example, to induce limited aggregation
using telechelic (triblock) copolymers, which combine a hydrophilic middle block and
two short aliphatic end blocks. This type of molecule is used as associative thickener
in paints [59, 60]. We used a variant with C18 tails in combination with a pEO middle
block of nominal weight M, ~ 35000 g/mol (~ 800 monomers) [61]. Already in dilute
solutions, these molecules self-assemble and form flower-like micelles. In combination with
phospholipid vesicles, we found that the telechelics partition between being assembled in
such micelles and being inserted with their hydrophobic blocks in the vesicle membranes.
Above a threshold concentration of the telechelics, aggregation of vesicles could be induced
as expected. However, the aggregates kept growing in time. We assume that the cause of
this unlimited association behaviour stems from the buffering capacity of the flower-like
micelle population. Telechelics that were "lost’ in adhesion patches could be replenished by
disintegrating of micelles. At ultra-low concentrations of the telechelics, one could imagine
that they would be all vesicle-bound and no flowerlike micelles would exist. However, we
found no association of vesicles below the CMC of the telechelics. Maybe the length
of the PEO and hydrophobic blocks of the telechelics could be tuned such that limited
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aggregation is possible, but we failed to hit on such an ideal species. As shown in this
paper, a similar failure of limited aggregation was found when low molecular weight
cationic polymer was used to link negatively charged vesicles together. Arguably, the

failures to achieve limited aggregation are as instructive as the successes.

Based on both our successful and unsuccessful strategies, two routes can be distinguished
that result into limited aggregation of vesicles. The most simple one is just limiting the
amount of linkers. In principle, if the amount of linker molecules per vesicle is close
to unity, aggregation will be limited and most of the vesicles will aggregate into stable
vesicle pairs. For this to happen, the interaction between the linker and the vesicles
and the tendency to bridge vesicles need to be strong. We observe this type of limited
aggregation for negatively charged vesicles bridged by long PLL molecules. An additional
feature is that the cationic polymers repel each other, resulting into only one polymer
per adhesion patch. Optimization of the vesicle surface charge and salt concentration is

a necessary requirement though.

The second route is to use membrane-bound linkers that attract each other. Limited
aggregation then can be obtained provided that the timescale in which linkers diffuse
along the membrane to the first formed adhesion patch between two vesicles (tqig) is
small compared to the vesicle collision time (7). This implies that the vesicle concentration
should be relatively low. Following this route we were able to arrest the aggregation of
vesicles at pair level using biotinylated lipids that can couple by adding streptavidin to
the vesicle solution, and by using C18-pNIPAm surfactants that couple above their LCST
through hydrophobic interactions.

Each of the three suitable linker types that we used has its own advantages and drawbacks.
Limited aggregation by adding an appropriate amount of long polyelectrolytes to charged
vesicles, has the advantage that it is relatively cheap, simple and straightforward and that
aggregation can be reversed by addition of salt. However, in practice repeatedly inducing
aggregation and de-aggregation is not possible or complicated. In addition, even if the
average aggregation number is two, a fairly broad distribution of single vesicles, vesicles
pairs, trimers etc. is obtained. The strategies using biotin-streptavidin or C18-pNIPAm
as linkers however can lead to a sharp distribution of aggregate sizes, with mainly vesicle
pairs. This is supported by the development of the particle size distributions during
the aggregation experiments with the various linkers, obtained from CONTIN analysis
of the DLS results (figure 2.11, SI). The links between the vesicles are strong and very
insensitive to experimental conditions, which may be advantageous in some cases, but
can also be a drawback if reversibility is an issue. C18-pNIPAm surfactant molecules
also robustly enable limited aggregation, similar to the streptavidin-biotin linkers. In
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addition, complete reversibility can be achieved, which can be triggered multiple times

by increasing and decreasing the temperature with respect to the LCST.

Possible applications for small vesicle aggregates or vesicle pairs involves research into
inter-membrane interactions such as membrane (hemi-)fusion. The perfect example of a
specific linker molecule that is able not only to connect vesicles but also to induce fusion is
DNA [11, 26]. We aspire to find alternative linkers, such as the used in this work, that upon
certain conditions could achieve similar results. Further experiments are necessary though
as there are strong indications that the strategies used to induce limited aggregation of
the vesicles occurred without subsequent fusion of the membranes. The reversibility of
the aggregation of both vesicles attached by C18-pNIPAm (decreasing temperature) and
vesicles attached by PLL (increasing salt concentration) already strongly points to this.
A strong indication that fusion did also not occur in the vesicle pairs formed by biotin
and streptavidin, was found by fitting the SLS data using the form factor of a spherical
shell (SI figure 2.12). The presence of an adhesion patch in the vesicle pairs influenced
the form factor enough to give a significantly worse fit than for single vesicles. For more
direct proofs of fusion or the lack of it, we are planning to perform lipid mixing or content

mixing experiments using fluorescent molecules in follow up experiments.

2.5 Conclusions

We have presented three successful strategies that lead to stable finite-sized vesicles ag-
gregates. We showed that by tuning the experimental parameters it is possible to obtain
an average aggregation number of 2. In addition we analysed vesicle aggregation on this
average pair level under various relevant physico-chemical conditions. We distinguish two
routes that lead to limited aggregation of vesicles: limiting the amount of linkers, or using
membrane-bound linkers that upon contact with another vesicle are able to diffuse to the
contact area, depleting the rest of the membrane of linker molecules to bind with other
vesicles. It is expected that under well-chosen experimental conditions the latter route

can provide a dominant population of vesicle pairs.

Amongst the successful strategies, the one involving C18-pNIPAm as a linker molecule
shows an additional feature: the limited aggregation of vesicles is completely and repeat-
edly reversible using temperature as the trigger. We therefore anticipate that this system

can serve as a base to study targeted and triggered interactions between membranes.

We envision that the ability to create stable vesicles pairs is an effective and useful way
to study interactions between lipid membranes and the physical properties of membrane
pairs. Combining different linker strategies in combination with variations in the lipid
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Table 2.2: Properties of the various vesicles in 50 mM NaCl

Vesicle Code Membrane composition Radius PDI
[DOPC/DOPE-Biotin/ [nm] + St. Dev.  [-] + St. Dev. 2

DOPG/NBD-PE|

S-0 1/0/0/0 76.5 + 2.8 0.16 =+ 0.05
B-0.04% 999 /1/0/0 75.6 £ 0.9 0.11 £ 0.04
B-0.2% 995 /5/0/0 746 £ 1.1 0.11 =+ 0.03
B-0.4% 990 /10 /0 /0 73.5 £ 0.9 0.11 & 0.04
B-0.6% 985 /15/0/0 751+ 1.1 0.10 =+ 0.03
PG-2.5% 975 /0/25/0 64.6 = 1.4 0.10 & 0.04
PG-10% 900 /0 / 100 / 0 72.6 £ 1.7 0.09 £ 0.04
NBD-0.2% 980 /10 / 0/ 10 69.6 = 1.3 0.12 £ 0.04

composition of the vesicles, could be used to unravel the principles underlying the topo-
logical stability of bilayer pairs. Furthermore, it enables studies into the nature and time
scales of lipid exchange between bilayers and the content exchange of vesicles with or

without full scale fusion of the vesicles.

2.6 Supplementary Information

2.6.1 Overview of prepared vesicles

Vesicle preparation was performed as explained in the materials and methods section of
the main document. In table 2.2 we present an overview of the properties of the vesicles.
The S-0 vesicles are vesicles purely made from DOPC. These have been used during
aggregation experiments involving C18-pNIPAm. DLS and SLS experiments involving
biotin and streptavidin have been performed on B-n% samples. The FCS experiments
involving biotin and streptavidin have been done using NBD-0.2% vesicles. Lastly, the

PG-n% samples were used in aggregation experiments involving polylysine.

2.6.2 Simple model of vesicle pairs

We model the translational diffusion behaviour of the vesicle pairs as if they are prolate

ellipsoids with axes a, b, with a > b. See figure 2.8. The translational diffusion coefficient
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a = Ruew(1 + cOS a)
b = Rnew
r = Rnew SII’I a

Figure 2.8: Vesicle pair modeled as a prolate ellipsoid with axes a, b, b with a > b, in order to estimate
its diffusion coefficient.

D is given by Kuipers et al [51]

kgT

= W X Sprolate (21)

with

2
Sprolate = \/ﬁ lll(p + p2 — 1) (2.2)

where p is the aspect ratio: p = a/b. Note that Spromte equals 1 in the limit of an aspect

ratio of 1 and we obtain the Stokes-Einstein relation for spheres.

For the limiting case that the contact area between the two vesicles is extremely small,
a ~ 2Ry (Ry being the radius of the single vesicles) and b = Ry, leading to Sprolate = 0.76.
In other words, the diffusion coefficient D as measured with DLS would be equal to
Do/ Sprolate- If one calculates the hydrodynamic radius from this value using the Stokes-

Einstein equation (so, for a sphere with the same D), one obtains Rgr = 1.32R,.

Generally, one can estimate the diffusion coefficient as a function of contact zone by

assuming that the total area of lipid bilayer is constant:

Abilayer = 2047 R2,, — 27 R% (1 — cosa) + 7r?) (2.3)

new new

Here, the first term of the equation gives the area of the spheres with new radius Ry,
the second term withdraws the caps from these spheres ”lost” in the contact zone, and

the third represents two times the contact zone. See figure 2.8:
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Figure 2.9: The Stokes-Einstein radius normalized by the radius of a single vesicle (Rsg/Ro) is
plotted as a function of « as predicted using our simple model of vesicle pairs.

We can rewrite this as:

(4—(1—rcosa)?) (2.4)

new

2
Abilayer =27R

This area should be equal to two times the surface area of a single vesicle, i.e.

Abilaycr = 87TR§ (25)
One then arrives at 9R
Rnew = d (26)
4— (1 —cosa)?

From this, the diffusion coefficient, the Stokes-Einstein radius and the area of the contact
zone can be calculated. For the case of a maximum contact zone (a = 90°), Rgp/Ro = 1.15
and when the contact zone is small (o = 0°), Rgp/Ro = 1.32, See figure 2.9. As our
experiments show that Ry /Ry &~ 1.4 for vesicle pairs we conclude that the contact areas

are small.

2.7 Vesicle collision and lateral diffusion timescale

calculations

The vesicle collision time can be calculated using the following equation:

T =d?/6D, (2.7)
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where D, is the vesicle diffusion coefficient and d the average distance between vesicles.

These parameters can be calculated as follows:
D, = kgT/6mnR, (2.8)

and
d=(ry—2R, (2.9)

with kp the Boltzmann constant, T the temperature in Kelvin, and R, the vesicle radius;
(r) is the mean center-to-center inter-particle distance, which in turn can be calculated

using the molar vesicle concentration C,:
(r) = 1/ (2.10)

With our experimental parameters, (C, = 5e—10 M, R, & 65 - 80 nm and 7' = 298 K we
find a collision time of ~ 80 — 130 ms. The diffusion time for a biotinylated lipid to diffuse

over the maximum distance d;, to the contact area of a vesicle pair is given by:
tag = di /4D, (2.11)

where D is the lateral diffusion coefficient of a lipid in the bilayer and d; corresponds
to half the circumference of a vesicle. Using the same experimental parameters and a
D; = 8.25e—12 m?/s, we find diffusion times of 1 — 2 ms.

2.7.1 DLS and SLS data analysis

The DLS and SLS data analysis has been previously described in literature [46-48]. The
following sections provide a short overview of the equations used to calculate the main
properties of our system including the fits of the correlation curves that correspond to

values of table 1 in the main article.

Cumulant analysis of DLS data

The light scattering intensity as obtained with DLS or SLS can be described as a constant
average scattering intensity I with a time-dependent part /(t). The intensity autocorre-
lation function Go(7), correlating the scattering intensity at time ¢ with the intensity at
time ¢t + 7, can be described as follows:

(I@t) - I(t+ 7))

G = e

(2.12)



2.7 Vesicle collision and lateral diffusion timescale calculations 49

The corresponding field autocorrelation function G;(7) can be related to G3(7) using the

Siegert equation and can be rewritten as follows:
1
VB

where ( is an experimental constant that depends on the DLS/SLS setup and has a value

Gi(1) = Golr) — 1 (2.13)

approximately equal to unity. Gi(7) can also be written as a weighted average of all
possible decays dependent on the correlation decay rate I', diffusion coefficient D of the

particles and the wave vector ¢:
G1(7) =lim mo—l E wi([y)e Tir (2.14)
1 sl n - i\ti .

with I’ = ¢D and ¢ = %Sin (g) Here, Ag is the wavelength, n is the refractive index of

the medium and @ is the detection angle.

For monodisperse spherical particles, the above equations can be combined, which leads

Iny/Ga(r) =1 =In(A) - I'r (2.15)

with A = /3. By plotting the experimentally obtained Iny/Go(7) — 1 as a function of 7,

to

we obtain a linear relation from which I" and In(A) can be calculated.

For polydisperse samples, the size distribution can be fitted through the cumulant expan-
sion [46]. As in our case the second order cumulant and third order cumulant fits resulted
in similar results for the found diffusion coefficients, the second order cumulant was used to

fit all the data presented in the article. This second order cumulant is expressed as:

Iny/Go(r) —1=In(A) - T'7 + %72 (2.16)

which is effectively is equation (15) but with an extra term 5%. We calculated D from T’
and subsequently used the Stokes-Einstein relation for spherical particles to calculate the

hydrodynamic radius (Rp,):
kgT

- 6mnD

where kg is the Boltzmann constant, T is the absolute temperature and 7 is the viscosity

3 (2.17)

of the solvent. For our calculations, T = 293 K and n = 8.90 x 107* Pa s are used,
corresponding to water at 25 °C. The polydispersity index of the vesicles is calculated
as:

PDI = % (2.18)
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Figure 2.10: The first twenty autocorrelation curves for NBD-0.2% vesicles without added strepta-
vidin (A) and with added streptavidin (Ns/N, = 1/25.6) (B) as obtained using DLS. A single fit is
optimized for all autocorrelation curves (red dashed line).

The first 5 fits of the second cumulant analysis of the DLS results in table 1 in the main

article are shown in figure 2.10.

For our data analysis, we assume the vesicles to be spherical, which is actually not true
for vesicle pairs and higher forms of aggregation. For a simple model of vesicle pairs and
how it relates to the Stokes-Einstein radius of single vesicles, we refer back to section 2

of this document.

CONTIN Analysis

The cumulant method is valid provided that we are dealing with a Gaussian distribution
around a single population. To check this, we performed a CONTIN analysis [52, 53] on
our DLS data. This method uses a multi exponential fit with n fractions with n up to

about 100 fractions:

Ch(7) = % S wr)e (2.19)

with w;(I';) the weighting function showing how much the particles in size range ¢ con-
tribute to the intensity of the scattered light. We subsequently plotted the acquired data
as an "equal area representation” [54], giving w;(I';) - I'; normalized to the maximum
weight, as a function of R. An overview of this analysis for representative aggregation
experiments using all three different linkers is found in figure 2.11

Figure 2.11 shows that a distribution around a single particle size is found for all ag-
gregation experiments. In addition, the radii obtained at the peak values of these size
distributions are similar to those obtained from the cumulant method. We therefore con-
clude that the cumulant method is sufficient to analyse the DLS results obtained during

the aggregation experiments.

We also found a significant broadening of the vesicle size distribution for PG vesicles upon
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Figure 2.11: Particle size distribution curves obtained using a CONTIN analysis on DLS data for
different aggregation experiments. (A) Aggregation of biotinylated vesicles (f, = 0.0004) using strep-
tavidin. From dark to light blue: Ns/N, = 0, Ng/N, = 1/102.4, Ny/N, = 1/12.8, Ny/N, = 1/1.6.
(B) Aggergation of PG vesicles (fpopg = 0.1) using PLL at 10 mM NaCl. From dark to light red:
NPLL/N’U =0, NPLL/NU = 0.75, NPLL/Nv = 1.5, NPLL/Nu = 2.12. (C) Aggregation of S-0 vesi-
cles using C18-pNIPAm. The graphs contain data as measured at 40 °C. From dark to light orange:

fcis—pN1PAm = 0, fcis—pNtPAm = 0.02, fcis—pN1PAm = 0.04, fc1s—pN1PAm = 0.16. The graphs are plot-
ted as an ”equal area representation”, i.e. ® = w;I'; xT';/ (wiFi . Fi)max as a function of R (logarithmic
scale).

addition of PLL. This suggests that at an average aggregation of 2, a broad distribution
between single vesicles, vesicle pairs, trimers etc is obtained. In contrast, for both the
biotin-streptavidin and C18-PNIPAM linker systems the peaks in the size distributions
shift to higher radii as a result of aggregation. This is because of the migration of bi-
otinylated lipids or PNTPAM-C18 to the contact zones which causes vesicle pairs to form

more selectively during the aggregation experiment.

Guinier analysis from SLS data

In a Guinier analysis the natural logarithm of the Rayleigh scattering, In(Ry), is plotted as
a function of the wave factor squared (¢?) as obtained through multi-angle measurements.
For a homogeneous, stable particle solution, the curve follows a linear relationship. See
figure 2.12 for some representative results for the B-0.4% vesicles at different stages of the

aggregation experiment.
Each curve is a linear relationship according to the following equation:

RZ
In(Ry) = In(KrCM) — ?9q2 (2.20)
with K a constant (see equation below) and C' the mass concentration of our sample
which is known (generally C' = 0.075 kg/m3) and also constant. The molar mass (M,,)

can be calculated from the intercept and the radius of gyration (R,) is calculated from
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Figure 2.12: Guinier plots of the multi-angle SLS measurements at different stages of the aggregation
experiment of B-0.4% with subsequent addition of streptavidin. Representative curves are shown for
conditions at N;/N, = 0 (blue), Ny/N, = 1/12.8 (red) and N;/N, = 1/1.6 (orange). Both the
measurements (solid lines) as the linear fit (dashed lines), representing equation (19), are shown.

the slope.
4n2 72 dn

_ 2tmT N2
- AéNAU(dC)

Here n,, is the refractive index of the solvent, A is the wavelength of the light in vacuum,

Kg (2.21)

and g—g is the refractive index increment)

The mean aggregate number (M) is calculated by dividing the average molar mass of the

aggregates by the average molar mass of the single vesicles: (My):

(2.22)

Fitting of the form factor

When examining a dispersion of particles using light scattering, light that emits from dif-
ferent parts of a particle can lead to interference of the scattered light. This interference
partially extincts the scattered light, resulting in a lower Rayleigh ratio (Rp). The reduc-
tion of Ry is described by the form factor (P), which is a function of the wave vector (q)
and the radius of the particle (R). By fitting the form factor to the static light scattering
data (Ry as a function of ¢) we can obtain the radius (R) of our vesicles. While the
fitting of the form factor is an alternative way to calculate the radius of particles, in our
aggregation experiments this method is not very suited as the form factor equation needs
to be adapted to the shape of the particles, which differs between vesicles, vesicle-pairs
and higher forms of aggregation, and is not accurately known. For this data analysis, we

assumed all particles to consist of spherical hollow shells for which the thickness of the
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Figure 2.13: Form factor fits, fitted according to equation (22), of our multi-angle SLS experiments
are shown (A), including the residuals of the fit (B). The measurement was performed at scattering
angles ranging from 30° to 130°. Measurements are shown corresponding to three conditions during
our aggregation experiment with B-0.4% vesicles with subsequent addition of streptavidin: Ng/N, = 0
(blue), Ny/N; = 1/25.6 (red) and Ns/N;, = 1/1.6 (orange). Both measured data (solid lines, A) and
the form factor fits (curved lines, A) are shown. The fits are optimized to that the sum of residuals is
minimal.

shell (i.e. the membrane) is infinitely thin. The form factor can then be simplified to the

P(gR) = <mq(—ff)>2 (2.23)

The results of this fit for 3 stages during our aggregation experiment with biotin and

following equation:

streptavidin can be found in figure 2.13.

As can be seen from the figure, we can fit the data of individual vesicles much better
compared to the data obtained at conditions in which we have vesicle pairs or higher
forms of aggregation, reflected by much higher residuals for these conditions compared to
individual vesicles. While we cannot accurately estimate the correct radius of our particles
using this approach, the results indicate that vesicles during the aggregation experiments
do not fuse to form larger vesicles, since if that was the case, fits of the form factor of a

hollow spherical shell would hold better.

2.7.2 FCS data analysis

In this section we provide a short overview of the equations used to fit the correlation
curves obtained from FCS measurements. The approaches used to calculate the main
properties of our system, like the average number of fluorescent particles in the confocal
volume (N) and the diffusion coefficient (D), can be found in literature [47, 50].

The fluorescence intensity as obtained with FCS can be described as a constant average
fluorescence intensity I with a time-dependent part I(¢). The autocorrelation function
G(t), correlating the fluorescence intensity at time ¢ with the intensity at time ¢ 4 7, can

be described as:
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Figure 2.14: FCS autocorrelation curves for NBD-0.2% vesicles without added streptavidin (A) and
with added streptavidin (Ns/N, = 1/25.6) (B). A single fit according to equation (24) is optimized for
all autocorrelation curves (red dashed line).

B (I(t)-I(t+71)) B (V2 + (AI(t) - AI(t+7))
R O G (224

The autocorrelation curves that are obtained can be fitted with

1 Fii T
G(1) = 1—|——<1—|——rlp > . et Tuip
(7) (N) 1— Fuip
(2.25)

Z (]. + t/’rdiﬂ‘yi) . \/1 =+ (wzy/wz)Q . t/’rdiff’i

i=1

Properties in this equation not yet described are Fi,,, which accounts for the fraction
of molecules in the triplet state and T3, which is the average time a molecule resides
in the triplet state. The last part of the equation describes the diffusion behavior of the
molecules, where Fj is the fraction of species, ¢, with diffusion time 74 i; Wey and w, are
the equatorial and axial radii of the detection volume, respectively. See figure 2.14 for
the fit of the correlation curves corresponding to the results as displayed in table 1 in the

main article.
The diffusion coefficient D; of species ¢ is directly related to the observed diffusion time
Taiff,i, according to

OJ2

Ty 2.26
Y4 Ty (2.26)

The hydrodynamic radius (Ry,) for the vesicles, can be calculated using the Stokes-Einstein

equation for spherical particles, see equation 2.17.

The mean aggregate number (M) for FCS is calculated by dividing the average number
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Figure 2.15: Normalized hydrodynamic radius of vesicles with f; = 0.01 as a result of stepwise
adding streptavidin. Results for various vesicle concentrations are shown: C, ~ 2.0e—10 M (blue),
Cy ~5.0e—10 M (red) and C, ~ 2.5e—9 M (orange).

of single vesicles in the confocal volume ((Ng)) by the actual average number of particles

in the confocal volume ((N)).

(No)

M=)

(2.27)

For our data analysis, we assume the vesicles to be spherical, which is actually not true
for vesicle pairs and higher forms of aggregation. For a simple model of vesicle pairs and
how it relates to the Stokes-Einstein radius of single vesicles, we refer back to section 2.6.2

of this document.

2.7.3 Effect of vesicle concentration on aggregation of vesicle pairs using

biotin and streptavidin

The aggregation of the vesicles as a function of N;/Ny is independent of the vesicle
concentration: see figure 2.15. From this result it can be concluded that our experiments
are in the regime where the collision time between vesicles is much higher than the diffusion
time of biotin-bound streptavidin to existing contact zones: if the collision time would be
comparable or smaller than the lipid diffusion time, aggregation beyond vesicle pairs would
increase with increasing vesicle concentration, until eventually uncontrolled aggregation

would occur, as found by Kisak et al [30].




56 Self-limiting aggregation of phospholipid vesicles

D [pm/s]

|
0 0.2 0.4 0 20 40

Z [-] t [min]

Figure 2.16: Normalized diffusion coefficient of vesicles as a function of Z, the ratio between positive
charges, due to polylysine, and negative charges, due to DOPG (A). The experiment is performed
for PG-5% vesicles (red), and for PG-10% vesicles (blue). Small polylysine (M, of 1 - 5 kg/mol) are
subsequently added to the vesicle solution. The diffusion coefficient as measured with DLS is shown
as a function of time after adding small polylysine to the solution (B). Here, results of PG-5% vesicles
are shown at a Z = 0.35 (blue) and a Z = 0.5 (red). Note that the blue curve in B represents the last
data point of the red curve in A.

2.7.4 Vesicle aggregation for small polylysine

Controlled aggregation of vesicles using small PLL molecules (M, of 1 - 5 kg/mol) was
practically not achieved. Adding a small amount of PLL did not lead to any aggrega-
tion, see figure 2.16A. Increasing the amount of PLL in the solution, had no effect until
uncontrolled complete aggregation occurred. This is illustrated in figure 2.16B by the pro-
gressive decline of the diffusion coefficient when Z = 0.5 (red curve), while for Z = 0.35
(blue curve) (represents the last data point of the red curve of figure 2.16A) the diffusion

coefficient D remained stable.

We assume that the cause for this behaviour is related to the gradual adsorption of small
PLL molecules to the vesicle surface. In low concentrations they absorb only a little as
the conformational and translational entropy penalty upon binding to a vesicle is too
high, while the entropy gain of released counterions compensates only just for this. The
adsorption increases slowly with concentration and as soon as they do adsorb significantly
so that they can induce bridging, the concentration of freely dispersed PLL molecules is
sufficiently high so that these can replenish the chains that are lost in the contact zones.
In contrast, for large PLL molecules strong adsorption already occurs at very low PLL
concentrations such that the adsorption and subsequent bridging results in a decline of
the PLL concentration in the bulk. This depletion of freely dispersed chains prevents
further adsorption on the freely exposed vesicle surfaces, simply because the PLL chains
are not available: for large PLL chains all chains are adsorbed and virtually no chains
remain in the bulk. In other words, short PLL chains with a finite bulk concentration
have a buffering capacity for adsorption, while longer chains with a vanishing bulk con-

centration lack this buffering capacity. In this explanation the surface-to-volume ratio is
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Figure 2.17: Electrophoretic mobility results for the aggregation experiments involving PG vesicles
and PLL. Aggregation experiments with stepwise addition of PLL, up until uncontrolled aggregation
occurred (A) (corresponding to the DLS data of figure 3 in the main document), as well as aggregation
experiments in which PLL is added in one go (B) are shown. Blue: vesicles with a DOPG lipid fraction
fpopa = 0.025. Red: fpopg = 0.1. Measurements were performed at three NaCl concentrations: 10
mM (circles), 50 mM (triangles) and 100 mM (squares).

essential.

2.7.5 Electrophoretic mobility of PG vesicles

In addition to DLS and SLS, the electrophoretic mobility (p.) was measured to check
for potential neutralization of DOPG vesicles by PLL addition. See figure 2.17 for the

results.

As can be seen from figure 2.16A, . remains constant with increasing Z (NprL/Npopa)-
This could mean that no PLL adsorbs to the vesicle surface at all, leading to no aggregation
of vesicles. This is the case for fpope = 0.025 and Cnac1 = 100. However, for other
conditions, our DLS and SLS measurements clearly show an increase in aggregate size,
indicating that for these conditions PLL does adsorb onto the surface of the vesicles. We
anticipate that PLL is completely enclosed within the contact area of vesicle pairs or
aggregates. It is therefore not present in the slipping plane of the aggregates and thus

has practically no effect on .

The mobility . is depending on the salt concentration (Cyacy) or vesicle charge density (o)
though. A higher o, caused by an increasing fraction of DOPG in the vesicles, increases
the absolute mobility (|u.|) of vesicles, while a higher Cnac1 decreases it. Interestingly,
|pee| is still higher at high o with a high Cxaci, compared to low o at low Cnac1, which
supports the notion that the electrostatic interaction between PLL and vesicles is still
very high for high ¢ with a high Cnac1 and thus the effect of salt concentration on the

extent of vesicle aggregation is not yet visible.

Although we observed a continuous increase in aggregate size for Z ~ 1 and size mea-

surements are therefore unreliable, electrophoretic mobility measurements still gives us
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much insight. It is expected that p. changes sign at Z ~ 1, as was previously reported

[62]. To confirm this, we performed additional zeta potential measurements of vesicles

in which a substantial amount of PLL is added in one go, see figure 2.16B. We indeed

observe a change in sign, which indicates that for Z ~ 1 PLL is not fully enclosed in

contact areas.
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CHAPTER 3

Step-wise linking vesicles by combining
reversible and irreversible linkers

Towards total control on vesicle aggregate sizes

Small vesicle aggregates as a model for primitive cellular assemblies or for application
as multi-compartment drug delivery systems recently received a lot of interest, yet
controlling the aggregation of vesicles to predetermined aggregate sizes remains quite
a challenge. We show that this type of control is possible by using a combination of
two different linker systems: streptavidin-biotin and C18-pNIPAm. The latter linker
is a thermoresponsive surfactant, which below its lower critical solution temperature
(LCST) of 32 °C acts as barrier on the outside of the vesicles preventing aggregation,
even in the presence of other linkers. Above the LCST however, C18-pNIPAm collapses,
becomes sticky and thus acts as a linker inducing aggregation. By working at low
vesicle concentrations and tuning the C18-pNIPAm/lipid ratio, the aggregation is by
design limited. When the temperature drops below the LCST again, the aggregation
is reversed. However, this is not the case if other linkers are present. The collapse of
C18-pNIPAm above the LCST provides close contact between vesicles, allowing other
linker molecules to connect them. By combining the reversible ’switch-like’ aggregation
properties of C18-pNIPAm, with the irreversible linkage between biotinylated lipids
and streptavidin, it is possible to control the size of the aggregates step by step using
a simple temperature program.

This chapter has been published as: de Lange, N., F. A. M. Leermakers, and J. M. Kleijn.
Soft Matter 16(29) (2020): 6773-6783.
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3.1 Introduction

Aggregation of colloidal particles is a widely popular research field where recently the
interests have shifted towards controlled or directed self-assembly into pre-designed struc-
tures. Aggregation of liposomes (lipid vesicles) is of special interest as it provides a model
system for cell-cell or cell-organelle interactions. Liposomes have been used for various
applications like drug delivery [1, 2], bioreactors [3, 4], and to study chemical reactions
under confinement and biologically relevant conditions [5]. Controlled assembly of these
vesicles into small aggregates further expands the possible applications, for example for
multi-compartment drug delivery [2]. More recently, vesicle aggregates have gained much
interest as a platform to create synthetic cells [6]. A special challenge is making synthetic
cell tissues from vesicles, where they need to be attached together as small aggregates.

Successful strategies however are sparse [7].

Control over the aggregation of colloidal particles has been achieved in different ways such
as using symmetrically arranged patches [8], specific shapes [9], and surface functionali-
sation with linkers like DNA [10-13] or biotin and streptavidin [14].

Aggregation of vesicles has been studied extensively as well. Linkers such as biotin and
streptavidin [15-17], DNA with sticky ends [18], polyelectrolytes (with charged vesicles)
[19-21], and recently a thermosensitive surfactant, C18-pNIPAm [15], have all been used to
induce vesicle aggregation. However, control of the size of vesicle aggregates remains lim-
ited, or very hard to accomplish. In previous work we achieved to restrict the aggregation
to the level of mainly vesicle pairs using either biotin and streptavidin or C18-pNIPAm as
the linker system [15]. The key factor allowing such limited aggregation resulting in rel-
atively sharp aggregate size distributions, is that the membrane-bound linker molecules
diffuse to the contact area between two vesicles, depleting the rest of the membrane,
before collision with another vesicle occurs. We therefore defined this as ”self-limiting
aggregation”. As a prerequisite, the vesicle concentration needs to be low, so that the
time scale on which vesicles collide, is much smaller than the typical diffusion time of
the linker molecules along the membrane. While this concept of self-limiting aggregation
can be applied using C18-pNIPAm or streptavidin-biotin, these two linker systems are
very different from one another. Aggregation of biotinylated vesicles using streptavidin
is practically irreversible and happens immediately after adding streptavidin. In con-
trast, addition of C18-pNIPAm stabilizes the vesicles at room temperature, and initiates
aggregation only at temperatures above the LCST ( 32 °C). Upon lowering of the tem-
perature below the LCST again, the collapsed pNIPAm chains take up water again and
the vesicles dissociate. The formation of vesicle pairs or other small vesicle aggregates
using C18-pNIPAm is thus reversible with respect to temperature [15].
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In this paper we show that combining the two linker types, C18-pNIPAm and streptavidin-
biotin, and applying temperature cycles (25 °C/40 °C), it is possible to induce a step-wise
growth of vesicle aggregates and obtain small aggregates of a predetermined size. In addi-
tion, we discuss ways to control the increase in aggregation number, defined as the number
of single vesicles per aggregate, that occurs during each temperature cycle. This involves
variation of the added amount of linker molecules (biotinylated lipids, streptavidin and
C18-pNIPAm) or, in specific cases, changing the time span of the 40 °C step. Throughout
this step-wise process of aggregation, individual vesicles remain intact and do not show
signs of fusion. We prove this using an assay by which lipid exchange between vesicles is

monitored using FRET (Forster resonance energy transfer).

In addition to the relevance for the above-mentioned applications, the ability to create
stable, small vesicle aggregates paves the way for investigation of intricate phenomena
related to inter-membrane interactions, such as fusion and the formation of membrane
handles.

3.2 Materials and methods

3.2.1 DMaterials

All chemicals are analytical grade and were used without further purification. Chlo-
roform solutions of the phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap  biotinyl) (DOPE-biotin), 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rhod-
PE) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-
4-yl) (NBD-PE) were purchased from Avanti Polar Lipids Inc. Streptavidin was pur-
chased from Jackson ImmunoResearch. N-isopropylacrylamide (NIPAm) was obtained
from TCI Europe N.V. Other chemicals were acquired from Sigma-Aldrich. This in-
cludes 1-octadecatonethiol, 2,2’-azobis(2-methylpropionitrile (AIBN), 0.1% (w/v) poly-
L-lysine solution in HyO (M, = 1.5 x 10° — 3.0 x 10% g/mol), poly-L-lysine hydrobromide
(M, =~ 1000 — 5000 g/mol) and all chemicals used to make the buffer solutions.

Buffer solutions were prepared using ultrapure water (resistivity > 18 M cm). Unless
otherwise mentioned, they contained 10 mM Tris (2-amino-2-(hydroxymethyl)propane-
1,3-diol) and 50 mM NaCl. The pH was adjusted to 7.5 using 1 M HCI or 1 M NaOH.
All buffer solutions were filtered through 0.2 ym pores before use.
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Table 3.1: Composition of the various vesicles and their size and polydispersity index (PDI) in 50
mM NaCl as determinded by DLS.

Vesicle Code Molar membrane composition Radius PDI
[DOPC/DOPE-Biotin [nm] + st. dev. [-] £ st. dev.
Rhod-PE/NBD-PE]

B-0.08% 999.2 /0.8 /0/0 73.6 £ 1.4 0.10 + 0.04
B-0.4% 996 /4/0/0 74.6 £ 2.0 0.11 £ 0.04
B-2% 980 /20/0/0 76.9 + 1.6 0.13 + 0.05
Rhod-1% 986 /4 /0/10 70.8 + 1.5 0.12 + 0.06
NBD-1% 986 /4 /10 /0 71.3 £ 1.2 0.11 + 0.04
NBD-Rhod 986 /4 /5 /5 721+ 15 0.12 + 0.05
NBD25-Rhod75 986 /4 / 7.5 / 2.5 69.1 & 3.1 0.26 + 0.04
NBD75-Rhod25 986 /4 /2.5 / 7.5 66.5 + 2.0 0.22 + 0.04

3.2.2 Vesicle preparation

Large unilamellar vesicles have been prepared by extrusion following the procedure as
described by De Lange et al [15]. First, phospholipids dissolved in chloroform were mixed
in the right composition in a round-bottom flask and dried in the vacuum oven for two
hours. The obtained lipid film was then re-suspended in buffer solution to a final lipid
concentration of C; &~ 2.0e—2 M and hydrated for about one hour in a rotary evaporator
(no vacuum, 323 K, 100 rpm). The obtained (giant) multilamellar vesicles underwent
eight freeze-thaw cycles using liquid nitrogen to freeze and a 40 °C water bath to thaw to
gain unilamellar vesicles. Afterwards, the vesicles were extruded 21 times using a mini-
extruder (Avanti Polar Lipids, Inc) equipped with a polycarbonate membrane with 0.2
pm pore sizes, which gave vesicles of approximately 75 nm in radius. The vesicles were
subsequently collected and stored in the fridge until further use. The maximum storage

time was 1 week.

Characterization of the vesicles was performed using dynamic light scattering (DLS) [22,
23]. A cumulant analysis [24], showed the vesicles to be spherical, with a hydrodynamic
radius Rj, between 65 and 75 nm and a polydispersity index (PDI) of & 0.1. For a detailed
overview of the cumulant analysis and the calculated PDI, see the supported information

of previous work [15].

See table 3.1 for an overview of the prepared vesicles.
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3.2.3 C18-pNIPAm surfactant synthesis

We used the same C18-pNIPAm surfactants as in previous work [15], which were synthe-
sized following the protocol as published by Kodger et al [25]. In short, 1-octadecanethiol
(1.03 g, ~ 3.5 mmol), NIPAm (29.36 g, ~ 262.5 mmol) and AIBN (1.14 g, ~ 7.0 mmol)
in a molar ratio of 1:75:2 were dissolved in 100 ml THF. After bubbling the solution with
nitrogen for 30 minutes, the free radical chain-transfer polymerization was run overnight
at 55°C. Purification was done by precipitation into cold hexane, with subsequent cen-
trifugation. The precipitate was dried under vacuum, collected and stored for further use.
The average molecular weight (M,,) of the surfactant was characterized by gel perme-
ation chromatography (GPC) with HFIP (hexafluoro-2-propanol) as the running solvent;
this gave (M,) = 5708 g/mol, with a polydispersity index (PDI) of 2.8 and a degree of
polymerization of approximately 50.

3.2.4 Vesicle aggregation experiments
sample preparation

Samples were prepared by diluting the vesicles in buffer to a final lipid concentration
C; =~ 1.0e—4 M, unless otherwise mentioned. Subsequently, a small amount of C18-
pNIPAm linkers was added, generally to obtain a fraction of C18-pNIPAm per lipid of 0.05
(fers—pN1PAm/iipia = 0.05). When applicable, streptavidin was added after the addition
of C18-pNIPAm.

Light scattering

The aggregation of vesicles was followed using DLS. All light scattering experiments were
performed using an ALV instrument equipped with an ALV5000/60x0 external correlator
and a 300 mW Cobolt Samba-300 DPSS laser operating at a wavelength A = 532 nm.

Standard DLS measurements consisted of continuous measurements of 10 s recorded at a
90° angle. During the recording, the samples underwent a temperature program. Unless
otherwise mentioned, this involved an initial 10 minutes at 25 °C, after which several
temperature cycles were performed of 45 minutes at 40 °C and subsequently 30 minutes
back at 25 °C .

3.2.5 Determination of lipid exchange between vesicles

To check for potential vesicle fusion a simple FRET assay was applied to observe phospho-
lipid exchange between vesicles during aggregation experiments. As FRET pairs, we used
fluorescently labeled lipids, NBD-PE as the donor and Rhod-PE as the acceptor.
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Aggregation experiments with fluorescently labeled phospholipids

Sample preparation for FRET experiments was similar as described above. Here 1:1
mixtures of NBD-1% vesicles and Rhod-1% vesicles were used (see Table 3.1). After
adding C18-pNIPAm and streptavidin, aggregation during the temperature program was
monitored with DLS as before, now taking out 1.5 ml of sample at several stages, generally
after 0, 1, 5 and 13 temperature cycles, to be measured using fluorimetry. As controls
we performed the same experiments adding only C18-pNIPAm, only streptavidin or no

linkers at all to the vesicle mixtures.

Fluorimetry

Standard fluorimetry measurements were recorded using a Cary Eclipse Fluorescence
Spectrophotometer from Agilent Technologies. The temperature was controlled using
a Cary Temperature Controller. Unless otherwise mentioned, measurements involved
recording emission spectra from A, = 470 — 640 nm with an excitation wavelength

Aez = 460 nm. The excitation and emission pinhole slit size was set to 5 nm.

Calculating the degree of phospholipid exchange

To calculate the degree of phospholipid exchange between the vesicles during the step-wise
aggregation process, we performed some control fluorimetry measurements with the same
settings as mentioned above. These included emission spectra of only NBD-1% vesicles,
only Rhod-1% vesicles, a 1:1 mixture of NBE-1% vesicles and Rhod-1% vesicles, NBD-
Rhod vesicles and a 1:1 mixture of NBD75-Rhod25 with NBD25-Rhod75 vesicles. The

emission spectra are shown in figure 3.1.

We calculated the fraction of lipid exchange as follows. First, the FRET efficiency (F) of

each sample was obtained from its emission spectrum:

I5ss

= 3.1
Is3s5 + I5g3 (3.1

Is35 and I5g3 are the fluorescence intensities measured at A = 535 nm and A = 583 nm,
the wavelengths corresponding to the peak emissions of NBD and Rhod, respectively: see
the blue and green spectra in figure 3.1. Subsequently, a calibration curve was drawn
between the FRET efficiencies of a 1:1 mixture of NBD-1% and Rhod-1% (orange curve,
figure 3.1), of the NBD-Rhod vesicles (purple curve, figure 3.1) and of a 1:1 mixture of
NBD75-Rhod25 with NBD25-Rhod75 vesicles (red curve, figure 3.1), which were defined
as 0%, 100% and 50% lipid exchange respectively. Using this calibration curve, the lipid
exchange was estimated for the samples drawn during the aggregation experiments with



3.3 Results and Discussion 69

100 - N

1]

50

500 550 600

A [nm)]
Figure 3.1: Emission spectra of control vesicle mixtures used to calculate the fraction of phospholipid
exchange. These include NBD-1% vesicles (blue), Rhod-1% vesicles (green), a 1:1 mixture of NBD-
1% and Rhod-1% (orange), NBD-Rhod vesicles (purple) and a 1:1 mixture of NBD75-Rhod25 with

NBD25-Rhod75 vesicles (red). The total vesicle concentration was kept at C,, = 5e—10 M. Excitation
wavelength \., = 460 nm.
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Figure 3.2: Schematic representation of the individual vesicles with added C18-pNIPAm and added
streptavidin before the temperature cycle. The carbon tail of the C18-pNIPAm inserts itself into the
membrane, while the swollen pNIPAm polymer block forms a corona around the vesicle. Streptavidin
is not able to reach the biotin due to steric hindrance of the C18-pNIPAm.

fluorescently labeled phospholipids.

3.3 Results and Discussion

3.3.1 The first temperature cycle
General aggregation behaviour

Biotinylated vesicles with added C18-pNIPAm, with and without streptavidin in solu-
tion, were subjected to the standard temperature cycle. See figure 3.2 for a schematic

representation of the starting situation.
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Figure 3.3: Normalized hydrodynamic radius Ry /Ry over time for A) B-0.08% vesicles, B) B-0.4%
vesicles and C) B-2% vesicles. All vesicles underwent a standard temperature cycle of 10 min at 25
°C, 45 min at 40 °C and 20 min back at 25 °C. The C18-pNIPAm/phospholipid fraction is fixed to
Jei1s—pN1PAM/tipia = 0.05. The blue curves represent the temperature. The yellow curves show the
results for vesicles without added streptavidin. The other curves are for cases where streptavidin is
added as well and each color represents a particular amount of streptavidin added. The resulting
streptavidin/biotin ratios (f,/s) are: A) 1/4 (orange), 1/2 (red) and 1 (purple); B) 1/20 (orange), 1/10
(red) and 1/5 (purple); C) 1/100 (orange), 1/50 (red) and 1/25 (purple).

This first temperature cycle already shows the differences between these two cases, see
figure 3.3. In short, vesicles with only C18-pNIPAm added as linkers show reversible
self-limiting aggregation triggered by temperature, as was shown before [15], whereas the
combination of C18-pNIPAm and streptavidin-biotin linkers leads to self-limiting aggre-
gation upon increasing the temperature as well, but now this process is irreversible. To
explain the differences in detail, we will describe the general picture, going chronologically
through the three stages of this temperature cycle. These stages are 1) 10 minutes at 25
°C, 2) 45 minutes at 45 °C, and 3) 20 minutes back at 25 °C.

No aggregation occurs during the first stage, regardless of whether streptavidin is present
or not. C18-pNIPAm is thus blocking the aggregation that biotin and streptavidin would
initiate otherwise [15]. Either the swollen pNIPAm corona around the vesicles prevents
streptavidin from binding to the biotin on the vesicles (as illustrated in figure 3.2), or
if streptavidin does bind to biotin on individual vesicles, these cannot come in close
enough contact to allow streptavidin to connect them. Important to note is that for all
experiments reported here, streptavidin is added after addition of C18-pNIPAm. When
added in opposite order, some aggregation already takes place before addition of C18-
pNIPAm, and after adding C18-pNIPAm the measured particle size is stable but higher

than that of individual vesicles (data not shown).

In stage 2, aggregation occurs as the temperature is above the LCST of C18-pNIPAm.
At this temperature the pNIPAm chains collaps and start to attract each other. All C18-
pNIPAm molecules, including those that exist as micelles in the solution, assemble into
sticky patches onto the surface of the vesicles. This initiates the aggregation, which hap-

pens rapidly and, in case no streptavidin is present, stops abruptly once there are mainly
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vesicle pairs in the solution. This self-limiting aggregation has been described in detail
in previous work [15]. As explained in the introduction, at relatively low vesicle concen-
trations as used in the experiments described here, when a vesicle has aggregated with
one or two other vesicles, the still remaining linkers diffuse to the formed contact area(s)
before collisions with other vesicles happen, so that further aggregation does not occur.
With added streptavidin the initial fast aggregation generally leads to somewhat larger
aggregates compared to using only C18-pNIPAm. This is simply because the collapse
of C18-pNIPAm allows streptavidin to bind to biotin, so more linkers are available and
successful collisions between vesicles with subsequent linking happen more often. In most
cases, aggregation remains limited to small vesicle aggregates. Based on a simple model
describing vesicle pairs as prolate ellipsoids, the hydrodynamic radius of a vesicle pair is
about 1.3 times that of a single vesicle, depending on the size of the contact zone [15]. As
our current experiments show a Rj,/Ry between 1.5 and 2, we estimate the aggregation

number in the order of 2-4 vesicles.

The most outstanding difference between the vesicle aggregation with and without added
streptavidin becomes apparent in the third stage. At this stage, the temperature is back
below the LCST of C18-pNIPAm, which swells again and is no longer sticky. In the
absence of streptavidin therefore the small aggregates fall apart again into individual
vesicles. However, when streptavidin was added, the links formed between biotin and
streptavidin during the 40 °C step keep the small vesicle aggregates intact. Further
aggregation through to biotin and streptavidin is however not possible, due the swollen

pNIPAm chains preventing vesicles and small aggregates to come into close contact.

Effect of streptavidin-biotin ratio

To best explain the effect of the ratio of streptavidin and biotin (f/), we will speak
in terms of biotin-limited and streptavidin-limited regimes. As streptavidin has four
biotin binding sites and assuming that about half of the available biotin resides in the
inward-facing part of the vesicle bilayer, the maximum amount of streptavidin-biotin
linkers available for connecting vesicles is at a f,, ~ 1/8 and higher. Below this fraction
more biotin is present than biotin binding sites, and thus this is the streptavidin-limited
regime. For f,;, > 1/8 more biotin binding sites are available than biotin and this region
is therefore denoted as the biotin-limited regime. At f,;, > 1.4 the excess of streptavidin
is large enough to potentially bind and block all biotin on a vesicle before a link with
another one is established and as a result practically no links between vesicles would be
formed. Without C18-pNIPAm an excess of streptavidin to biotinylated vesicles limits

the total aggregation and this effect is well-known in literature [15, 16].
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Figure 3.4: Normalized hydrodynamic radius Rp/Rg over time for B-0.4% vesicles undergoing a
standard temperature cycle of 10 min at 25 °C, 45 min at 40 °C and 20 min back at 25 °C. Streptavidin
is added to obtain a ratio f,, = 1/5 (A), fop = 1/10 (B) and f,;, = 1/20 (C). The amount of
ClS—pNIPAm is varied: fClS*pNIPAM/lipid = 0.05 (orange), fClS*pNIPAJW/lipid = 0.025 (red) and
fClS—pNIPAJW/lipid = 0.0125 (purple).

Using streptavidin-biotin in combination with C18-pNIPAm results into similar trends in
vesicle aggregation as found without C18-pNIPAm. This means that in the streptavidin-
limited regime (f,, < 1/8), adding a higher amount of streptavidin results in higher
aggregate sizes after a single temperature cycle, see figures 3.3B and 3.3C. For the biotin-
limited regime, the opposite effect is visible: adding more streptavidin slightly lowers the
final aggregate size after one temperature cycle, as shown in figure 3.3A. Interestingly,
even at a very high streptavidin biotin ratio of f,, ~ 1 (purple curve in figure 3.3A),
vesicle aggregates remain intact after a full temperature cycle which shows that still a
sufficient amount of streptavidin-biotin links could be established between vesicles. This
is a strong indication that during the initial temperature step at 25 °C, the C18-pNIPAm
not only hinders vesicles to come in close contact with each other, but also blocks binding
of streptavidin to biotin. Otherwise, streptavidin would have covered all available biotin
before aggregation started at 40 °C.

Effect of the amount of C'18-PNIPAm

The effect on vesicle aggregation of varying the amount of C18-pNIPAM linkers at different
fsp ratios is explored as well and the results are presented in figure 3.4. The effect of
adding more C18-pNIPAm is straightforward and can be summarized as follows: the size
of the vesicle aggregates during the 40 °C temperature step is dependent on the amount
of C18-pNIPAm added, but the size of the vesicle aggregates after one full temperature
cycle is not. As can be seen in figure 3.4, an increase in the amount of C18-pNIPAm
added generally results in higher aggregate sizes at 40 °C. This effect is most apparent
in figure 3.4B and C. Interestingly, the effect of the amount of C18-pNIPAm is smaller
for B-0.4% vesicles with a f,;, = 1/5, see figure 3.4A. This indicates that in this case
streptavidin-biotin binding between vesicles contributes more to the aggregation process
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Figure 3.5: Normalized hydrodynamic radius Ry, /Ry of B-0.4% vesicles containing C18-pNIPAM with
streptavidin (f,/, = 0.2, orange), and without streptavidin (red) as they undergo multiple temperature

cycles. The blue curve shows the temperature. For the red curve fois—pnrpanm/ fphosphotipids = 0.05
and for the orange one fois—pN1PAM/ fphospholipids = 0.0125.

compared to the cases of f;, = 1/10 and f, = 1/20, as more streptavidin-biotin linkers
are available. As a result, the effect of changing the added amount of C18-pNIPAm is
negligible. After a full temperature cycle, vesicle aggregates are linked together solely
due to biotin- streptavidin links as the C18-pNIPAm is swollen again and non-attractive
to other C18-pNIPAm molecules. In line with this, the size of the aggregates after a full
temperature cycle slightly decreases with decreasing f;,;, ratios, a trend which is visible

in figure 3.3 as well.

3.3.2 Multiple temperature cycles

While tuning the amount of linkers already allows controlling the aggregate size in the first
temperature cycle, repeating the temperature cycle a number of times expands the options
on obtained aggregate sizes extensively. After the first temperature cycle, aggregates on
the level of vesicle pairs or vesicle trimers have been formed (Ry,/ Ry generally in the range
1.5 to 2). While the aggregation is triggered by the collapse of C18-pNIPAm at elevated
temperature, streptavidin-biotin bonds keep the aggregates intact as the temperature is
dropped again. C18-pNIPAm swells and loses its stickiness, and is presumably driven
out of the confined contact zones. As such, it is available again on the outside of the
vesicle aggregates and can trigger further aggregation when the temperature goes above
the LCST again. Provided there are still enough free biotin and streptavidin molecules in
the system, newly formed contact zones will again be consolidated. This offers a simple

way to increase step by step the aggregate size.

As can be seen in figures 3.5 and 3.6, in the presence of streptavidin the size of the

aggregates seems to increase exponentially with the number of temperature cycles. This
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Figure 3.6: Normalised hydrodynamic radius (R /Ry) as a function of number of temperature cycles
n for B-0.4% vesicles containing fois—pnipam/iipia = 1/160 (blue), fois—pN1pamiipia = 1/80 (red),

fc18—pN1PAm tipia = 1/40 (orange) and fois—pnrpam/tipia = 1/20 (purple). To all samples, strepta-
vidin was added to a fy/, ~ 1/5. Rj was measured at 25 °C after each full temperature cycle (45 min
at 40 °C and 30 min back at 25 °C.

reflects that vesicle aggregates start aggregating with each other rather than with single
vesicles, which are not abundantly present anymore, and that this aggregation is again

self-limiting.

As the size of the aggregates increases step-wise with each temperature cycle, control on
the final (average) aggregate size can thus be achieved by tuning the amount of cycles the
sample goes through. It should be noted however that after the first temperature cycle
the aggregate size distribution is still narrow, but with each cycle it becomes wider, since
aggregates of different sizes randomly collide and are linked together. The consequence
is that for obtaining aggregates of rather well-defined sizes, one should not apply too
many temperature cycles, say up to four or five. We will come back to the aggregate size

distributions later in the discussion.

Further control on the increase of aggregate sizes with each temperature cycle can be
achieved by optimizing the amount of C18-pNIPAm linkers and the amounts and ratios of
streptavidin and biotin. These ways to influence the aggregation process will be explored
in the following subsections. In addition, the duration of the 40 °C step in the temperature
cycles can be used as control parameter. As visible in figure 3.5, during this step the
aggregate size gradually increases, a phenomenon that becomes significant after a few
temperature cycles. This may be explained by a reduction in the frequency of the number
of successful collisions between aggregates, due to their increasing size (decreasing diffusion
coefficient) and declining number concentration. As a result the average aggregate size

does not show a fast increase at the beginning of the 40 °C step anymore, but a more
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Figure 3.7: Normalised hydrodynamic radius (Ry/Ry) as a function of number of temperature cycles
n for B-2% vesicles (A) and for B-0.08% vesicles (B). A) fs/p = 1/204.8 (blue), f,p = 1/102.4 (red),
fsyp = 1/51.2 (orange), f,;p = 1/25.6 (purple) and f,;, = 1/12.8 (green). B) no streptavidin added
(blue), fo/p = 1/8 (ved), fop = 1/4 (orange), fs/» = 1/2 (purple) and f,/, = 1 (green). For all samples
fe1s—pNIPAm/lipia = 1/20. Ry was measured at 25 °C after each full temperature cycle (45 min at
40 °C and 30 min back at 25 °C). The change in the normalized radius with each temperature cycle
(AR /Ryp) is shown in the insets of the graphs.

gradual growth during the whole period of elevated temperature. Anyway, it is evident
that aggregate sizes can be tuned by changing the time span of this step.

Effect of the amount of C18-pNIPAm

The amount of C18-pNIPAm added to the vesicles affects the aggregation in successive
temperature cycles in the same way as in the first one. Adding more C18-pNIPAm
enhances the growth in aggregation number occurring at 40 °C. Provided that there is
enough biotin and streptavidin to stabilize the contact areas, the exponential increase in
aggregate size happens faster at higher amounts of C18-pNIPAm added, as can be seen
in figure 3.6.

Effect of the amount of biotin and streptavidin

To observe the effect of the amounts of biotin and streptavidin, we performed experiments
on both B-2% and B-0.08% vesicles with varying amounts of streptavidin while keeping
the amount of C18-pNIPAm the same (feis—pn1pam/iipia = 1/20).

In principle, when working in the streptavidin-limited regime (f,, < 1/8), the more
streptavidin added, the higher the increase in aggregate size per temperature cycle (figure
3.7A). However, a threshold amount of linkers is needed to obtain further aggregation
with more temperature cycles: the red and blue curves in figure 3.7A represent cases
below this threshold. Figure 3.7B shows that for vesicles with only 0.08% biotinylated
lipids the threshold amount of linkers is hardly reached at f,;, = 1/8 (orange curve).
In this case, increasing f,;, only lowers the total amount of links that can be formed,

because the excess of streptavidin leads to blocking of the limited available biotin. This
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aggregation behaviour clearly illustrates that the task of biotin and streptavidin is to keep
the aggregated vesicles together through the temperature cycles, rather than to initiate
the aggregation. If the amount of streptavidin-biotin linkers is below the threshold, they
are effectively used up in the first cycle, which is clearly illustrated by the inset in figure
3.7B.

3.3.3 Lipid exchange between vesicles

During the 40 °C step C18-pNIPAm is in a collapsed form in the contact areas between
vesicles and swells again when the temperature drops below the LCST. Biotin and strep-
tavidin however hold the contact areas and consequently the vesicle membranes might
be subjected to various stresses as C18-pNIPAm is driven out of these areas. Different
scenarios are imaginable for what happens with the vesicles as a result. One such scenario
is that vesicles fuse rather than stay intact in the vesicle aggregates. To check this we
performed FRET measurements on vesicles in which fluorescently labelled lipids NBD-
PE and Rhod-PE were incorporated during preparation. In this FRET pair, NBD is the
donor while Liss-Rhod is the acceptor. As shown in figure 3.1, when both NBD-PE and
Rhod-PE are incorporated in the same vesicles, the amount of energy transfer between
the donor and acceptor is substantial. In contrast, a mixture of vesicles containing only
NBD-PE and vesicles containing only Rhod-PE do not show any FRET. Using the latter
vesicle mixture in the aggregation experiments, an increase in FRET, i.e. an increase
in the intensity at 583 nm with respect to the intensity at 535 nm, is expected if lipid
exchange due to vesicle fusion occurs. The results of such an experiment are shown in
figure 3.8.

As can be seen from figure 3.8, an increase in FRET is observed for vesicle aggregates
undergoing several temperature cycles. However, even after 13 cycles the total amount
of FRET is still much lower than the maximum amount of FRET that is expected when
vesicles mix completely. Since full-scale vesicle fusion would eventually lead to complete
mixing, this is ruled out of the possibilities. Four other scenarios remain plausible: (1) it
is well known that lipid exchange occurs more frequently at higher temperatures [26] and
bringing the vesicles close together, e.g. by vesicle aggregation, speeds up this process
even more; (2) in the contact areas between vesicles the membranes are close enough
together to allow FRET to happen between labelled lipids of different vesicles; in each
temperature cycle more contact areas are formed, which increases the amount of FRET
that occurs; (3) at 40 °C, C18-pNIPAm accumulates in the contact areas, including C18-
pNIPAm that exists in micelles in solution. Upon cooling, a fraction of C18-pNIPAm
forms micelles again, pulling out with it and solubilizing some of the lipids, which promotes

lipid exchange between vesicles in each temperature cycle; (4) C18-pNIPAm allows for the
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Figure 3.8: Emission spectra for a 1:1 mixture of NBD-1% and Rhod-1% vesicles containing C18-
pPNIPAm (fo18—pN1PAm = 0.0125) and with streptavidin added (fs/, = 1/5). The total vesicle concen-
tration is C\, = 5e—10 M. The spectra were obtained after 0 (blue), 1 (red), 5 (orange) and 13 (purple)
temperature cycles of 10 min at 25°C, 30 min at 40 °C and back at 25 °C. Excitation wavelength
A =460 nm. The intensities are normalized to the intensity at A = 535 nm.

formation of membrane handles between vesicles allowing for mixing of their lipids; this
mixing occurs faster as the aggregates become larger. In addition, in a vesicle pair there
is only a 50% chance to have both a donor- and an acceptor-containing vesicle, whereas
in larger vesicle aggregates, the chances are higher that donor and acceptor vesicles are
bound together. As a result, FRET would increase with each successive temperature

cycle.

To determine which scenario is most likely, several control experiments were performed
in which the amount of FRET was determined after various temperature cycles. The
fraction of lipid exchange that occurred with each temperature cycle is presented in figure
3.9. The procedure to calculate the fraction of lipid exchange from the amount of FRET
has been described in the materials and methods section.

Figure 3.9 shows that some lipid exchange already happens in the control experiment
without added streptavidin or C18-pNIPAm (yellow curve). Additionally, the degree
of lipid exchange that occurs during the temperature cycles for vesicles to which only
streptavidin is added (green curve), is similar to this control. Adding streptavidin does
cause limited aggregation and thus brings vesicles close together, but this apparently does
not result into more FRET or lipid exchange. This rules out both scenarios 1 and 2. The
figure furthermore shows, that a significant increase in lipid exchange to approximately
the same extent is seen in all cases in which C18-pNIPAm is added to the vesicles, with
or without streptavidin. However, even after 13 cycles the phospholipids are still far from

being mixed completely. Therefore, scenario 4, i.e. the formation of membrane handles, is
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Figure 3.9: Percentage of lipid exchange as a function of n temperature cycles of 10 min at 25 °C, 30
min at 40 °C and back at 25 °C. Samples measured are 1:1 mixtures of NBD-1% and Rhod-1% vesicles,
without added linkers (yellow), with streptavidin only (green), with C18-pNIPAm only (purple), and
with both streptavidin and C18-pNIPAm (blue, red and orange). The orange curve is a duplicate
measurement of the blue curve and the red curve is for the exact same sample as the blue curve after
a 2-day incubation period in the fridge. For the cases in which streptavidin is added, f,, = 0.2, and
for the cases in which C18-pNIPAm is added, fcis—pnrpam = 0.0125. The dashed lines through the
data serve as guidelines.

also unlikely, since that would lead eventually to complete mixing of the lipids. Because
this process might be slow, the sample with both streptavidin and C18-pNIPAm was
stored in the fridge and measured again after two days. However, even after two full days
of incubation, the amount of lipid exchange is still the same (compare the red and blue

curves in figure 3.9).

Changes in size distribution during aggregation

To check the size distributions of the aggregates after various temperature cycles, a CON-
TIN analysis [27, 28] was performed on the DLS data. In figure 3.10 the resulting size
distributions are shown for B-0.4% vesicles with fe1s—pnrpam = 0.00625 and a f, = 0.2.
For this sample the normalized hydrodynamic radius after each temperature cycle was

already presented in figure 3.6 (blue curve).

The CONTIN analysis reveals that besides the expected widening in the size distribution,
each temperature cycle caused a clear shift of the peak of the distributions to higher sizes.
This confirms that aggregation happens in clear steps, in which self-limiting aggregation
takes place by linkers that can diffuse to newly formed contact zones. In comparison,
only a widening in the size distribution is seen during vesicle aggregation using linkers
for which diffusion to the contact area is not possible, as previously shown for negatively

charged vesicles linked by the positively charged polyelectrolyte polylysine [15].
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Figure 3.10: Size distributions measured for B-0.4% vesicles with added C18-pNIPAm and strepta-
vidin (fo1s—pnrpam = 0.00625; f,/, = 1/5) after 0 (circles), 2 (squares), 4 (triangle), 6 (diamond) and
8 (pentagon) temperature cycles (45 min at 40 °C and back at 25 °C.

3.4 General discussion and outlook

While aggregation of vesicles into small aggregates can be achieved using several methods,
controlling the size of these aggregates remains a challenge. For some methods the various
aggregate sizes that can be produced are very limited [15, 16], while in other methods
only the speed of aggregation can be controlled [17], or requires precise timing of the
addition of polymer to stop the aggregation process [20]. In addition, on the odd chance
previous methods succeed in producing vesicle aggregates of specific sizes, subsequent
modifications such as a controlled continuation of the aggregation, is usually not an option
[20]. Our approach offers a simple, universal and effective alternative to obtain small

vesicle aggregates of sizes to one’s choice.

In short, our approach involves a step-wise increase in vesicle aggregate size by using a
reversible, temperature triggered linker (C18-pNIPAm) and an irreversible linker system
(streptavidin-biotin) to secure the formed contact zones, and applying a number of tem-
perature cycles. We have shown that depending on the number of temperature cycles,
stable and fairly monodisperse vesicle aggregates of predetermined sizes up to about eight
times the hydrodynamic radius of single vesicles can be prepared. The protocol to ob-
tain small vesicle aggregates of a desired size can be optimized by tuning the amount of
linkers added, the amount of temperature cycles, or in some cases the duration of the
temperature steps.

Based on the experimental results, we sketch the following picture regarding the details of
the aggregation process. See figure 3.11. The starting point is a solution with individual

vesicles in which swollen C18-pNIPAm surfactants prevent any vesicle aggregation due to
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Figure 3.11: Schematic overview of the step-wise vesicle aggregation process using reversible, temper-
ature triggered linkers and irreversible linkers. (A) The first temperature cycle; (B) vesicle aggregate
sizes during the first 3 temperature cycles. In the drawings (1-4) biotin is depicted in red, streptavidin
in blue and C18-pNIPAm in green. See the text for a detailed explanation.
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steric hindrance. At the same time, streptavidin present in solution is not able to bind
to biotin on the vesicle surface. During the first temperature cycle, once the temperature
rises above the LCST of around 32 °C, C18-pNIPAm collapses into sticky patches onto the
vesicle surface. Subsequently, upon a successful collision with another vesicle this causes
aggregation. Once a contact area is formed, extra C18-pNIPAm molecules migrate to the
contact area, depleting the rest of the vesicle membranes which limits the aggregation
to mainly vesicle pairs or trimers, as was previously found [7]. Increasing the amount of
C18-pNIPAm added causes larger sticky patches to form, increasing the chance of success-
ful collisions which results into (on average) larger aggregates. Meanwhile, streptavidin
is able to reach the surface of the vesicle and bind to the available biotin. At the edges
of the already formed contact areas, streptavidin-biotin links can be formed between the
two vesicles that consolidate the binding of the two vesicles. If relatively high amounts
of streptavidin and biotin are present in the right ratio (f,;, ~ 1/8), they also contribute
in the aggregation, leading to higher average aggregation sizes during the elevated tem-
perature step. Upon lowering the temperature, C18-pNIPAm swells and forces itself out
of the contact area, which are kept intact by the streptavidin-biotin links. Any further
aggregation is again prevented by steric hindrance of the swollen C18-pNIPAm on the
outside of the vesicle aggregates. Subsequent temperature cycles proceed in a similar
way: C18-pNIPAm collapses, becomes sticky and binds a few (two or three) vesicle ag-
gregates together. Given that there is enough biotin and streptavidin, the newly formed
contact areas are irreversibly connected. As with each temperature cycle, self-limiting
aggregation happens between increasingly larger aggregates, the growth in aggregate size

happens in a exponential fashion.

We envision that that the ability to create stable, small vesicle aggregates using our
approach will serve as a stepping stone for creating synthetic primitive cellular tissues, for
which controlling the vesicle aggregate size is a prerequisite. In addition, our approach will
be a useful tool for studying various inter-membrane interactions. With simple changes
in for example lipid composition, or by adding membrane targeting molecules such as
antimicrobial peptides [29], it can be used to investigate relevant physical properties and
typical membrane phenomena. For example, we anticipate our approach provides an ideal
tool to study membrane fusion or membrane topology changes such as the formation of
stable inter-membrane handles. Furthermore, it can be extended to bind giant vesicles
together for which it is possible to visualize the size and shape of the contact zones using
confocal microscopy and other microscopy methods. From there, the strength and nature
of the membrane adhesion could be determined as well as various physical properties
of the membrane, such as bilayer bending rigidities. This is something we aspire to do

ourselves in a follow-up study.
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CHAPTER 4

Structural and mechanical parameters of
lipid bilayer membranes using a lattice
refined self-consistent field theory

The self-consistent field theory of Scheutjens and Fleer is implemented on a grid with
(lattice) sites that are smaller than the segment size. In this quasi lattice-free implemen-
tation we consider united atom-like molecular models and study bilayer self-assembly
of phospholipids in a selective solvent (water). We find structural as well as mechanical
parameters for these bilayers. The mean (k) and Gaussian (<) bending moduli, as well
as the spontaneous curvature of the monolayer (J§*), are computed for the first time
following a grand canonical ensemble route. Results are in line with previous estimates
for mechanical parameters that at the time could not be made following this correct
route. This proves that the mean bending modulus is only a very weak function of
the membrane tension. We performed a systematic study on the effects of model pa-
rameter variations. The mean bending modulus generally grows with increasing bilayer
thickness. As expected J§* and k behave oppositely with respect to each other and
for classical phospholipids assumes values near zero. As an example, an increase in the
lipophilic to hydrophilic ratio in the lipids, may cause the Gaussian bending rigidity
to switch sign from negative to positive, while - not necessarily at the same point -
the spontaneous curvature of the monolayer may switch sign from positive to nega-
tive. Together with other investigated trends, these results point to mechanisms of how
topological phase transitions of the lipid bilayer membranes may be regulated in the
biological context, which correlates with known lipid phase behaviour.

This chapter has been published as: de Lange, N., J. M. Kleijn, and F. A. M. Leermakers.
Physical Chemistry Chemical Physics 23 (2021): 5152-5175.
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4.1 Introduction

A spontaneous assembly of lipids and proteins into bilayer membranes is the scene of
fascinatingly complex phenomena fundamental to life. The fluid mosaic model of Singer
and Nicolson [1], the cornerstone of membrane understanding, still leaves many important

questions, e.g., regarding the (in)stability against topological changes, unanswered.

The complexity of the biological membrane is manifest in the many different functions
membranes have even inside a single cell. Membranes such as those occurring in mito-
chondria and chloroplasts, or the membranes of the endoplasmatic reticulum (ER) and
nucleus have fascinatingly complex structures and often non-lamellar topologies. Non-
lamellar topologies are often associated with proteins or protein complexes, but the role
of the lipid composition of the membrane is arguably undervalued. A good example is the
double membrane which forms the nuclear envelope. Topologically this double-membrane
is in fact a single membrane due to the presence of so-called nucleopores: you may 'walk’
along the inner membrane, via the nucleopore to the outer membrane without the need to
leave the bilayer. While a large protein complex facilitates this double-membrane pore-like
structure [2], the physical nature of the lipid assembly needs to allow for such non-trivial
curvatures. In other words: curving the lipid-bilayer itself into a continuous structure
connecting both membranes should not cost excessive amounts of energy. To date, the

question what lipid mix is needed for such bending properties remains unanswered.

In the field of interfacial structures, bilayer assemblies of lipids are truly exotic. While the
vast majority of interfaces have a finite interfacial tension (grand potential per unit area,
) and thus a tendency to minimize their areas, large freely dispersed lipid bilayer sheets
are in first-order free of tension (v = 0) and maintain a huge interfacial area essentially
proportional to the number of lipids in them. Fundamental to this exotic feature is the
solvent symmetry. i.e., the same solvent (mainly water) exists on either side of the bilayer.
A finite positive value of the interfacial tension of the membrane, to which we also refer
as ‘membrane tension’ for short, would lead to a decrease of its area (and a concomitant
increase of the membrane thickness) and a negative tension would do the reverse. By
virtue of the mentioned symmetry, fully equilibrated bilayers will also show no interest in
curving in a preferred direction. We say that its spontaneous curvature vanishes, that is,

Jo = 0. In other words, the planar tensionless bilayer is the so-called ground state.

We haste to mention that in living cells, membranes are typically constrained in some way
and subjected to concentration gradients, i.e. they are kept away from equilibrium. This
implies that the symmetry is broken and membranes do become asymmetric, resulting in

a spontaneous curvature, and may develop a non-zero tension. As usual in modeling situ-
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ations, we however consider bilayers in the equilibrium state. Only after the equilibrium

properties are established we can have hopes to understand the more general cases.

Ignoring end-effects, that is considering very large freely dispersed lipids assemblies, mem-
branes are thus free of tension, have a well-defined thickness and no spontaneous curvature.
Moreover, the chemical potential of its lipids, as well as the solvent in the system, are also
well defined. They furthermore do not depend on the number of lipids in the membrane,

or equivalently the membrane area.

Similar to a polymer chain, which assumes a coil shape if the ends are not constrained,
bilayer membranes will not remain in a perfectly flat configuration either. For entropic
reasons freely dispersed membranes must wander (more or less) around through space.
For a linear polymer chain, the tendency to form a coil is controlled by its persistence
length. Similarly, in the case of the lipid bilayer, there is a membrane persistence length
lim, which in turn depends on the mean bending rigidity & of the bilayer. [3] The membrane
persistence length grows exponentially with the membrane rigidity I,  l exp(ax/kgT),
with a coefficient « that does not deviate much from unity and [ is a length comparable
to the size of a water molecule. This means that when s > kg7, which tends to be the
typical case for lipid bilayer systems, the membrane is essentially flat on the length scale
of, e.g., its thickness. For this reason, it is not too exciting to have a strong focus on the
mean bending modulus of phospholipid membranes. Much more interesting is to know
how the Gaussian bending modulus (% and the spontaneous curvature of the monolayer
J§ are controlled because these parameters determine the topological (in)stability of lipid

bilayer membranes.

Relatively few strong predictions exist for the Gaussian bending rigidity. It is generally
accepted that a positive value of this quantity would promote non-lamellar, saddle-like
topologies as these exist in bicontinuous triple periodic cubic phases. A negative value
of this quantity is needed for the lamellar stability, which is especially important for

membranes with a barrier function.

A large non-zero value for the spontaneous curvature of the monolayer may be the second
cause of loss of the topological stability of bilayers. An individual monolayer may either
curve preferentially towards the tails (as in micelles) and this gives J§* > 0 or towards the
headgroup (as in reversed micelles), that is, J§* < 0. One expects that the planar bilayer
is most stable when the monolayer spontaneous curvature is close to zero, i.e., J§* = 0. It
was shown earlier that when J§* is strongly positive, the bilayer can perforate and then
gives way to cylindrical or spherical micelles. [4] A similar bilayer stability catastrophe

may happen when J§* < 0.
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The mechanical parameters of the bilayer feature in the Helfrich equation. This is an
expansion of the interfacial tension 7 (grand potential per unit area) of a membrane in

terms of the mean curvature J = R% + Riz and Gaussian curvature K = in a grand

1
RiRs
canonical ensemble. Here, R, and R, are the two principal curvatures that characterize
the shape of the membrane.
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The second line in this equation represents the equilibrium case that the membrane tension
of the planar bilayer is zero, 7(0,0) = 0, and that its spontaneous curvature is zero,
0v/0J = 0. This line also defines the mean and Gaussian rigidity parameters in terms
of derivatives of the membrane tension with respect to the curvatures. The Helfrich
equation typically ignores the higher derivatives with curvature. This is a fairly good
approximation because all odd terms in curvature vanish due to symmetry and the first

non-zero terms are of the order of 1/R*.

Since Helfrich published his membrane elasticity theory in 1973 [5] many researchers
have focused on estimating and measuring the membrane bending rigidities. A review
published by Dimova et al. [6] provides a good account of existing reports. Because
the Gaussian bending rigidity cannot directly be measured experimentally and should be
inferred from the phase behavior, experiments were aimed primarily on determining the
mean bending rigidity. There are various methods that basically give comparable results.
One can, for example, study shape fluctuations of giant vesicles [7—10], pull a tether by a
pipette suction [11-14] or study fluctuations of membranes in a lamellar phase by suitable
scattering techniques [15, 16]. For lipid bilayer membranes that can form giant vesicles,
one typically finds values for the mean bending modulus of order 10 kgT. However,
we know that not all lipid mixtures are suitable to create giants and the effective mean
bending modulus of the bilayer is then not determinable with the same certainty. It may
well be that a too low value for the bending modulus is the reason why they fail to form

giants.

The situation concerning the value for the Gaussian bending rigidity is less clear. While
topology changes of lipid systems can be observed and recorded in phase diagrams, direct
correlations between such changes and &, in particular following the expected sign switch
of R, remain to some degree in the realm of speculations. Early flawed modeling predictions
for the Gaussian bending rigidity (see next section) may have had a negative impact on the

trust that such a sign-switch of & correlates with a topological transition of the bilayer.
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The more recent, and also the current more realistic predictions for &, should restore
this trust. This recovery of confidence may materialize when a deeper understanding is
generated in the relation between the molecular constituents of lipid bilayer membranes
and the value of the Gaussian bending rigidity.

This paper aims to introduce and apply an improved protocol to predict the mechanical
parameters x, & and J§" of lipid bilayers using Scheutjens-Fleer self-consistent field (SF-
SCF) theory, and to test the trends found as a function of lipid molecular properties
against experimentally known phase behavior of lipids. Therefore, in the next sections,
we will first review earlier attempts to find bilayer mechanical properties using classical
SEF-SCF theory, providing the context for moving to a quasi lattice-free model. This is
followed by a discussion on the implementation of lattice refinements. After defining our
lipid models and a brief introduction of the default parameter set, we will show that
lattice refinements not only simplify the protocol to predict the mechanical parameters
k, & and JJ*, but also give access to accurate mean-field values of these parameters. It
is this simplified approach that allows us to subsequently implement a systematic survey
into the effects of changing the hydrophobic/hydrophilic balance in the lipid molecule and
the architecture of the lipid tails on the structural and mechanical properties of the lipid
bilayer. This in turn is important in the understanding of how a lipid bilayer membrane

can be positioned in the vicinity of a topological transition.

4.2 Finding the lipid bilayer bending moduli using

self-consistent field theory

Theoretical approaches to find the bilayer rigidities from molecular models have many
intricacies. It is often unclear what exactly is the status of the existing theoretical predic-
tions because the strict rules to compute these quantities, as outlined below, are in many
cases not obeyed. A general survey of the literature is beyond the scope of the current
paper. Instead, we will review our own track record in Scheutjens-Fleer self-consistent
field (SF-SCF) modeling, which unfortunately has also been one with ups and downs.
Early predictions were definitely flawed (cf. refs before 2013). [17, 18] The protocols used
at that time were based on combining curvature energies of cylindrically and spherically
curved bilayers. It was not yet realized that cylindrically curved bilayers are under tension
and erroneously the full grand potential of cylindrically curved bilayers was interpreted
as curvature energy. This resulted in too large values for x and too negative values for
R, implying a too high predicted stability of lamellar phases. This was definitely not

consistent with experimental phase diagrams.
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In a more recent, revised protocol we still made use of the cylindrical geometry [19, 20].
As it turns out the grand potential of the cylindrically curved bilayer consists of two
exactly equal contributions. One part is taken up by the stretching energy of the bilayer
and the other part is invested in bending. Therefore, the revised protocol assigned only
half of the grand potential to the bending energy resulting in a prediction for the mean
bending modulus which is twice lower than the early protocols. The spherical vesicle was
then used to find the combination of the mean and the Gaussian bending moduli. In this
revised protocol definitely more trustworthy results were reported for typical phospholipid
membranes: the Gaussian bending rigidity is rather close to zero and the trends that were
found correlated well with the known phase behavior of lipid systems. The fact that this
revised protocol gave reasonable results must to some extent be seen as a surprise as it
violates the important requirement for determining the bending moduli that upon curving
the chemical potentials should remain unchanged. More specifically, the cylindrically
curved membrane has a finite tension and thus its constituents have a chemical potential

that must differ (usually only slightly) from that of the planar bilayer.

As advertised more recently [21, 22], in the ideal route to evaluate the mechanical parame-
ters of bilayer membranes one should consider membrane assemblies in different curvature
states with the strong constraint that the chemical potentials of its constituents are iden-
tical to the ones found in the planar bilayer (ground state) case: the correct route to
evaluate the mechanical parameters must involve the grand canonical ensemble! In phys-
ical terms, keeping the chemical potentials of the constituents constant implies allowing
flip-flop of the lipids from the inner to the outer monolayer as well as exchange of lipids
with the bulk, where high curvatures require (relatively) more exchanges during bending

than weak curvatures.

The grand canonical ensemble route combines the planar bilayer membrane system with
spherically curved vesicles. In more detail, it is well known that one can compute the
Gaussian bending rigidity from the planar bilayer already. For this the grand potential
density profile w(z) is used. This profile represents (minus) the local lateral pressure in the
membrane and we will come back later in this paper on how this quantity is computed
in the SCF formalism. In several publications it has been shown and discussed that
the Gaussian bending modulus is found from the second moment of the grand potential
density profile, [23, 24]

F=2) (z—2)w(2) (4.2)

z>20

provided that the membrane is free of tension, that is v = >~ w(z) = 0. In Eqn 4.2 the
symmetry plane of the planar bilayer is at z = 2;. By the same token we mention that

the corresponding first moment is related to the product of the mean bending modulus
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and the spontaneous curvature of the monolayer: [23, 24]

—kJgr =2 Z(Z — zp)w(z) (4.3)

2>20

In this equation, the factor 2 is included because on the left-hand side the value k of the
full bilayer occurs. Alternatively, when AKmonolayer is used one can remove this factor of two
because k = 2Kmonolayer- Next, it is well known that the curvature energy of the spherical
vesicle

Q=47(25 + k) (4.4)

independent of the vesicle radius, that is, it is scale-invariant. As the grand potential
of the spherical vesicle does not depend on the vesicle radius, the chemical potentials of
its constituents are also size-independent and, importantly, identical to the ones found
for the planar tensionless bilayer system. With k known from the planar bilayer, one
can extract the mean bending modulus indirectly. Next, using Eqn 4.3 the spontaneous
curvature of the monolayer can be calculated. This route is implemented in the current

work.

In the work of Pera and coworkers [19] this correct route has been explored, but was
rejected at that time for accuracy reasons. In that study the molecules were represented
as strings of discrete segments (coarse grained atoms). Additionally, the space was dis-
cretized in a grid of cells (lattice), where each cell had a characteristic size equal to the
segment size. The problem was that lattice discretization errors made the value of the
thickness of the planar bilayer flawed up to perhaps 0.5 lattice layer. Of course simi-
lar lattice artifacts appeared in the cylindrical and spherical geometry calculations, but
these could more or less be averaged out by using results from a (laborious) systematic
variation of the radii of the vesicles, as will be explained in more detail below. As a
result, Pera et al. could only use the formally incorrect route of combining cylindrically
curved and spherically curved bilayers to obtain the bending rigidities. They also used
an approximate route to estimate the spontaneous curvature of the monolayer. To date,
we do not know how reliable the route followed by Pera et al. is in practice. In support
of the revised protocol, we can say that when the cylindrical vesicles have a sufficiently
large radius R, the deviations of the chemical potentials from the ground state are not
very large, and one can always attempt to take the limit of R — oco. Unfortunately, Pera
et al. were restricted to use vesicles with a rather small radius, so the reliability issue is

not resolved.

To use successfully the advertised correct (grand canonical) route one should find ways

to reduce the lattice artifacts in SF-SCF predictions. It proved necessary to implement




Structural and mechanical parameters of lipid bilayer membranes using
92 a lattice refined self-consistent field theory

the self-consistent field equations on a finer grit. This is exactly what the technical task
presented in the current paper is We discuss in depth a quasi lattice-free implementation
of the SF-SCF model, developed along similar lines as the approach pioneered by Romeis
et al in the context of polymer brushes. [25] Within the lattice-refined SF-SCF model, the
lattice site is smaller by a factor 2, 3 or more than the segment size and the lattice artifacts
are reduced correspondingly. The smaller the lattice site in comparison to the segment
size, the more accurate we can estimate the membrane structure and the more accurate
solutions for, e.g., the Gaussian bending rigidity are obtained. This also improves the
accuracy of the indirectly obtained mean bending rigidity and finally allows the evaluation

of the preferred curvature of the monolayer with Eqn 4.3.

4.3 Lattice refined SF-SCF

From the above, it is clear that theoretical models for lipid bilayer membranes should, on
top of structural information, give access to thermodynamical data so that the mechanical
parameters of the bilayers can be computed. The self-consistent field theory can deliver
these albeit within a framework that makes use of a mean-field approximation. The mean-
field approach has intrinsic limitations and we will point these out below while elaborating
the theory. We zoom in on the way the segment potentials (quantities that feature in
Boltzmann weights) are computed from the segment densities (volume fractions) and vice
versa. After obtaining the so-called self-consistent field solution as explained below, we can
evaluate the then optimized free energy and corresponding thermodynamical parameters

for the system.

At the basis of the SF-SCF theory is a mean-field free energy functional which needs
to be optimized. To put this functional in action, one needs to (i) make choices for
the chain model, so that one can compute the single-chain partition functions for each
type of molecule from (known) potentials, (ii) decide on which interactions are taken into
account and how these are evaluated so that one can compute the interaction part of
the free energy from (known) segment distributions. With these elements in place, one
can evaluate the mean-field free energy functional, which is then expressed in terms of
the segment volume fraction profiles ¢(r) and segment potential profiles u(r), frequently

complemented with Lagrange parameters to implement constraint relations.

The extremization of the mean-field free energy functional encompasses three steps. (i)
The maximization of this mean-field free energy with respect to the potentials gives the
rule on how to evaluate the volume fractions. (ii) The minimization of this free energy

with respect to the volume fractions gives an equation for the segment potentials. (iii)
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Invariably, there is a compressibility relation to which the above results must obey and
when necessary other constraints may be imposed. Each of these constraints will introduce
a Lagrange parameter as an extra variable in the free-energy functional. Optimization of
the mean-field free energy with respect to these Lagrange parameters effectively imposes
these constraints. The extremization of the free energy in these three steps typically
involves a numerical scheme with successive guesses. When the saddle point of the free
energy functional is found, the segment potentials and volume fractions are mutually
consistent with each other and in line with all imposed constraints, and this ‘fixed point’

is known as the self-consistent field solution.

The SF-SCF method combines a freely-jointed chain (FJC) model, with short-range con-
tact interactions accounted for using the Bragg-Williams mean-field approximation, and
an incompressibility constraint with lattice approximations, similarly as in the Flory-
Huggins model. The latter is applied in spatially homogeneous systems (typically bulk
phases); the SF-SCF method on the other hand focuses on concentration gradients, which
are important at interfaces, e.g., for (polymer) adsorption, and for self-assembly, to name
a few. Below we will highlight several elements in this protocol and focus on those ele-
ments that depend on the discretization scheme. More specifically, we will elaborate on
ways to implement the SF-SCF equations on a lattice grit that is finer than the bond
length. Such grits are needed to prevent lattice artifacts to dominate the results. For a

more systematic discussion of the SF-SCF theory, we refer to the literature. [19, 26]

The single-chain partition functions follow from solving the Edwards equation. [27] Ed-
wards realized that the analogy between a diffusing particle and the path followed by a
flexible polymer chain suggests a diffusion-like (or Schrodinger-like) equation for polymer
problems, wherein the time ¢ is replaced by a contour length parameter s, and the (dimen-
sionless) diffusion constant has a proposed value of 1/6. On top of this Edwards realized
that real chains have a finite volume and he proposed to use a segment potential u to
self-consistently account, on a mean-field level, for these 'volume’ effects. The Edwards

equation implements the Gaussian chain model:

9G(r; ) = 1V2G(r,s) —u(r, s)G(r,s) (4.5)
0s 6

This equation is at the basis of the self-consistent field theory for inhomogeneous polymer

solutions, here applied to lipids; yet the SF-SCF variant maps this differential equation

on a lattice in such a way that the chain model shifts from a Gaussian chain to the

freely-jointed chain (FJC) model. In Eqn 4.5 the coordinate r = (z,y,z) is typically

made dimensionless by a segment size (b), s is a parameter that represents a position

along the contour of the chain (dimensionless 'time’). The segment potential u(r,s) is
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the energy required to bring a unit contour (near the value of s) from the bulk (reference
phase) to coordinate r. This quantity is normalized by the thermal energy kg7'. We will
elaborate the Edwards equation using homopolymers for simplicity and discuss extensions
to copolymers (relevant for lipids) further on. For homopolymers one can use u(r) =
u(r, s). In the Edwards equation G(r, s) represents the statistical weight to find the chain
fragment around s near the spatial coordinate r. This quantity invariably depends on
the ’initial conditions’ applied to Eqn 4.5. Typically, any explicitly mentioned initial
conditions are included in the notation and we will follow this habit. For example, the
notation for the statistical weight may be extended to G(r,s|r’,s’), which then is the
statistical weight to have a chain fragment with the contour point s at coordinate r, when
it is - along the contour - connected to s’ at coordinate r’. In the SF-SCF formalism
one frequently encounters so-called end-point distribution functions G(r,s|1). Here it is
understood that when a spatial coordinate is 'missing’ in G, the ’integration’ over this
coordinate is implemented: G(r,s|l1) = >, G(r,s|r’,1). The physical meaning of the
end-point distribution G(r, s|1) is the statistical weight of all possible walks that start
with a chain fragment near s = 1 and end at the chain fragment near s at position r.
The fragment near s = 1 in this case can be near any coordinate in the system, which is

compatible with the possible walks of a chain-fragment with length s.

Typically, the SF-SCF formalism is applied to systems with a given ’symmetry’. For
example, for adsorption onto a planar surface, the density gradients normal to the surface
are of main interest. Then the coordinate r is typically replaced by z and a mean-field
approximation is applied in the z-y direction parallel to the surface. The Laplace operator
in Eqn 4.5 for this case reduces to V2 = 92/922. Two- and three-gradient extensions
(systems with less symmetry) are straightforwardly implemented. One-gradient spherical
and cylindrical geometries are also frequently used, e.g. when spherical or cylindrically
shaped vesicles are considered, respectively. In this case the coordinate r is replaced by r
2.0 )

S5 for spherical and V2 = % + %— for cylindrical

and the Laplace operator V2 = 68722 + B

geometry, respectively.

There are many strategies to numerically evaluate the Edwards equation. In the SF-
SCF protocol, a finite element approach is used. We split the (polymer) chain into so-
called statistical segments with ranking numbers s = 1, 2, ..., N. The size of such
a segment does not necessarily need to coincide with the chemical notion of a segment,
e.g., a polymeric monomer. It is assumed that on the length scale of the segment the
chain is flexible. Segments are connected with bonds and the center-to-center distance
between connected segments is b, also referred to as ‘bond length’. In addition, a discrete
set of coordinates is used, which in a one-gradient version has lattice layer number z =

1, 2, ..., M. Without mentioning otherwise we will consider the one-gradient planar
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symmetry. The volume of a lattice site is given by v = [, where [ is the characteristic
length of a lattice site. In the classical SF-SCF implementations, it is taken that b =, or
in other words, neighboring segments along the chain can only occupy neighboring lattice
sites on the lattice. Scheutjens and Fleer used the propagator equation as the discrete
variant of the Edward equation. The propagator also features the statistical weight G(z, s)
(here the initial conditions are not specified yet and we use the generalized notation) and
can be expressed as:

G(z,s £ 1) =G(2)(G(z,3)) (4.6)

with G(z) = exp(—u(z)), which is the Boltzmann equation featuring the (dimensionless)
segment potential u(z). In SF-SCF language this quantity is called the ’free segment
distribution function’. The term within angular brackets, in the SF-SCF terminology
known as the ’site fraction’, represents a three-layer average:

(G(z,9)) = AG(z — 1,5) + (1 = 20)G(z,8) + N\G(2 + 1, 5) (4.7)

where A is the fraction of contacts that a segment in layer z has with segments in both
layer z—1 and layer z+1. When we assume that segments ’live’ on a simple cubic lattice,
it seems logical to choose A = 1/6, in line with the classical assumption in the Edwards
equation. The hexagonal lattice, which, as we will argue below, may have been the better
choice, implies A = 1/4. Segment s in layer z can only be connected to segments in z — 1,
z or z + 1, or in other words when [ = b, neighboring segments along the chain - as
mentioned earlier - must sit in a neighboring lattice site. The FJC on the lattice in this

case reduces to a three-choice FJC model; there are three terms in the site fraction.

It is instructive to briefly show the link between the propagator and the Edwards equation.
We will follow quite heuristic steps. We first rewrite Eqn 4.7 as

(G(z,8)) = G(z,8) + A[G(2 — 1,8) —2G(z,8) + G(z + 1, 5)]
PG s) (4.8)

~ G(z,8) + 522

where in the last line the meaning of z has changed from a lattice layer number to a

continuous (dimensionless) coordinate, implying that [ is the unit length.

Let us next assume that the segment potential felt by the fragment from s to s+1 is small,
we may write the Taylor series expansion G(z) &~ 1 —u(z). Combining this expansion and
Eqn 4.8 with the propagator (Eqn 4.6) leads to

G(z,s+1) = (14+u(2)) x (G(z,s) + )\%) (4.9)
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Figure 4.1: Ilustration of a lattice refinement with [ = b/2. The horizontal solid lines demarcate the
lattice layers. Shown is a central segment of size b with its center at z = 0. On the left five neighboring
segments are shown, situated with their centers at z = —2, ..., 2, respectively. On the right arrows
are drawn from the center of the circle (with radius R = b) at z = 0 to layers z = —2, ..., 2,
representing the directions of the bonds between two neighboring segments, i.e., the five choices in the
FJC model. The circle represents a sphere. The total area of the sphere, A = 47 R2, is 'distributed’
over the five layers with indicated amounts A(—2), ..., A(2). The specified areas are used to find the
step probabilities used in the site fraction (see text).

We next can write G(z,s+ 1) — G(z, s) ~ 9G(z, s) /s where the meaning of s is changed
from a ranking number to a contour length variable. Because u(z) is expected to be
a small quantity and the second derivative of G to z is for slowly varying G a small
quantity, we may subsequently ignore the product u(z) 9*G(z,s)/9z? . Then we find the
one-gradient version of the Edwards equation valid for planar geometries:

9G(z,5) 10%G(z,s)

% 6 o2 u(2)G(z, s) (4.10)

The ’inverse’ problem to go from the Edwards equation to the propagator is less trivial,
as it is not obvious to use the potential in the Boltzmann weight and to re-introduce the

product of the potential and the second derivative of G to z.

In the above, we illustrated that the classical lattice approximations lead to a simple
propagator formalism. In many cases, the accuracy of this discretization scheme is suf-
ficient to find reasonable results. However when gradients in G are not small, one can
run into problems. These problems are known under the common denominator of ’lattice
artifacts’. Lattice artifacts for example occur for lipid membrane modeling when the core-
corona or core-water interface is sharp compared to the segment size. The results then
depend on, e.g., how exactly the membrane is positioned with respect to the lattice sites.
A natural solution to fix this problem is to move to a more refined discretization scheme.
In this paper, we implement a quasi lattice-free implementation of the self-consistent field
equations inspired by Romeis et al. [25, 28] who used a similar implementation for poly-
mer brushes and generalise the refinement strategy to non-planar geometries. The key
idea is to keep the discretisation for the segments the same, that is use the same ranking
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numbers s = 1, 2, ..., N, but to reduce the spatial coordinate, for example, by setting
I =b/2. To cover the same volume, in case of a planar geometry the number of lattice
sites in the z direction has to double with respect to the classical choice I = b; in this
case, z = 1, 2, ..., 2M. Here and below, the bond length b is chosen to normalize all

lengths in the system.

In the following, we will focus on the case [ = b/2 and take it that the generalization
to even more refined lattices is straightforward. One of the consequences of a refined
lattice with respect to the segment size is that neighboring segments along the chain, no
longer need to be placed at neighboring coordinates in the lattice. When segment s is
in layer z = z, segment s — 1 can be positioned in either z, — 2, z, — 1, 25, 2z, + 1, or
zs + 2 as demonstrated in figure 4.1. Hence the FJC model implemented on this refined
lattice implies a five-choice propagator and we will refer to this case as the five-choice
FJC model:

G(z,s+1) = G(2)(G(z,s))

z+2 4.11
=G(2) Z G(Z,8)\(z,2)) 4y

Z'=z-2

To implement this equation, we need transition probabilities A(z, z’). Referring to figure
4.1, we have implemented the idea that the transition probabilities A(z,z") should be
proportional to the probability that a randomly directed arrow with size R = b starting
in layer z has its end in layer z’. This probability is proportional to the area A(z' — z)
specified in figure 4.1. The transition probabilities A(z, 2’) = A(2' — z) = A(z' — z)/A then
amount to A(—2) = A(2) = 1/8 and A(—1) = A(1) = A\(0) = 1/4. A similar argument
for the classical 3-choice FJC gives the hexagonal values for the transition probabilities

AM=1)=A(1)=A=1/4 and A(0) =1 — 2\ = 1/2.

A legitimate task is to show how this 5-point stencil relates to the Edwards equation. We

can rewrite the site fraction as

1
(G(2,8)) = G(z,5) + g(G(Z —2,5) +2G(2 — L.s) (4.12)

—6G(z,s)+2G(z+1,5)+ G(2+2,5))
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which can be further decomposed to

(G(z,s)) =G(z,s)
N 1G(z —2,5) —2G(z,5) + G(2 + 2, 5)

5 - (113)
1G(z—1,5) — 2G(z,5) + G(z+ 1, 8)
1 12

which implies that (G(z, s)) = G(z,s) + 30°G(z, s)/0z*. One should realize that spacing
for z is half that for s. The 'effective’ diffusion coefficient, which was 1/4 for the three-
choice SCF in a hexagonal lattice, is therefore slightly reduced to 3/16 (expressed in units
b). This is in line with the expected increase in flexibility of the chain when the lattice

sites are reduced in size.

Typically, the propagators need to be supplemented with initial conditions. In the SF-
SCF protocol, we start these recurrence relations at the chain ends. Linear polymers have
two ends, one at s = 1 and the other at s = N and we therefore develop two sets of
end-point distribution functions G(z,s|1) and G(z,s|N) (now the extended notation is
used). These end-point distributions are generated by the one upward (increase in s) and

one downward (decrease in s) running propagator:

G(z, s+ 11) = G(2)(G(z, s|1)) (4.14)
G(z,s — 1|N) = G(2){G(z, s|N)) (4.15)

To start these, one realizes that a walk of one segment long gets the statistical weight

given by the free segment distribution function:

G(z,1]1) = G(2) (4.16)
G(z,N|N) =G(z) (4.17)

The volume fraction profiles ¢(z, s), that is, the fraction of sites in coordinate z occupied
by segments with ranking number s, are found by the so-called composition law, which

combines complementary end-point distribution functions:

G(z,s|1)G(z, s|N)
G(2)

p(z,5) = C (4.18)
The division by the free segment distribution function is needed to prevent double counting
of the segment weight for segment number s. In Eqn 4.18 the normalization constant C

depends on the ensemble in which the calculations take place. In a grand canonical
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ensemble the bulk concentration, ¢, is specified and C = ¢’/N. This is easily seen
because in the bulk solution all end-point distributions are unity and ¢(z, s)N = ¢°. In a
canonical ensemble we need to specify the number of chains per unit area: n = /N, where
N = % >, ¢(z,5). Summing the densities over all segments gives the overall distribution
for the polymer ¢(z) = 32 ¢(z, s). The integral over the overall density is the amount
0 = %} >, ©(2). The number of molecules as well as 6 is specified on the bond length level.
As a result, in the canonical ensemble C' = 6/(:G(1|N)). We define the chain partition
function ¢ = tG(1|N)).

The Edwards equation must be supplemented with proper boundary conditions and the
propagators require these as well. It is easily seen that evaluation of G(z, s|1) or G(z, s|N)
in the region z = 1, ..., 2M requires values for end-point distribution functions specified
for z < 0 and z > 2M. We distinguish different boundary conditions, which we will illus-
trate for G(z, s|1). (i) Neumann boundary conditions or, in SF-SCF language, adsorbing
boundary conditions, typically used to model a solid phase at the system boundary. In
this case, the chains cannot pass the boundary and we take G(z,s|1) = 0 for all z < 1
when the Neumann boundary conditions apply near the lower boundary of the system
and G(z, s|1) = 0 when z > 2M when these conditions apply to the upper boundary. (ii)
Dirichlet boundary conditions or, in SF-SCF language, mirror-like boundary conditions.
In this case, the target is to have vanishing gradients (gradients are zero) at the bound-
aries of any spatial distribution in the system. As a consequence, lipid chains are allowed
to cross the symmetry plane and there are no entropic restrictions felt by the molecules
at the system boundary. Therefore we set G(z,s|1) = G(1 — z,s|1) for all z < 0 and
G(z,s]1) = GAM + 1 — z,s|1) for all z > 2M. (iii) Periodic boundary conditions are
implemented by G(z,s]1) = G(z 4+ 2M, s|1) when z < 1 and G(z,s|1) = G(z — 2M, s|1)
when z > 2M. It is understood that for G(z,s|N) and for all segment densities ¢(z, s)
and thus also for ¢(z) similar boundary conditions may be implemented when necessary.

In this work, we use the Dirichlet boundary conditions.

The generalization to multiple types of chains in the system is only an organizational
issue: the notation in the above equations must be extended to include the chain type
i=1, 2, ..., I. For example, the volume fraction distribution of molecule ¢ is typically
referred to as ;(z). The polymer chains may be composed of different segments. Let the
segment types be scanned by the variable X = A, B, .... When the chain architecture
is known from the input, we can define chain-architecture operators 61X3 These quantities
take the value unity when segment s of chain i is of segment type X and are zero otherwise.
Each unique segment type X has its unique potential profile, ux(z), and thus has its
unique free segment distribution function Gx(z) = exp(—ux(z)). We may generalize the

free segment distribution function, Gx(z), to one which depends on the molecule i and
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segment ranking number s, G;(z, s), as follows
Gi(z,8) =Y Gx(2)5 (4.19)
X

For example, when segment s of molecule ¢ is of type A, we have G;i(z,s) = Ga(z).
This quantity features in the propagator replacing G(z). Typically in the propagator, the
end-point distributions will have the extended notation also to avoid confusion with the
ranking number dependent free segment distribution. Also in the composition law, Eqn
4.18, Gi(z, s) replaces G(z). After all ranking number dependent volume fraction profiles
are computed, one can subsequently collect these in various segment type-dependent ones.

For example, the overall volume fraction profile of segments of type A is found by

ENCED ) BCHL (120)

The implementation of branching in the propagator formalism is also just a technical one

and we refer to the literature for details. [29]

In SF-SCF modeling the Flory-Huggins equation of state is used. Segment interactions are
parameterized by Flory-Huggins exchange interaction parameters xa_p = Z/kgT(2Uap —
Uaa — Ugp)/2, where Z is a lattice coordination number and U is the (potential) energy
of the specified pairwise interaction, that is, the depth of the square-well potential for
each specified contact. From this definition one can see that for 'like’ contacts the FH
parameter is zero by definition, i.e., xa—a = 0. Such ’Archimedes-like’ choice for the
interaction parameter, is appropriate for systems that are incompressible because in such
a system segments cannot ’escape’ from interactions. In the Flory-Huggins theory (and
also in SF-SCF) the Bragg-Williams approximation is implemented, which means that
the probability (per unit area) of having an A-B ’contact’ is given by the product of the
respective volume fractions ¢4 X ¢p. This is an approximation because segments that like
each other will have a higher probability than the average value to be next to each other
and vice versa. This correlation effect is thus ignored. Optimization of the mean-field free
energy within the Flory-Huggins way of accounting for interactions leads to the following

rule how to compute the segment potentials

ua(z) = a(z) + Y xa-x({px(2) = k) (4.21)

Here a(z), known as the Lagrange field contribution, is the energy needed to generate

space to insert the segment at position z. Hence it is related to the compressibility
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constraint. The numerical value of a(z) is during the optimization routine adjusted until

at coordinate z the sum of the volume fractions equals unity:
S ex(s) =1 (4.22)
X

The same equation applies to the bulk and the bulk volume fraction of the solvent is
taken such that the sum of the bulk volume fractions is unity. As stated before, in grand
canonical calculations all bulk volume fractions are known. Inversely in canonical calcu-
lations, one can compute the bulk volume fractions of all chains from the normalization

constant C' that is used (or computed) in the composition law, Eqn 4.18.

To evaluate the segment potentials (Eqn 4.21) we also need to evaluate the site fraction
(cf. Eqn 4.7). This quantity depends on the discretization scheme in the same way as the
end-point distributions do. The appropriate boundary conditions must be implemented
to evaluate the site fraction near the system boundaries. The use of the site fraction to
evaluate the potentials is a unique feature of the SF-SCF theory. In the field of polymer
micro-phase segregation, the Edwards equation is typically solved using a finite element
scheme that retains the Gaussian chain model, yet it loses the length of the chain as an
independent variable. Instead, the product x/V is retained. In such an approach it is not
natural to account for the site fraction in the potential and typically the approximation
is introduced that ¢(z) = (¢(z)). One can say that only the local contribution is used
and the non-local contributions, which in a lattice model come in to approximate the
second derivative, are ignored. We have shown that such an approach is not without
its consequences [22], especially when one is interested in results in the weak segregation

limit.

When on top of the short-range contact interactions other interactions exist in the sys-
tem, one has to extend the free energy functional with the corresponding terms, leading
to additional terms in the segment potentials. A well-known example is electrostatic in-
teractions when there are charged species in the system. In this case, we need to take
into account the electrostatic potential and for this we need to solve the Poisson equation.
Here we will not go into these details because the evaluation of the Poisson equation on

a finer grit essentially takes place in the same way as for a less refined grit. [19]

The numerical methods to find the ‘fixed point’, or the self-consistent solution for the
set of equations, do not depend on the discretization scheme and details of this can be
found elsewhere. [30] It suffices to mention that routinely the solutions are obtained with
8 to 10 significant digits. This is sufficient to accurately evaluate various thermodynamic
potentials and the interfacial rigidities.
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Non-planar geometries

Above we have elaborated on the main details of the SF-SCF theory and we have shown
how one can use a grit with lattice sites that are twice smaller than the segment size (or
equivalently the bond size). It is of significant interest to elaborate further on how one can
implement the corresponding strategy in spherical or cylindrical one-gradient coordinate
systems. From the above, it is clear that the main challenge is to implement the Laplacian
in the five-choice FJC model. In the lattice we have spherical (or cylindrical) lattice layers
which we number once again by z =1, 2, ..., 2M and understand that the r-coordinate
(units b) takes values r = (z — 1/2)/2. In the planar lattice we arrived at transition
probabilities A(z — 2'), where z — 2’ obtained values —2, —1, 0, 1, 2. It is clear that for
finite r we will need to modify these transition probabilities with an r-dependent function

such that in the limit » — oo the planar quantities are recovered.
A7) = A(r,r)A(z — 7)) (4.23)

where A(r,7”") contains the lattice geometry information. We define L(r) = V(r +1/2) —

V(r—1/2), with V(r) = %mﬁ in spherical and 7r? in cylindrical geometry. Hence, in

spherical coordinates L(r) ~ 4mr?

and in cylindrical coordinates L(r) = 2wr. Next we
need to make sure that the statistical weight to make steps from r to r’' is the same as
the weight to make steps from 7’ to r (so-called inversion symmetry), which requires that
L(r)A(r,r") = L(r")A(+',r). Similarly as in the classical approach we therefore take the
transition probabilities proportional to the area A(r”), where A(r) = 4nr? in spherical and
A(r) = 277 in cylindrical geometry, of the plane at r” halfway between the coordinates r

and 7"

Alr,r") =

(4.24)

As the sum over all transition probabilities need to be unity we take A(z,z) = 1—\(z, 2z —
2)= Az, 2—1)=A(z,2+1) = A(2, 2+2). It can be shown that these transition probabilities
obey to the Laplacian properties in curved geometries, that is, it is not too difficult to
show that these transition probabilities give in spherical and cylindrical geometry a term
proportional to 2/r and 1/r, respectively, times a term £[G(z+2)+G(z+1)—G(z—1) —
G(z —2)] = 322, The coefficient 3/4 is in line with the result from Eqn 4.13 discussed

above. Hence, the corresponding Edward equation reads

8G(gi, s) =D <IZ)) V2G(z,5) — u(2)G(z, s) (4.25)
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with D(2) = 3/4, when the unit length is [ is used and D(2) = 3/16 when the unit length

b is chosen.

The continuous limit

It is possible to repeat this exercise for other lattice refinement factors b/1. Assuming b/!

is an integer number we can follow the above strategy to find the transition probabilities.
B b/l

The resulting 'diffusion coefficient’ D(b/) takes the form D(b/l) = &/ l)z:b/zl); 2 when

the bond length units are used. As the nominator can be shown to be equal to %(b/l)?’—i- 5

we find the remarkable result

1 1 1
Db/l)==- 14 -7+ 4.26
o= (1+ 1577) 20
This means that in the continuous limit D(co) = 1/6 as advertised in the Edwards
equation, while for b/l = 1 the hexagonal lattice result is recovered, i.e. D(1) = 1/4.
Indeed this result shows that the link between propagators and the Edwards equation is

much more subtle than the heuristic approach used above.

Importantly, in the classical SF-SCF method with b/ = 1 it is advised to use a hexagonal
lattice rather than the simple cubic lattice. Interestingly, the latter choice has been the

default and rarely SF-SCF results have been reported using the hexagonal lattice!

Thermodynamic relations

When the self-consistent field solution is found numerically, we know that we have op-
timized the mean-field free energy F. Using this quantity we can evaluate the grand
potential Q@ = F — >, p;n;, where p; is the chemical potential of component . The
grand potential can be written as the sum over the grand potential density w(z), i.e.
Q = L3 L(2)w(z). Interestingly, there is a closed expression for the grand potential
density [30]:

i(2) — 50?
w(z) =— g 90— — a(z)
i (4.27)

=333 (exl)er () - hedh)
X Y

and therefore we can find this quantity in high precision. Subsequently one can execute the

protocol to find the bending rigidities of, e.g., membranes or in general interfaces.
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4.4 The molecular model, parameter set and ap-

proach

4.4.1 Molecular architectures

As mentioned in the introduction a rather long tradition exists in evaluating the struc-
tural, thermodynamic, and mechanical parameters of model lipid bilayers using the self-
consistent field method. [17, 19, 29, 31-35] Calculations presented in this paper aim to
elaborate on and extend the results of Pera et al. [19] Our default system is therefore
strongly linked to the one used by these authors. We will introduce this model and

reiterate some arguments in support of this model.

Our focus is basically on membranes that are composed of (model) phospholipids in
a solvent that aims to represent water. Both of these components bring in modeling
challenges by themselves. Water is an associative solvent which forms a hydrogen-bonded
network effectively preventing that water units go to the membrane core: it is said that the
membrane core is dry. At the same time, the chemical potential of the surfactant should
not exceed the value that corresponds to the so-called critical micellization concentration
(CMC), which can only be found from complementary calculations. Obtaining satisfying
estimates for the experimental CMC with having a dry core is impossible in the Flory-
Huggins equation of state when water is modeled as a monomer. We follow Pera et
al., who argued that a reasonable way to achieve both aspects, is to represent water
as small clusters of 5 W segments. In figure 4.2 we have schematically illustrated such
a water component. In the same figure, we present the architecture of the standard
lipid that is used. In these lipids, there is a glycerol backbone onto which two tails and
one headgroup are connected. The challenge to accurately model the self-assembly of
amphiphiles is to represent the size and shape of the molecules at least in first-order
correctly. As is illustrated in this figure a united atom description is adopted to realize
this. All the individual 'united atoms’, here represented by a small filled circle, have a
size b. Depending on the discretization scheme this size is a value b/l times larger than
the lattice site. Classically b/l = 1, however in the present study most of the calculations
were done for b/l = 3. Here and below we have used b = 0.35 nm as an estimate of the size
of these segments. We have named the C-segments in the different parts of the molecule
differently so that we can vary the ’hydrophobicity’ in the three regions, i.e. the tail
region, the glycerol region, and the headgroup region, independently. We hope that by
doing so we will learn more about how the hydrophobic/hydrophilic balance is reflected
correspondingly in the membrane properties. As illustrated in figure 4.2 the default lipid
has two fatty acid ’tails’ with a tail length ({;) of 18 carbons. They are attached to
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Figure 4.2: Schematic overview of the standard molecules used in this work. All specified united
atoms (segments) have equal volume. The lipid contains a PC-like headgroup without explicit charges.
In the headgroup we chose a single segment type for the phosphate group and in the choline group
we distinguish the nitrogen from the surrounding carbon atoms, which are made more hydrophylic
than the other carbon atoms. The two lipid tails have equal length, in this example 18 carbons, that
is, l; = 18. The water consists of five equal monomers arranged in a configuration wherein one W is
surrounded by four neighboring W units.

the sn; and sny position of a glycerol backbone. A phosphatidylcholine (PC) ’head’ is
attached to the sns position. As double bonds are not implemented in our chain model,
this structure could resemble the unsaturated dioleoyl phosphatidylcholine (DOPC) as
well as the saturated distearyl phophatidylcholine (DSPC). However as our modeled lipid
bilayers remain in the liquid state in all cases, we choose to use DOPC to name our default
model lipid. The oxygens of the phosphate group are included in the P-units, the ones
in the glycerol moiety (esters connecting the tails) are given by the O’s. The quaternary
nitrogen (in blue) is surrounded by three methyls and is connected to the phosphate by
an ethyl unit. Note that in the SCF model no gel-to-liquid phase transition occurs and
therefore we can probe the effects of changes in the tail length without the (experimental)
complication that the liquid state of the membrane core is compromised above a certain
tail length (e.g. {; > 18).

4.4.2 Interaction parameters
4.4.3 Interaction parameters

We have decided not to follow the model of Pera et al. [19] in the way electrostatic inter-
actions were accounted for. Pera et al. included these types of interactions by solving the
Poisson equation in addition to the Edwards equation. This resulted in an extended Pois-
son Boltzmann-like model with a relatively large number of variables and quite a number
of these were linked to the electrostatic effects. To reduce the number of parameters in
the model we replaced all electrostatic interactions by effective short-range Flory-Huggins

interactions. This is a not too strong simplification because in the biological context the
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Table 4.1: The default interaction parameters xx_y = xy—x used to quantify the solvent quality
and the intermolecular interactions. The values in the table are the interaction parameters between
the monomers X and Y listed in the left column and top row.

| W [Cu| N |[P]O
Cr/Cc| 12 [05] 2 |2|2
o 02| 1| o |o
P —02| 1 | -05
N 02| 1
C 0.6

ionic strength is relatively high and as a result, electrostatic interactions are short-ranged.
We do not claim here that electrostatic interactions are irrelevant, but we argue that a full
account of all possible electrostatic effects should account for many additional features
such as the size and solubility of the ions, the hydration levels of the ions, the concentra-
tion, etcetera. We are of the opinion that only a dedicated study towards these effects will
do justice to the real effects of electrostatics. The ’idealized’ settings as used by Pera and
coworkers simplify the matter too much (brushing complicating effects under the carpet
so to say) and therefore we feel that at this stage it is better to remove electrostatics
completely from our models and replace it with short-range interactions. The downside
of our choice to drop the electrostatic interactions is that we cannot generate new insights
in how for example the ionic strength modulates the mechanical parameters and phase

behaviour of lipid systems.

An overview of the default y-parameter set used for this simplified model system can be
found in table 4.1. As the explicit charges are removed from the model, we have, with
respect to the model of Pera et al., slightly modified the interaction parameters to mimic
the effect of electrostatics at reasonably high ionic strengths. Since actual PC lipids are
zwitterionic, we 'compensated’ for this by choosing an attractive interaction parameter
between nitrogen and the phosphate, yp_x = —0.5. In addition, the carbon groups in the
headgroup have been given a slightly lower interaction parameter (less water repellent)
with water (xcy—w = 0.6) to represent the somewhat hydrophilic nature of this region
and to compensate for the positive charge of the nitrogen group. In combination with
Xc-nN, Xo—p and xco_o all set to unity, this caused the choline group to be slightly further
away from the core than the phosphate group, consistent with experimental results [36—
38]. Other interaction parameters have been kept the same compared to the previous
model [19]: xw_np,0 = —0.2 to represent a weak attraction of the headgroup monomers
with water; importantly, Xc,—w = Xcg—w = 1.2, chosen as this leads to a dependence of
the critical micelle concentration (CMC) on the tail length close to experimental results.
Finally, Xco—~NpP,0 = Xco—Np,0 = 2 and Xcy—cp,0c = 0.5 are chosen to ensure a strong

segregation of the headgroup from the bilayer core.
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4.4.4 Systematic variations of interaction parameters and lipid struc-
ture

Invariably in a multi-parameter model system for the lipid bilayer membrane, it is rele-
vant to know how sensitive the results are for changes in the parameter set. Unlike in
MD simulations in which a particular force field has known pros and cons, the parame-
ter set presented above has a far less established character. In this light, it is timely to
find out how the structural and mechanical parameters are subject to change when the
Flory-Huggins interaction parameters are varied within reasonable ranges. In the classical
SEF-SCF theory, the lattice artifacts were seriously limiting such an exercise. However, in
a lattice-refined SF-SCF approach such project suddenly becomes of interest not only be-
cause it is relevant to know how sensitive parameters determine results, but also because
it opens avenues to learn more about the membrane mechanics. For example, by system-
atically varying the interaction parameters xc,—w, Xco—w and xc,—w we can determine
how the hydrophobicity of various regions of the lipid influences structural and mechan-
ical parameters of the bilayer. We can project such results on different classes of lipids.
For example, previous studies have shown that varying xc,.—w effectively influences lipid
tail stretching and bilayer thickness [19]. Nature can do so by tuning the degree of un-
saturation of the fatty acid tails [14, 39]. Changing the parameterization of the segments
of the glycerol moiety of lipids arguable is not only relevant for the understanding of
how glycerol-based lipids differ from e.g. sphingolipids, but it also gives generic insight
in the role of the polarity gradient from head to tail that characterizes so many lipids.
Headgroups of lipids are overall hydrophilic but typically contain not only polar but also
apolar groups. Modifying the interaction parameters of (parts of) the headgroup with
for example water may influence the readiness to hydrate the headgroup and this will
affect the tension in the headgroup region (headgroup overlap) as a stopping force for
the membrane formation. Insight into how much these changes can influence the overall
membrane properties may lead to a deeper understanding of the relevance of headgroup

variations in nature.

Apart from a parametric study on the interaction parameters, we have varied relevant
structural features of the lipid tails. These variations comprise lipid tail length (1),
including tails of different lengths in one lipid molecule, and variations in tail bulkiness

by introducing a branching point in the tails.

To structure our results we have divided these into separate sections according to varia-

tions of the lipid tails, glycerol backbone, and the headgroups.
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4.4.5 Data analysis

The structural features of the lipid bilayer predicted by the SF-SCF calculations can
be extracted from the volume fraction distributions of all the segments per molecule.
Typically these distributions are added together resulting in the overall lipid volume
fraction profile, @yya(2). Alternatively, one can group these per segment type, e.g. the P
units are grouped in ¢p(z). When in a parameter study the interaction parameters are
changed it is not productive to show all the changes in the corresponding volume fraction
profiles. Instead, we have decided to follow and report on various measures that quantify

the membrane structure in some way.

One of these measures is the average z position of the monomers Cg and Cy and the
O, P, and N segments in the bilayer configuration. Because of the symmetry, it suffices
to determine the average z positions over just one leaflet of the bilayer. These averages

follow from the so-called first-moment analysis

T (e a)lox@) - )
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were (z)x is referred to as the average position of segment type X from the plane of
symmetry zg. Using these averages we can quantify the bilayer thickness, e.g. defined by
the twice the distance of the N groups to the center of the bilayer: dyy = 2(z)x. Similarly,
the bilayer core thickness may be found from twice the distance of the O groups to the
center of the bilayer: doo = 2(z)o. The headgroup orientation may be related to the
difference in the average positions of the phosphate and the N of the choline in one leaflet
of the bilayer, that is, dpy = (z)y — (2) p. Another structural parameter of interest is the

area per lipid molecule Ag, which is easily computed by

Ay = % (4.29)
lipid
where 07 1 = > (b/1)(@upia(2) — @lipia) is the excess amount of segments of the lipid
molecule per unit area (per leaflet) of the membrane, and N is the number of segments
in the lipid molecule (measure for the molar volume). Multiplying Ay by b? results in
the area per molecule, a quantity that is known and tabulated for many types of lipids.
Frequently this area is referred to as the headgroup area because in the planar geometry
the bilayer tails occupy the same area as the heads. This should be distinguished from
the headgroup area featuring in the so-called surfactant packing parameter P = v/(lag).

This phenomenological parameter introduced by Israelachvili [40, 41] features an ’exper-
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imental’ area that a surfactant occupies, e.g. on the air/liquid interface, ag. Together
with theoretical values of the tail volume v and the (average) length of the tail(s), the
value of P is indicative of the preferred association shape for self-assembly. If it is near
1/3 one should expect spherical micelles, near 1/2 cylindrical micelles, and for values near
1 bilayers. Often the packing parameter is used in a loose sense to rationalise various
trends in phase behaviour for series of surfactants. An example is the prediction that for
a given v and [ an increase in the value of ay will give a trend from lamellar to cylinder to
spheres and vice versa. The value of J§* is the SCF counterpart of this packing param-
eter. We may argue that trends predicted from P-changes could also be predicted from
J§'-changes. Similar arguments practised in surfactant science to discuss trends in P can

thus be used to rationalise trends in J§*.

4.5 Results and Discussion

This section is split into two parts. In the first one, we will discuss the structural and
mechanical properties of the membrane using the default parameter set. The first task
that is picked up is to establish the effectiveness of lattice refinement to find numerically
accurate values for the bending rigidities. We will do this by focusing on the grand
potential of spherically curved vesicles. In principle, the grand potential of spherical
vesicles is scale-invariant. However, in the SCF computations this is not strictly the case in
particular when lattice artifacts are manifest. The idea here is to show that the variations
that are found for this value upon a change of the vesicle radius decreases rapidly when the
ratio between segment and grit size, b/l, is increased. For a b/l ratio that gives sufficiently
smooth results, we can derive the mechanical parameters of the bilayer from a single vesicle
calculation: no laborious averaging is needed anymore. In the second part of this section,
we will present results from systematic variations of structural and interaction parameters
for the case that the discretization parameter b/l = 3. In order, we pay attention to
variations in the lipid tails, we introduce changes in the glycerol backbone region and
finally, we consider various ways to change the headgroup properties of the lipids. The
overall goal of this section is to give insight in the sensitivity of the parameterization, but
an important derived target is to learn how structural as well as mechanical parameters

of lipid bilayer membranes can be regulated (at least in principle).
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Table 4.2: Average values for the effective modulus ks = 2k + R including the maximum deviation
from the average (Smax) for spherical vesicles of R ~ 100b consisting of the standard lipids (see figure
4.2) at different lattice refinements (b/1).

b/l | Ks % Smax
] | [ksT]

—17 £+ 345

6.03 £ 0.03
5.507 £ 0.001
5.3305 & 0.0005
5.2495 £ 0.0005

Ot W N =

4.5.1 The default system
Lattice refinement reduces lattice artefacts

As mentioned in the above section, the previously revised protocol to evaluate the bend-
ing rigidities of lipid bilayer membranes involves a large number of calculations wherein
the radius of spherically or cylindrically curved vesicles is systematically increased by
increasing the number of lipids in the system and the grand potential of these vesicles
is recorded. Every time the radius of the vesicle increases by one lattice layer the grand
potential goes through a local maximum and a local minimum, oscillating around an av-
erage value. Only this averaged value has clear physical interpretations: the oscillations
are just a result of the use of a lattice. The amplitude of these sinusoidal variations in
the grand potential becomes larger when the vesicle radius increases. When a sufficient
number of these oscillations are generated one can find the ’averaged’ grand potential.
For the spherical vesicle such average is given by (Q2) = 47k, where the effective bending
rigidity ks = 2k + K (cf. Eqn 4.4). Focusing on this spherical lattice we can thus find
as well as Syay = (M — QWin) /(47) the difference between the maximum and minimum
values for the effective bending rigidity along an oscillation (here taken when the radius of
the vesicle R = 100). Pera et al. used the face-centered cubic (FCC) lattice with A = 1/3,
which was found to give the smallest value for s,,.. For obvious reasons, we here focus on
the hexagonal lattice (A = 1/4) for which $,,.x is relatively large unless lattice refinement
techniques are implemented. The results for the default lipid bilayer are collected in table
4.2.

Inspection of table 4.2 reveals that the deviation Smyay is enormous for b/l = 1. Indeed
Smax 1S much larger than the average value k5. This was one of the challenges using the
classical SCF theory to evaluate the mechanical parameters of lipid bilayers. It illustrates

that the classical approach truly has a problem. Again, the workaround for this problem
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implemented by Pera et al. was to use the FCC lattice (A = 1/3) which compared to
the hexagonal (A = 1/4) or simple cubic lattice (A = 1/6) reduces Spax to more or less
acceptable values. In addition, Pera et al. used spherical vesicles that were as small as
possible so that the oscillations around the mean were not yet overwhelming large. This
explains why still reasonable predictions for the bending rigidity could be made. As seen
in table 4.2 for the hexagonal lattice syax is much larger than x, and it is clear that
the estimates for the average are not very accurate. Already for b/l = 2 the value of
Smax 18 significantly smaller than x, and one can have confidence in the reported estimate
for ks at least up to 0.1 unit of kgT. For b/l > 3 the error no longer is due to lattice
artifacts but merely by the precision in which the SCF solution was generated. As the
computational cost increases with increasing lattice refinement, we have chosen to use a

lattice refinement of b/l = 3 for the remainder of our calculations.

Apart from the reduced deviations, it is found that the average effective modulus x, de-
creases with increasing b/l. This implies that the membranes become slightly easier to
bend. This must be attributed to a systematic change in the chain model. In the freely-
jointed chain (FJC) model subsequent segments may be placed onto 1 + 2b/1 different
lattice positions. This increase in the number of positions with increasing b/[ is reflected
in an increase in the conformational entropy in the chain. Apparently, the lipid molecules
are intrinsically more flexible with increasing b/l. To prevent a too high internal flexi-
bility of the chains is another reason for choosing b/l = 3 over higher lattice refinement
calculations. In the FJC model, the excluded volume correlations along a chain further
than one segment are ignored. One can implement, e.g. the rotational isomeric state
(RIS) scheme [29, 31, 42] wherein short-range correlations of (in this case) three segments
are accounted for. In such a model the local stiffness of the chain can be incorporated to
compensate for the increased flexibility of the chain when b/ is increased. To construct
a RIS scheme in a lattice-refined model will be a task that is high on the agenda in the
near future as this may restore the chain model to arguably more realistic ones. Until

then, we have to accept the rather high flexibility of the chains as an SCF feature.

The small drift of the chain model with an increasing value of b/l has not only measurable
effects on the mechanical parameters of the bilayer membranes but also has structural
counterparts. Since the z-coordinate is based on the segment size b rather than on the
size of the lattice site (we use b as the unit length), these structural differences are typically
rather small and it is not too interesting to elaborate on these in detail. That is why we
decided to show and discuss as an example the segment density profiles over the bilayer
for the standard lipid and standard parameter set and discuss differences compared to
the previous model using overall membrane measures. In figure 4.3 A the full bilayer

cross-section is shown and in panel B an enlarged part for the headgroup region is given.
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Figure 4.3: Volume fraction profiles of the default lipid bilayer membrane in a planar geometry.
Figure A shows the volume fraction profiles for a full bilayer, whereas figure B shows a zoomed-in
version, focusing on the headgroup and glycerol parts of a single leaflet of the bilayer. The profiles
are presented in colors corresponding to the segment colors used in figure 4.2: C = black, O = red, P
= orange, N = blue, Cg = dark grey, Cy = light grey. Water is depicted in light blue. The profiles
correspond to SF-SCF calculations using a refined lattice (b/1 = 3).

We have selected a planar geometry for which both leaflets are identical; z = 0 is set
at the symmetry plane. In corresponding cross-sections of spherically and cylindrically
curved bilayers the symmetry is broken and curvature effects may be seen on segment
density profile level. We do not go here in detail and refer to the literature for an analysis
of these effects. [33]

The volume fraction profiles shown in figure 4.3 are fully consistent with the generally
accepted view of the lipid bilayer membrane. The core of the bilayer is predominantly
populated by the tails (C monomers, black curves) and in this region, the water density
is less than 1%. This is in line with experimental data and with computer simulations
at large. The glycerol moiety sits in between the core and the headgroups. Near the
maximum of the O’s of the glycerol backbone, the solvent (water) density starts to grow
so that in the region of the headgroups water is already the main component. Figure
4.3B gives a closer view of the distribution of the headgroup segments. It is of interest
to notice that the width of the distribution of the headgroup region is comparable to the
width of the hydrophobic core. This observation can only in part be attributed to the
higher density and the flexible nature of the lipid tails in the core. Contributions to the
broadening of the distribution of the headgroup segments are conformational fluctuations
of the headgroup and protrusion-like fluctuations of lipids as a whole (that is fluctuations

in the position of the molecules in the z-direction).

For this case study, the bilayer width as given by dyy amounts to approximately 10.10,
which translates to about 3.5 nm, and the equilibrium area per lipid molecule Ag = 11.502,
corresponding to approximately 0.9 nm?2. These values are comparable to numbers found
before with SF-SCF modeling [19] albeit that compared to previous estimates the area
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went up by a few percent and the thickness went down by some 10%. Also compared to
experimental estimates [14, 15, 43-47] the theoretical result underestimates the thickness
and overestimates the area and the current model does this a bit more than the classical
result of Pera et al. These differences are not unexpected. As mentioned above, compared
to the real lipids we overestimate the chain flexibility. In addition, the mean-field model
underestimates excluded volume effects. Both these facts can explain the observed short-
comings. We should also note that in SF-SCF the thickness of the bilayer is the so-called
intrinsic thickness. Undulation fluctuations of the bilayer, which broaden the membrane
thickness and typically influence experimentally reported membrane widths, are fully ig-
nored. The underestimation of the membrane width and the small overestimation of the
area per molecule have a corresponding impact on the mean bending modulus as will be

discussed below.

The bilayer core thickness doo = 6.72b represents about 2/3 of the total bilayer width,
fairly consistent with literature [45]. The headgroup orientation can be related to the
relative position of the nitrogen with respect to the phosphate group. Our results give a
result of dpy = 0.23b indicating that the headgroup lies relatively flat on the surface of the
bilayer, with the choline group slightly further outward compared to the phosphate group,
similar to previous results [19]. The rather flat average orientation of the headgroups
does not imply that all headgroups are parallel to the membrane plane. The rather
broad distributions of N and P groups indicate that there are considerable fluctuations
in the headgroup orientation. The width of these distributions may increase, and so will
the conformational entropy, when the headgroup is on average parallel to the membrane
surface compared to the perpendicular orientation. So there is also an entropic argument
that disfavors large values for dpy. Strong excluded volume effects in the headgroup
region (when the area per lipid is small) will push the choline group to the outside and

then larger values are expected for dpy.

The values found for the structural properties of the lipid bilayer membrane are largely
in line with all-atom computer simulations [35, 42, 48-51]. There are many ways to coin
this result but to us this is remarkable because the CPU-time needed to find the SF-SCF
result is on the order of a few CPU-seconds on a single CPU, while for full-atom MD
simulations the computational efforts, which obviously scale with the number of lipids in
the membrane piece considered and the length of time over which the results have been
averaged, are easily 10 times longer. As SF-SCF is computationally inexpensive it is
doable to conduct a parameter study (see below). Moreover, because the mean-field free
energy is available we can evaluate thermodynamic and mechanical parameters for the
lipid bilayer membranes. Computing mechanical parameters by MD is even more CPU

time consuming so that we are aware of only few attempts for this [52, 53], let alone that




Structural and mechanical parameters of lipid bilayer membranes using
114 a lattice refined self-consistent field theory

trends in these quantities have been simulated for systematically modified bilayers.

Let us next focus on the mechanical parameters of the default bilayer system as these
follow from SCF. Here and below we have used the method of combining results from
the planar geometry with a result for a spherical vesicle (the grand canonical route).
Typically we used a vesicle with a radius R ~ 1000. Alternatively the mean and Gaussian
bending rigidities could be evaluated combining the cylindrical and spherical geometries
(previously used approach). When for both cylindrical and spherical vesicles a radius of
R = 1000 is used, the tension in the cylindrical vesicle remains sufficiently small so that
on the level of the accuracy of the calculations the mean bending rigidity is not affected
and both routes give closely the same results. On the one hand this internal consistency
check is satisfying and raises confidence in our results. On the other hand, it means
that a small membrane tension does not have an impact on the mean bending modulus.
Otherwise the method of Pera et al. would have failed. In retrospect, it indicates that the
results of Pera et al. are indeed trustworthy, albeit that the numerical noise on their data
is considerable. The new approach of combining planar and spherical results is strictly
executed in the grand canonical ensemble and is preferred because it is computationally

the most efficient and formally the correct route.

We find the bending modulus x = 2.84 kT, the Gaussian bending modulus £ = —0.17
kgT and the spontaneous curvature of the monolayer Ji* ~ 0.014b7!, i.e. close to 0. The
negative value for £ and the small value for Ji* show that the default lipid indeed is rather
‘satisfied” with the planar bilayer assembly. Of course, the default parameterization was
tuned to give these results as it is expected for a phosphatidylcholine lipid with two tails
with length [; = 18. The fact the numerical value of & is rather close to zero indicates that

the bilayer is not too far from a topological transition, which we consider realistic.

Experimental estimates are available only for the mean bending modulus. For most lipid
bilayer membranes, reported values for this quantity are significantly higher, values as
high as 10-50 kgT. [54] The largest numerical values may be linked to membranes in or
extremely close to the gel-state. It is possible to upgrade the SCF approach to include the
gel-to-liquid transition [32] by more accurately accounting for excluded volume effects of
densely packed tails. This route, however, was abandoned due to the huge lattice artifacts
that presented themselves. In a lattice-refined SCF approach, the ideas to introduce
cooperative chain alignment effects may become of interest again. For the time being,
however, such an extension of the theory is not available. Within the current lattice-refined
SCF theory, the model bilayers are significantly more flexible than their real counterparts.
As explained this result must not be coined as a surprise. Above we have seen that the
theory underpredicts the membrane thickness, basically because the molecules do not feel



4.5 Results and Discussion 115

=)
S

100 0.10

%
S
o
1=}
T
a
——
®

60

=)
=

# [knT)

=
S

w(z) [knT/b?]

% contribution to &
% contribution to J§"

[
S

Figure 4.4: The grand potential density profile w(z) (A), 7'(z) (B) and JJ¥(z) (C) for the default
lipid bilayers in a planar geometry calculated using a refined lattice with b/1 = 3. The functions &’ and
JI give the cumulative contributions to % and J§* as defined in the text. The positive (in blue) and
negative (in red) peaks (1-5) are defined in panel A. The relative contributions of these regions (1-5)
to £ and J§* are shown in the bar chart next to the graphs.

sufficient excluded volume correlations and the chains are intrinsically too flexible. On
the other hand, it cannot be ruled out that experimental estimates of the mean bending
modulus could be on the high side because it is difficult to measure such quantities in a
full equilibrium setting. For example, when the bending modulus is measured on time
scales for which lipid flip-flop is not possible one must find significantly higher values for

the bending modulus than from measurements on larger time scales.

Even though the current mean-field theory underestimates the value of the mean bending
modulus, it is not expected that the same systematic underestimations or possible system-
atic overestimations would occur for & and JJ*. The relative preference for a bilayer to be
in the planar state compared to some saddle-shaped configuration may depend more on
how the hydrophobic/hydrophilic balance is spread throughout the lipid molecule rather
than that it is influenced by the flexibility of the chain and/or the bilayer thickness per
se. Furthermore, since similar (flexibility) errors are anticipated in the different geome-
tries, we expect that the trends in & and J§* that are discussed below are comparatively
realistic. To substantiate this argument we continue the analysis of the default bilayer by

focusing on the grand potential density profile.

As given by Eqns 4.2 and 4.3, & and J§* follow from the second and first moment of
the grand potential density profile, respectively. It is of more than average interest to
pay attention to the grand potential profile. In figure 4.4A such a profile is shown for
the default membrane, which is free of tension. This means that fooow(z) = 0. In this
profile, we have identified five regions. The regions 1, 3, and 5 give a positive contribution
to the membrane tension and are given colors from light to dark blue. The regions 2
and 4, colored light, and dark red give a negative contribution to the membrane tension.
The total area for the red regions equals that of the blue regions because the membrane

tension is zero. The positive contributions imply a tendency of the membrane area to
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decrease while a negative contribution indicates a tendency to increase the membrane
area. Positive excursions may be identified as ’driving forces’ for membrane formation,
while the negative ones contribute to the ’stopping forces’. Typically the hydrophobic
tails that are in contact with the solvent at the core-corona interface invoke a positive
local tension (region 3), and this is seen as the important driving force for the assembly
of the membrane. The negative tension of region 2 results from stretching of the tails in
the normal direction. This is a known but not often mentioned stopping mechanism for
self-assembly. The negative tension in region 4 is referred to as the headgroup pressure,
which is related to headgroup overlap, a stopping force as well. The positive contribution
near the center of the bilayer (region 1) is often found for lipid bilayer membranes. A
physical implication of this local positive tension is that the tails of the two leaflets of
the bilayer attract each other so that no density dip occurs in the membrane core. This
also permits the interdigitation of the tails into opposite monolayers which are known to
happen to some extent. [32] Sometimes region 5 occurs at the periphery of the membrane
surface. When this local positive tension is large we expect that membranes are mutually
attractive. So a large positive contribution in region 5 is indicative of the loss of the
colloidal stability of freely dispersed bilayers. In the default case, the colloidal stability
is not compromised. When electrostatics are accounted for, one usually will find a small

attraction due to dipole-dipole attraction of the PC headgroups.

For the impact of the various contributions of regions 1-5 to the Gaussian bending rigidity
and the spontaneous curvature of the monolayer, not only the absolute values are impor-
tant but also the precise location is relevant. In this case the local maxima occur at z = 0,
at z ~ 3.2 and at z = 7 (regions 1, 3 and 5). The minima occur around z ~ 1.8 and
z = 4.8 (region 2 and 4).

To further quantify how regions 1-5 contribute to the Gaussian bending rigidity and the
spontaneous curvature of the monolayer, it is instructive to introduce cumulative functions

that collect respective contributions up to layer z to & and J*(z):

4

R(z) =Y (¢ = 20)w(2) (4.30)
to k and :
T = 230 — sl (4.31)

K
2'=0

These functions are presented in figures 4.4B and C, respectively. Note that in the limit
of 2 = oo the value of #'(2) goes to the Gaussian bending rigidity &, and the similar limit

for JJ*(z) is identical to J{*. The charts next to figures 4.4B and C give the fractional
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contributions of the integrated parts of regions 1-5.

As R is associated with the second moment of the grand potential density profile, contri-
butions at larger z, i.e. regions 3 and 4, are more relevant then regions 1 and 2. For the
spontaneous curvature of the monolayer, which is linked to the first moment, all regions
are more equally important. These features are recognized in figure 4.4B and C. The fact
that & < 0 can be attributed to the dominance of region 4. The positive value for JJ* is

traced to the relatively large contribution of the tension generated in region 3.

We anticipate that details in the glycerol backbone region may influence region 3, whereas
an increment of the chain length will position all the regions 1-5 to somewhat larger z-
values, with concomitant changes in £ and JJ*. Below we will not present all the details of
the grand potential density profiles, but in order to rationalize why particular changes in
the mechanical parameters are found, we have made use of this type of information. In the
supplementary information, more information can be found on how the grand potential
density changes for a selected number of parameter variations. For example, the minimum
in region 4 generally becomes less deep when it is found at larger values of z. Therefore
it is likely that J§* will become less positive but the effect on & is less clear because the

weighting with 22 may compensate for the reduced amplitude.

4.5.2 Parameter variation for the lipid tails

Several parameters can be varied for the lipid tails. We will start with varying the tail
length (I;) and the hydrophobicity of the tails by changing xc,—w. In nature lipids with
different tail lengths are frequently found in different types of biomembranes, and the
hydrophobicity of the tails is altered by the degree of unsaturation of the fatty acids.
It is expected that a higher degree of unsaturation decreases the hydrophobicity of the
tails, as an increased solubility in water is observed [14, 39]. In addition, we will consider
the effect of a difference in length between tails on sn; and sny positions in the lipid
molecule. Finally, we pay attention to the effect of branching of the lipid tails. For all
these variations we will first present changes of structural parameters of the bilayers and

then pay attention to the corresponding mechanical parameters.

Effect of tail length and tail hydrophobicity

The effects of tail length and tail hydrophobicity have been explored in previous work [19]
and this is repeated here in support of the current and previous work. We present the
bilayer core width dpo, the orientation of the headgroups dpy and the area per lipid Ag
in figure 4.5 as a function of the value of x¢,.—w for lipids with tails [, = 12, ..., 20. The

larger xc,—w, the stronger is the repulsion between the tails and water (the C’s in the
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Figure 4.5: Structural parameters of bilayer membranes of lipids with different tail length as a
function of the interaction parameter between tail carbons and water, xc,—w. A) Bilayer core width,
doo, B) headgroup orientation, dpy, and C) area per lipid, Ag. Green: I, = 12 C segments, blue: 14
segments, purple: 16 segments, red: 18 segments, orange: 20 segments.

glycerol backbone and in the heads remain unaltered). We varied this parameter around
the default value of 1.2. It relates to the amount of water in the hydrophobic core. When
Xcr—w = 1 the water content is unacceptably high (above 1%). It also relates to the freely
dispersed lipid concentration in the solvent (CMC). When yc_w ~ 1.5, the CMC is much
lower than the experimental estimates. We should keep this in mind when we discuss the
trends, which are to some extent non-trivial. One would expect that with increasing
driving force for assembly (longer or more hydrophobic tails) the two stopping forces
would become stronger, that is, the area per molecule should go down and the stretching
in the tails should increase. We see these trends for the increase in the hydrophobicity of
the tails, but not for the increase in the tail length. When the tails are repelled stronger
by water, the tension at the core-corona interface increases somewhat and this triggers
both a stronger stretching of the tails and a reduced area per molecule. When for a given
strength of the repulsion between tails and water the tail length is increased the area per
molecule goes up. This is only possible when the stretching of the tails is becoming a
more dominant stopping mechanism. Experimentally the area per lipid in the membrane
was found to depend on whether or not the tails were saturated or not. [55] For lipids
with unsaturated bonds the ordering of lipid tails in the core is expected to be less than
for the saturated tails and for these less ordered bilayers, the increase in membrane area

with increasing tail length is indeed reported. [55]

The core size dpo increases with both increasing tail hydrophobicity xc,-w and tail
length ;. The overall thickness of the bilayer dyy follows the trend of dpo as shown in
the supplementary information. This trend is consistent with experimental results [55].
The headgroup orientation (as deduced from dyp tends to become more parallel to the
membrane surface when the tails become more hydrophobic as well as when the tails
become longer. When x¢,_w is increased the tension between core and corona increases

somewhat and this triggers the choline group to be closer to the core: it becomes stronger
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Figure 4.6: SCF predictions for the bending rigidities # (A) and x (B), and preferred curvature of the
monolayer Ji* (C) as a function of xc,—w for different tail lengths (I;). Green: I; = 12 C segments,
blue: 14 segments, purple: 16 segments, red: 18 segments, orange: 20 segments.

adsorbed at this interface at the expense of water. Such an adsorption effect goes against
the natural response that a decrease in area per molecule leads to a larger tilt of the
headgroup. This shows that the headgroup orientation is the result of a complex interplay

of effects.

Referring to figure 4.6 we find increases in 5 and ~ and a decrease in J* for both increasing
l; and xop—w. These trends are in good agreement with previous work [19]. Pera et
al. argued that the mechanical parameters of the bilayers can be rationalized using
structural arguments: both & and Ji* can be correlated with the shape of the lipid,
which for amphiphilic molecules is generally described by the critical packing (surfactant)
parameter [40, 41] and & could be correlated to the overall bilayer thickness. We will also

use similar arguments and try to deepen the insight where possible.

As with respect to the mean bending modulus (panel B) we find a strong correlation
between this parameter and the membrane thickness dyy (see also SI figure 4.16B). A
thicker bilayer is simply harder to bend. Interestingly, we find a rather weak dependence
with [;. To a reasonable approximation x grows linearly with l;. The increase in the area
per molecule which also takes place with increasing I, must have contributed to this weak

dependence.

The Gaussian bending modulus as well as the spontaneous curvature of the monolayer are
expected to correlate to the topological stability of the bilayers. However, the correspond-
ing effects on the topological stability of the self-assembled bilayers are subtle and hard
to rationalize. More specifically, the sign-switch of & that is predicted both for relatively
hydrophobic tails and in the limit of long tails, tells us that both these trends destabilize
the lamellar topology in favor of phases with saddle shapes, e.g. a cubic phase of some
sort. The spontaneous curvature of the monolayer tends to become negative for long tails
and/or very hydrophobic tails. This means that ’inverted’ assemblies gradually should

become the more favorable aggregation state. Pera et al. reasoned using surfactant pack-
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ing parameter arguments. A hurdle in this approach is that we do not know exactly how
the surfactant packing parameter responds to the changes in the parameters and there
is some arbitrariness in it. Alternatively, to explain these trends we could relate them
to the changes of the grand potential density profiles. However, it goes too far to show
all these profiles individually. In addition, a formal ’explanation’ of trends in terms of
how the grand potential density profile changes, should be accompanied with arguments
why the particular grand potential density profile did change as a response to variation
of some parameter. This in turn is a challenging task in itself. In the following, we will

combine both approaches to understand and qualitatively explain the trends.

It is known that relatively small headgroup sizes promote Gaussian curvatures and/or
inverted assemblies. Alternatively for fixed headgroup properties, increasing the size of
the tails or the hydrophobicity of the tails should induce the same trend. Indeed these
expectations, based on ’geometric’ arguments, are supported by the analysis of the grand
potential density profiles, shown in supplementary figure S1A: the peaks for regions 2-5
shift to larger values of z both with increasing I; and increasing yc,_w, consistent with
an increase in bilayer thickness. Peaks at higher z tend to have a reduced amplitude and
therefore it is hard to see how the first or second moment of these profiles is changing
in a particular way. In this case, the relative contribution of region 3 (driving force)
overshadows the other contributions, and & increases as well as J§* decreases. The relative
increase in the importance of the tail stretching to the stopping force may have contributed
to this trend. The negative grand potential in the headgroup region is less pronounced
and the Gaussian bending rigidity is not receiving a concomitant negative contribution of
the heads so that it can become positive. The same argument can be made for the trend
of Ji".

Lipid with tails of unequal length

Many phospholipids within biomembranes have two tails with unequal tail lengths, or tails
that differ in degree of unsaturation [56]. Why this is the case is not fully understood.
In this light, it is of interest to know if and how much membrane properties depend
on the acyl chain length difference. The effects on the bilayer structure and mechanical
parameters remain largely unexplored, presumably because it is thought to be a secondary
effect. From a surfactant packing parameter perspective, no changes are expected because

it assumes that only the average tail length is important.

To investigate the effects of different tail lengths within one lipid, we have chosen to
consider lipids with a fixed total of 32 carbons in their tails. Hence, when we choose a

tail length of 14 carbons on the sn; position (Is,, = 14), the lipid tail on the sny position
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Figure 4.7: Structural analysis of lipid bilayers as a function of lipid tail length on the sn; position
(Isn, ). The total amount of carbon segments in both tails was fixed to 32; hence the tail on the sns
position has a length ls,, = 32 — ls,. A) Bilayer core width, dpoo; B) headgroup orientation, dpy; C)
area per lipid, Ag. Parameters have the default values.

will thus have 18 carbons (s, = 18), and so on. The structural membrane properties of

the lipid bilayer are shown in figure 4.7 as a function of the length of the sn; tail.

Inspection of this figure proves that there are noticeable differences in whether the lipids
have equally long tails or not, yet the magnitude of these differences is much smaller
compared to changing the length of both tails I; or xc.—w. In general, the SCF theory
predicts that tails of equal lengths, in this case with two Cyg tails, have a smaller dpp and
dpxn and a higher Ay compared to a lipid with two unequal tails. When the lengths of the
two tails are different, the lipid can position the long tail more to the membrane center,
while the shorter one can remain closer to the head (the lipid tails can split tasks). This
degree of freedom allows for further optimization of the free energy which subsequently
leads to slightly more lipids per unit area (reduced headgroup size) compared to the
case that both tails are equally long and behave similarly. We may also argue that the
membrane core size scales with the longest tail, which obviously is the case in the limit
that all tail segments are in a single tail. As the longest tail increases with increasing
asymmetry between the tail lengths, it is natural to expect that the core size increases with
increasing difference in lengths. The minimum in the area per molecule, when the two
tails have equal length, reflects in a maximum in the headgroup area and the headgroup

orientation is most parallel to the membrane surface (dpy goes through a minimum).

Close inspection of the curves proves that there is a slight asymmetry in the values whether
or not the sn; tail is the longest. The reason for this is that the headgroup is closer to
the sny tail than to the sn; tail. As a result, the sn; tail is buried slightly deeper in the
bilayer than the sny (when both tails are equally long). Increasing the tail length of sny
has therefore less impact than increasing the sn; tail because it has first to catch up with

sn; before it can be the tail that can go deepest in the bilayer.

Interestingly, while the changes in bilayer structure seem very subtle, the effect on &,
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Figure 4.8: Estimation of the bending rigidities & (A) and x (B), and J§* (C) as a function of the
lipid tail length on the sny position (Is,,). The total amount of tail segments was chosen to be 32.
Parameters similar as in figure 4.7

k and J§* are surprisingly large: the relative increase in x for lipids with tails of equal

lengths over unequal tail lengths, is in the order of 10%, see figure 4.8.

One of the reasons why we present the effect of chain length variation within one lipid is
that from a packing parameter point of view no differences are expected. Nevertheless,
significant variations are found. The mean bending modulus in this case does not follow
the trend that a thicker bilayer is harder to bend. Just the opposite is found! Clearly,
when the tails are of unequal length, the lipid can target one tail to the center and the
other tail more towards the corona. In this way, the bilayer can deal better with an
imposed membrane curvature. This is reflected in a more flexible bilayer even with its

thickness is slightly increased.

The Gaussian bending rigidity for the default lipid is close to zero and understandingly
when the structure of the lipids is varied, small changes in the Gaussian bending rigidity
can have large effects. The Gaussian bending rigidity deviates more from zero when the
chains are more asymmetric in length. The stopping mechanism is distributed slightly
less in the tail stretching and more in the headgroup overlap and therefore, region 4
becomes more important for the Gaussian bending rigidity. The trend for the spontaneous

curvature of the monolayer can be rationalized in the same way.

Effect of branching of the lipid tails

The effects of chain branching are expected to follow trends suggested by the surfactant
parameter arguments. Clearly, for a fixed amount of C monomers in the tails, branching
reduces the average length of the tails. This 'naturally’ leads to an increase in the value of
the surfactant packing parameter. The larger value of the surfactant packing parameter
then suggests a more negative spontaneous curvature of the monolayer and a tendency

for a positive Gaussian bending rigidity.
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Figure 4.9: Structural analysis of bilayers consisting of lipids with a branching point in both tails at
the same position. Each tail has a fixed number of carbon segments of 18 and splits into two equal
branches at position Cz. A lipid with branching point C'z = 4, thus has two tails that split at the
fourth C segment into two C7 branches. A) Bilayer core width, doo; B) headgroup orientation, dpy;
C) area per lipid, Ag. The results were calculated using a lattice refinement of b/l = 3.

To test these expectations we introduce a systematic change of the bulkiness of the tails by
introducing a branching point in each lipid tail while keeping the total number of carbon
monomers per tail the same, here 18 per tail. For example, by introducing a branching
point on the fourth carbon from the glycerol (Cp = 4), we subsequently have two smaller
tail fragments each with a length of 7 carbon monomers. As such by varying the position
of the branching point in the lipid tail, we can tune the effective bulkiness of the tails.
The structural properties of the membrane as a function of the positions of the branching
point are presented in figure 4.9. The core thickness is smallest for the lipids with the
branching point closest to the backbone and it grows to the value of the unbranched
chain when the branching point occurs at large values of Cg. At the same time, the area
per molecule is largest when the branching point is near the headgroup. The larger the
headgroup area is, the smaller is the z distance between N and P (dpy), corresponding
with the smallest angle between the headgroup and the plane of the bilayer. This trend is
in line with the expectations sketched above. There is a strong nonlinear dependence on
Cp. As expected the effects of branching near the backbone have a stronger effect than

branching near the tail ends.

The consequences for the mechanical parameters of the lipid bilayer membranes are pre-
sented in figure 4.10. As can be seen from figure 4.10B, the mean bending modulus follows
the membrane thickness: the thicker the bilayer, the stiffer it is. In line with the trend
of the surfactant packing parameter, the Gaussian bending rigidity is clearly positive for
the lipid with tail branching near the glycerol backbone and approaches the value for the
default lipid (a small but negative value) when the tail branching occurs far towards the
tail ends. The spontaneous curvature of the monolayer also follows the surfactant pack-
ing parameter prediction. It is negative (meaning that inverted assemblies are promoted)
when the branching is close to the heads and shifts to the value for the default lipid (which
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Figure 4.10: SCF predictions of Gaussian bending rigidity & (A), mean bending rigidity ~ (B) and
J§* (C) as a function of branching point (Cpg) for the same bilayers with branched lipids as in figure
4.9.

is slightly positive) for lipids with branching near the tail ends.

It is clear that bilayers consisting of lipids with shorter and bulkier tails have a higher
tendency to form cubic phases compared to lipids with fewer and longer tails. Depending
on the goal, varying the bulkiness of the tails can be a systematic strategy to obtain
self-assembled structures of a desired topology. We do not know of experimental counter-
parts to substantiate this prediction. For the way in which we varied the lipid branching,
SCF theory predicts that the Gaussian bending rigidity changes sign almost simultane-
ously with the change of sign of the spontaneous curvature of the monolayer. For the
desired change of phases, it may well be relevant which of the two quantities changes sign
first.

4.5.3 Parameter variation for the glycerol backbone

The role of the polarity of the glycerol backbone is the next focus of our parameter
variation study. In the study to understand lipid bilayer properties one typically considers
the effects of tails and the effects of headgroups of the lipids, but the role of the transition
between heads and tails, for phospholipids the glycerol backbone, is generally neglected.
Nature, however, does consider lipids of various sorts which do differ in how the tails
and the headgroups are linked to each other, cf. phospholipids versus sphingolipids. The
difficulty in understanding the role of variations in the region between heads and tails is
that when the structure is changed, also the gradients from polar to apolar are affected.
Here we decided to keep the architecture of the lipids the same and only modify the
interaction parameters in this region of the molecule. In this way, we hope to generate a
more clear picture of what happens to structural as well as mechanical parameters of the
membranes when the gradient from polar to apolar in the lipids occurs relatively abruptly

or more gradually.
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Figure 4.11: Effect of glycerol backbone hydrophobicity (xc,—w and xo—w) on various bilayer
properties: A) bilayer core width doo; B) overall thickness of the bilayer dyy; C) distance between
P and O in the glycerol backbone dop; D) headgroup orientation dpy; E) area per lipid Ag. Green:
xo—w = —0.4, blue: xo_w = —0.2, purple: xo_w = 0.

We have varied the hydrophobicity of the glycerol backbone in two ways. The first one is
by varying the repulsion between water and the hydrocarbons from the glycerol backbone,
Xcg—w, and the second one is by changing the attraction of water to the O’s, xo_w.
The results regarding the structural effects of the lipid bilayers are collected in figure
4.11. Besides reporting on the headgroup area Ay, the orientation of the headgroup dpy
and the core size dpo, we also show the effects on the overall membrane thickness dyy,
and the distance between the phosphate group and the O in the glycerol backbone dop.
We note that increasing xc,—w as well as making xo_w less negative implements two
complementary ways to make the glycerol backbone region overall more hydrophobic.
Making xo_w more negative implies a wider gradient in polarity from head to tail within
the lipid molecule, but not necessarily implies a wider region of polarity in the lipid bilayer

as the conformations of the molecules respond to the imposed interactions.

As there are only a few O’s per lipid and also the number of hydrocarbon units in the
glycerol backbone is small, we cannot expect huge effects on the overall membrane prop-
erties. The modest changes that do occur are as follows. The dpo thickness increases
with increasing glycerol hydrophobicity, the headgroup orientation flattens, i.e. dpy goes
down, and the area per lipid Ay decreases. This smaller headgroup area implies that

the glycerol backbone contributes to some extent to the stopping force for self-assembly:
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Figure 4.12: SCF predictions for the bending rigidities & (A) and x (B), and J§* (C) as a function
of the hydrophobicity of the glycerol backbone (xc,—w and xo—w). Green: xo_w = —0.4, blue:
Xo-w = —0.2, purple: xo-w = 0.

reduction of the hydrophilicity of the glycerol backbone requires a stronger overlap of
the headgroups to make the membranes free of tension. Just as with varying xc,.—w, the
decrease in Ay is accompanied with a flatter headgroup orientation, probably due to water
being pushed out of the headgroup region. In other words, the choline group is pulled
towards the core at the expense of water molecules being in contact with tails (adsorption
effect). Interestingly, although their general effects are comparable, small differences exist
between varying xc,—w and xo_w, in particular in the strength of their effects. This is
best seen in the bilayer thickness dyy, where almost no change is observed when varying
Xce—w, while a clear increase in dyy is observed increasing xo—w. The distance between
the phosphate and the O of the glycerol decreases when xc,—w is increased at a fixed
polarity of the O-groups. It is also decreased when at fixed xc,—w the O’s are made more
polar. This means that the conformations of the glycerol backbone, especially of the part
in contact with the headgroups, can be modified to bring hydrophilic O’s near the polar
groups of the head and close to water.

The corresponding effects on the bending rigidities and spontaneous curvature of the
monolayer are collected in figure 4.12. Again one would have expected just modest
changes, but surprisingly large effects are found for the Gaussian bending rigidity and
the spontaneous curvature of the monolayer, proving that the region connecting the
headgroup and the tails is not unimportant for the topological stability of lipid bilayer

membranes.

In line with the reported changes in the membrane thickness dyy, it is found that the
mean bending modulus slightly increases with the hydrophobicity of the hydrocarbons of
the glycerol backbone and somewhat stronger with the polarity of the O’s.

With respect to the Gaussian bending modulus and the spontaneous curvature of the
monolayer, the trends follow the same patterns as for xc,—w and l;. That is, the increase

in R and decrease in JJ* correlate with a decrease in Ajy.
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Figure 4.13: Structural analysis of lipid bilayers as a function of hydrophilicity of the headgroups,
Xcu—w- A) Bilayer core width dpo; B) headgroup orientation dpy; C) area per lipid Ap.

4.5.4 Parameter variation for the head groups

In nature, many different lipid headgroups have evolved. The headgroup is the water-
loving part of the lipids. Frequently this water-solubility is enhanced by charged groups.
Again, one can vary the headgroup architecture, and several parameters will vary simulta-
neously. For example, in a phosphatidylethanolamine (PE) headgroup the methyl groups
on the nitrogen present in the PC headgroup are replaced by hydrogen atoms, making
the headgroup significantly more hydrophilic and less bulky. With respect to charge,
headgroups vary from zwitterionic to nonionic or completely ionic. Following the same
pattern as for the lipid tails and glycerol backbone, we vary the hydrophilicity of the
headgroups by changing the interaction parameter of the carbon monomers with water
Xcy—w- Variations in headgroup polarity have been explored before [19] albeit using a
slightly different strategy, and as we found similar effects here, we will keep this part of

the study short.

In figure 4.13 we focus once again on the core thickness, the headgroup orientation, and
the area per lipid. In short, with increasing hydrophobicity of the headgroup (increasing
Xcy—w) tail stretching is enhanced, manifested as a slight increase in dpo. The distance
between P and N in the headgroup, dpy, is a strong function of xc,-w and it turns
negative for yc,—w > 0.8, meaning that the choline groups are oriented with respect
of the phosphate group towards the core. Even though the core thickness increases, the
overall thickness, dyy, decreases because of the changing orientation of the choline group.
As also reported by Pera et al. [19], the area per molecule Ay decreases with increasing

doo, which occurs when the hydrophilicity of the headgroup decreases.

The effects on the mechanical parameters follow the generic rules: k decreases as the
bilayer thickness decreases; & increases and JJ* decreases in line with smaller headgroup

areas, see figure 4.14.
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Figure 4.14: Estimation of the bending rigidities & (A), x (B) and J§* (C) as a function of hy-
drophilicity of the headgroups, xcy—w-

4.6 Outlook

The self-assembly of lipids in aqueous solution is of fundamental research interest. One-
two- and three-dimensional mesophases can be found depending on the spontaneous cur-
vature of the monolayer and the values of the mean and Gaussian bending rigidity. Tran-
sitions between the lamellar phase and, for example, bicontinuous triple periodic phases,
such as the primitive (P, Im3m), the diamond (D, Pn3m), and the gyroid (G, Ia3d) cubic
phases, are thought to be driven by a transition from negative to positive Gaussian bend-
ing rigidity and are usually induced by adding amphiphilic additives. In our modeling
study we have explored an unusual route in which the transition from lamellar to, e.g.,
a bicontinuous cubic phase is inferred by parameter changes in the model. This route
not only helps us to identify for our model lipid the proper range of parameters consis-
tent with the lamellar topology, but it also gives insight into the properties that provide
other types of lipids, like monogalactosyl diacylglycerol (MGDG) lipids as a main com-
ponent in the thylakoid membrane, the tendency to assemble in non-bilayer topologies.
As it is progressively clear that in nature besides the lamellar topology, which is essential
for the barrier function of biomembranes, also bicontinuous phases are relevant [57-59],
there is an urgent need to know more about the phase behavior of lipids in the biological

context.

Self-assembly of lipid molecules in bilayer membranes is a complex phenomenon, which
we have shown can be captured by SF-SCF models when molecularly detailed models
are used. The complex interplay between the various types of interactions and the cor-
responding conformational changes of the lipids in the tensionless bilayers makes it hard
to come up with simple arguments to support the predicted trends for the mechanics of
lipid bilayer membranes. This is unfortunate because we are definitely in need of simple
guidelines. However, we can count our blessings and be happy that a computationally

inexpensive SCF machinery does provide us with interesting dependencies, which appear
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consistent with experimentally known phase behavior of lipids in general. We know that
the current approach is still very approximate and therefore it is not yet the time to
bring theory and experiments one-to-one together. For this, further improvements on the
lattice-refined SCF theory is required, including an optimization (tuning) of the parame-
ter set to correlate the mechanical parameters better to experimental data. Nevertheless,
we consider the trends that we have investigated to be stepping stones for membrane

understanding.

We have varied the polarity of the lipid molecules in various ways. We changed the
hydrophobicity of the tails, we varied the polarity in the glycerol backbone, and made
polarity changes in the headgroup region. The default lipid, resembling DOPC, and the
default parameters were selected so that the lipid bilayer was stable (negative Gaussian
bending rigidity and a spontaneous curvature of the monolayer close to zero). We found
that when the lipid molecules are made somehow more hydrophobic than our default lipid
it is possible to induce a sign switch of either & or J* or both. These sign-switches do
not necessarily take place at the same set of parameters, because the Gaussian bending
rigidity follows from the second moment of the grand potential density profile, while the
spontaneous curvature of the monolayer is proportional to the first moment. Experi-
mentally, when the spontaneous curvature of the monolayer becomes sufficiently negative
before the saddle splay modulus becomes positive, there is a window for which the inverted
hexagonal phase is expected. However, when & turns positive while the preferred radius
is still positive or close to zero, we expect a bicontinuous cubic topology in a concentrated
lipid system.

For all membranes, we have seen that the mean bending modulus is positive and small
changes in this parameter were expected to be of little consequence. However, the lower
the mean bending modulus is, the more prominent membrane undulations will be. When
in a bicontinuous phase the mean bending modulus is large, there will be a natural ten-
dency that a minimal surface develops. For a minimal surface, the mean curvature is zero
everywhere and there is no effect of the mean bending modulus. However, when the mean
bending modulus is not very large, we can expect phases for which the mean curvature
can locally deviate from zero. The smaller this value the larger are the undulations and
eventually, a periodic bicontinuous cubic phase will melt in favor of a sponge phase in
which long-range order is not present. Above we have seen that it is possible to reduce
the mean bending modulus while the Gaussian bending rigidity becomes positive and the
spontaneous curvature is close to zero. This happens for example when the lipid tails
are branched in the limit that one phospholipid has effectively four short tails compared
to the classical two long ones. Small molecular weight additives are expected to do the

same. [60]
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Above, we have considered model bilayer membranes composed of just one type of lipid.
In the biological context however, membranes are composed of many different types of
amphiphilic compounds. It is known that when there are two or more lipids the mean
bending modulus can be lower than the computational average of the bending modulus of
the two individual bilayers. [19, 61] This is because, in mixtures, the individual lipids can
take different average positions in the curved bilayer so that the bending of the bilayer
is facilitated. Similar effects may influence the Gaussian bending modulus as well as the
spontaneous curvature of the monolayer. In the lattice-refined SCF model, the evaluation
of mechanical parameters of mixed bilayer membranes becomes more feasible than in the

classical approach and therefore such a study should be high on our scientific agenda.

The lattice-refined SF-SCF theory is far from completely developed. The chain model
that is adopted is of the freely-jointed chain type. This implies that the chain is very
flexible and the flexibility increases with increasing the lattice refinement b/l value. In
the past, extensions of the SF-SCF route were considered in which the chain model was
more realistic. For example, the rotational isomeric state (RIS) scheme has been used
to model lipids with a higher rigidity along the chain. [31] It is feasible to combine
the lattice-refinement approach and the RIS scheme so that the semi-flexibility of the
tails can be restored. This more elaborate approach will lead to thicker and more stiff
bilayers. In addition, we reckon that a better account of the excluded volume effects is
needed for a more realistic description of densely packed lipids. Again in combination
with the lattice-refinement technique explored in this paper, we expect that improved
excluded volume correlations can be introduced, similarly as in earlier work. [32] Hence,
the lattice-refinement approach reopens old and opens new avenues in the modeling of

lipid bilayer membranes.

4.7 Conclusions

By implementing a lattice refinement in the SF-SCF approach, we were able to signifi-
cantly reduce lattice artifacts which in turn enabled us to implement the grand canonical
route to predict mechanical parameters such as &, s, and J§*. An accurate estimation of
these parameters can now be established from the evaluation of the tensionless planar bi-
layer and a corresponding bilayer curved in the spherical geometry (vesicle). This method
replaces a previous, computationally more expensive route, which combined cylindrically
curved bilayers and spherically curved ones, to estimate the mean bending s and indi-
rectly the Gaussian bending rigidity. [19] This previous route is formally flawed because
it used bilayers for which the lipids were not at the chemical potential equal to that of the

planar ground state. We traced the problem to the cylindrical vesicles which invariably
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balance bending energy with stretching energy and therefore have a finite tension and
cannot exist at the chemical potential equal to that of the planar one. Fortunately, we
found that the mean bending modulus of bilayer membranes did not depend much on
the membrane tension and this explains why the current predictions for the mechanical
parameters of lipid bilayer membranes are in good agreement with the ones found by the

previously used route.

In the lattice-refined SCF approach, we are able to numerically accurately predict mean-
field values for the mechanical characteristics as well as structural parameters of tension-
less bilayers. Unfortunately in this approach, the lipids have rather high chain flexibility
which renders the bilayer to be relatively thin and correspondingly has a too low mean
bending rigidity. [14, 54] Further extension of the SF-SCF scheme is envisioned to correct
for this shortcoming. The rotational isometric state scheme as well as an improved ac-
count for the excluded volume effects, which cause densely packed tails to cooperatively
align [32], are now high on the to-do list to be incorporated in lattice-refined self-consistent
field theory.

The default parameter set used for model DOPC bilayers gives a membrane for which
the Gaussian bending rigidity is slightly negative and a slightly positive spontaneous
curvature of the monolayer. This is consistent with the observation that for such lipids
the bilayer has a lamellar topology. When we deviate from the default parameter set, we
can find bilayers for which the lamellar topology no longer is stable. More specifically, an
increase in hydrophobicity, by increasing either the repulsion between the hydrocarbon
segments of the tails with water, or the hydrophobicity of the glycerol backbone or that
of the headgroup, leads to a sign-switch of both the Gaussian bending modulus and
the spontaneous curvature of the monolayer. For such a system we may expect, for
example, a bicontinuous cubic phase, or an inverted hexagonal phase. These types of
computations help us to understand the relation between the composition, topology, and
function of lipid membranes in the biological context and how lipid phase behavior may
be modified, e.g. by using lipids with different hydrophobic/hydrophilic balances or by

using additives.

4.8 Supplementary Information

4.8.1 Grandpotential density variations

In this section, we provide a quick overview of the changes found in the grand potential
density (GPD) profiles upon a select few parameter variations. Find below in figure 4.15

the GPD profiles of our model lipid bilayer with various variations in yc_w parameters.
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Figure 4.15: Grandpotential density profiles for lipid bilayers with variations in xc,, -7 (A), in
Xce—-w (B) and in xc,—w (C). Solid black line: xc,—w = 1.0; Dashed black line: xc,—w = 1.5;
Solid red line: xc,—w = 1.0; Dashed red line: xc,—w = 1.5; Solid blue line: xc, —w = 0.4; Dashed
blue line: x¢,-w = 0.9;

While discussing these results, we will be speaking in terms of various regions of this GPD
profile, i.e. regions 1 to 5, which have been defined in the main article. We will first discuss
the general GPD profile changes after which we will shortly discuss the consequences for

the mechanical parameters & and J".

As can be seen in figure 4.15, the effect of xo_w is quite substantial, whether the interac-
tion parameter change occurs in the tails, glycerol backbone, or in the headgroup. In the
figure, the solid line represents a more hydrophilic tail, glycerol, or headgroup compared
with the dashed line. The negative regions (regions 2 and 4) represent a stopping force
for self-assembly, and positive regions (regions 1, 3, and 5) represent a driving force. A
discussion on each region is given in the main text. As we are looking at a tensionless
bilayer, the driving forces and stopping forces are equally balanced, but we observe a
change in the ratio of the two stopping forces when varying the x parameters. For all
cases, we observe a decrease in region 2 and an increase in region 4. This suggests that
tail stretching (region 2) becomes a more important stopping force compared to the head-
group overlap (region 4) as the lipid becomes more hydrophobic. The main driving force
occurs in region 3 (the large positive peak), and it represents the hydrophobic-hydrophilic
interface. The height of this peak is effectively dependent on how strong the repulsion
of the hydrophobic and hydrophilic region is. The stronger the repulsion, the larger the
peak. When increasing xc,—w, we observe an increase in region 3, see figure 4.15A, while
increasing xc,—w and Xxc,-w, a decrease in region 3 is observed, see figure 4.15B and
C. In short, more hydrophobic tails increase the repulsion of the hydrophilic-hydrophobic
interface, whereas an increased hydrophobicity of the glycerol backbone or the headgroup,

which are generally more hydrophilic in nature, decreases this repulsion.

Some individual effects are also visible and worth mentioning. For the case of varying

Xcr—w (figure 4.15A), in addition to the changes in w(z), we observe a shift to higher z as
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Figure 4.16: dyy as a function of xo,—w (A) and xc,—w (B). For (A) we display the results for
various tail lengths: Green: I, = 12 C segments, blue: 14 segments, purple: 16 segments, red: 18
segments, orange: 20 segments.

well. This is consistent with a significant increase in the bilayer core width (dpo) due to
tail stretching, see main figure 5A. A different effect is seen when changing x¢,,—w (figure
4.15C) where we find a significant positive peak in region 5. For these circumstances, we
expect that the bilayers are mutually attractive, as is explained in the main article.

Also discussed in the main article is that an increase in hydrophobicity of the lipid, no
matter the region, leads to an increase in £ and a decrease in J§*. As these parameters
directly follow from the GPD profiles, it seems like the clue to understanding these effects
can thus be found in the GPD profile. Changes in £ and J§* occur when w changes as
well, and as & scales with 2% and Ji* scales with z, increases or decreases to w at higher z
have substantially more effect compared to at lower z. Taking this into account, it thus
seems like the change in ratio of the two stopping forces, are the main instigators to the
changes in & and J§*. As a lot of questions remain concerning the GPD profiles and the
immense amount of information it contains, we abstain from going into too much detail.

A more in-depth study is required.

4.8.2 Bilayer thickness results

The most important structural results are provided in the main article, yet for a few
arguments, other structural parameters, such as the bilayer thickness (dyy) are useful.
Find results of dyy in figure 4.16. As can be seen from the figure, dyy increases with
increasing yc,—w or tail length (figure 4.16A), and decreases with increasing xc,—w

(figure 4.16B). The discussion on these results can be found in the main chapter.
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CHAPTER 5

Self-consistent field modelling of meso-
morphic phase changes of monoolein and
phospholipids in response to additives

Mapping the topological phase behaviour of lipids in aqueous solution is time consum-
ing and finding the ideal lipid system for a desired application is often a matter of trial
and error. modelling techniques that can accurately predict the mesomorphic phase be-
haviour of lipid systems are therefore of paramount importance. Here, the self-consistent
field theory of Scheutjens and Fleer (SF-SCF) in which a lattice refinement has been im-
plemented, is used to scrutinize how various additives modify the self-assembled phase
behaviour of monoolein (MO) and 1,2-dioleoyl-phosphatidylcholine (DOPC) lipids in
water. The mesomorphic behaviour is inferred from trends in the mechanical properties
of equilibrium lipid bilayers with increasing additive content. More specifically, we focus
on the Helfrich parameters, that is, the mean and Gaussian bending rigidities (x and &,
respectively) supplemented with the spontaneous curvature of the monolayer (J§*). We
use previously established interaction parameters that position the unperturbed DOPC
system in the lamellar L, phase (k < 0, x > 0 and JJ* ~ 0). Similar interaction param-
eters position the MO system firmly in a bicontinuous cubic phase (£ > 0). In line with
experimental data, a mixture of MO and DOPC tends to be in one of these two phases,
depending on the mixing ratio. Moreover we find good correlations between predicted
trends and experimental data concerning the phase changes of MO in response to a wide
range of additives. These correlations give credibility to the use of SF-SCF modelling
as a valuable tool to quickly explore the mesomorphic phase space of (phospho)lipid
bilayer systems including additives.

Chapter 5 has been submitted to Physical Chemistry Chemical Physics.
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5.1 Introduction

The self-assembly of lipids in aqueous solutions yields a wide variety of structures of
various shapes and morphologies. Relatively polar lipids can, for example, self-assemble
into structures with a positive interfacial curvature, like spherical and cylindrical micelles.
Phospholipids with their two hydrophobic tails typically form bilayers. Although this is
not often emphasised, such bilayers can reside in various topological states. These may
be lamellar, like the L, phase, which dispersed in solution forms vesicles, or with saddle-
shaped curvatures such as the Ly sponge phase, or cubic phases (Qq) such as the primitive
(P, Im3m), diamond (D, Pn3m) and gyroid (G, Ia3d) cubic phases. Lastly, very apolar
lipids may exhibit large negative interfacial curvatures and form an inverted hexagonal
phase (Hj;) or even inverted micelles. An overview of all types of lipid phases is readily

available in literature [1, 2].

The intriguing phenomenon of lipid self-assembly and the richness in resulting structures
has garnered a lot of interest from academic researchers and companies alike, as the ap-
plications are vast. Lipid vesicles can be applied as drug delivery systems and bioreactors
[3-6], whereas cubic mesophases can be used in other applications, such as biosensors and
biofuel cells [7-9]. Many different phases can also be found in nature. While the outer
membrane of the cell and of various organelles exists in lamellar form for obvious reasons,
the endoplasmic reticulum and inner membranes of mitochondria have been shown to
contain cubic phase-like topologies as well [10]. Additionally, saddle-shaped membranes
arise during various cellular processes such as membrane fusion [11] and occur in nuclear

pores, the ‘holes’ in the double membrane of the nuclear envelope [12].

While large protein complexes are associated with the formation of saddle-shaped mem-
branes, for example for the formation of nuclear pores [13], the impact of the mechanical
properties of the lipid bilayer itself is often overlooked. After all, if bending the bilayer
would cost an excessive amount of energy, the formation of bilayer handles would not
occur. It is clear that the packing of lipids within the bilayer affects its mechanical
properties, including its resistance to stretching and bending, and that these properties
determine what shape the bilayer can adopt. In other words, each mesomorphic state of
the bilayer, e.g. lamellar, sponge or cubic, has its own range of mechanical parameter
values for which it is the stable configuration. Many questions such as what this range is,
and what bilayer composition is required to obtain these specific properties still remain

to be answered.

A theoretical model that is able to accurately model a lipid bilayer and predict the corre-

sponding mechanical properties is greatly needed. Recently, we forwarded a quasi lattice-
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free Scheutjens-Fleer self-consistent field (SF-SCF') approach, which delivers this informa-
tion for molecularly detailed models with unprecedented (numerical) accuracy (chapter
4). We applied this so-called lattice-refined method to model a phospholipid bilayer con-
taining DOPC (dioleoyl phosphatidylcholine) in an aqueous solution and investigated the
effects of several model parameter variations on the mechanical properties of the bilayer.
We used the predicted trends to parametrize DOPC. The default parameter set that re-
sulted from this study positions the DOPC bilayer to be, in accordance to experimental

data, in a stable lamellar phase.

While the SF-SCF method is able to predict the mechanical properties of lipid bilayers,
the theory continues to be under construction to better deliver on this promise and any
validation of its predictions is welcomed to guide the development process. Therefore,

predictions should be compared with experimental measurements.

In the current paper we follow how the mechanical parameters of model bilayers respond
to the addition of a series of additives. In addition to DOPC, we model bilayers formed
by the lipid monoolein (MO)because the response of the MO system to many additives
is well documented in a recent review on this topic. [14] Thus, we can correlate the
obtained trends for the mechanical parameters directly to experimentally observed meso-
scopic phase behaviour. The main idea behind this approach is not to just verify the
obtained trends but to show that from these trends one can consistently predict the

mesomorphic phase behaviour of lipids in response to different types of additives.

The self-assembly of MO is very different from that of DOPC. MO is one of the few lipids
that readily forms Qrr mesophase bilayers, which makes this an ideal lipid in applications
that utilize bicontinuous cubic phases such as membrane protein crystallization. [15, 16]
In combination with additives, MO has shown a high versatility in the self-assembled
topologies it can form [14]. Addition of DOPC to MO, for example, causes the Q phase
to swell after which it transitions into a lamellar bilayer phase [17]. Apart from this lipid
mixture, we have chosen to model both lipids in combination with a selection of additives.
Criterion for this selection was that we could (as a first approximation) make use of the
same parameter set so that no new uncalibrated parameters were needed. Fortunately we
can do so and obtain additives that can direct the model systems (DOPC and MO) into
different directions in phase space as we will see below. We have used models for additives
aiming to represent ethanol, butanediol and ¢-butanol, three fatty acids (FA) with a Csg,
C1o and Cyg tail, respectively, and a surfactant with a Cis tail and a polyethylene oxide
headgroup (Ci2E, with m =4, 5 or 10).

In this paper we will first review the membrane elasticity theory that links mechanical

parameters to the corresponding topological state. This is followed by an introduction of
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the basic principles of the lattice-refined SF-SCF theory. For a detailed overview of the
lattice-refined SF-SCF theory, we refer to our previous work. In the methods section, we
sketch the routes used to determine the bending properties and structural properties of the
bilayer and present the input specifications used in this work. These include the molecular
architecture of the molecules and the default parameter set. In the results section we will
first show a systematic survey into the effects of parameter variation for MO and the
various additives to validate the chosen default parameters, as done previously for DOPC
in chapter 4. Next, we will present results of the mechanical parameters of DOPC/MO
mixed lipid bilayers, and of both DOPC and MO bilayers in combination with various
additives. We will show how the results for MO correlate with the known phase behaviour
of these lipids and subsequently discuss in turn how MO and the other additives influence
the phase behaviour of DOPC. At the end of this article we discuss the direction future
work may take us.

5.2 Linking mechanical parameters of bilayers to the

corresponding topological state

The notion that mechanical parameters govern the physics of tensionless interfaces, such
as membranes, stems from the work of Helfrich [18]. He introduced the now famous
Helfrich equation which expands the interfacial tension -y (grand potential per unit area)

of a membrane as a function of the mean curvature J = R% + RLQ and Gaussian curvature

K= R11R2 in a grand canonical ensemble. Here, Ry and R are the two principal curvatures

that characterize the shape of the membrane.

_ Oy 10% , Oy
’y(J,K) —7(0,0)+%J+§ﬁj +8—KK (51)
= %/{JQ + kK

In the absence of curvature (J = 0 and K = 0), the tension of a freely dispersed bilayer
vanishes: 7(0,0) = 0. The term 9v/9J defines the spontaneous curvature of the interface
(Jo) which for symmetry reasons is zero as well. Note that when the analysis is restricted
to an individual monolayer, the spontaneous curvature of this monolayer (JJ*) does not
have to be zero. Next to the preferential curvature, the Helfrich equation introduces
important mechanical parameters such as the mean bending modulus (x = 9%*y/dJ?) and

the Gaussian bending modulus (k = 9v/0K).

Of the introduced mechanical parameters, the spontaneous curvature of the monolayer and

the Gaussian bending rigidity are of particular interest, as these control the topological
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(in)stability of the bilayer (chapter 4). For lipids to form bilayers, the value of JJ*,
should be close to 0, i.e. indicating that the single leaflet of lipids does not have a
strong preferred curvature. As such the interpretation of Ji* conveniently follows the
ideas behind the well-known (phenomenological) critical packing parameter P = v/lag
(with v the tail’s volume per molecule, ag the area of the lipid molecule at the core-corona
interface and [ the (average) length of the lipid tails) [19]. Clearly, Ji* = 0 correlates
with a packing parameter P = 1. In the limit where JJ* ~ 0, i.e. with the bilayer as
the favourable state, k governs the topology of the bilayers. More specifically, the phase
transition between bilayers without saddle-shaped curvatures (vesicles, planar bilayers)
to bilayers with saddle-shaped curvatures (sponge phases and cubic phases) are linked to

the sign-switch of & from negative to positive values [20, 21].

The mean bending modulus x determines the membrane persistence length [, of the
bilayer, which for example controls the size of thermodynamic stable vesicles or the inter-
bilayer undulation repulsion, but has little to do with the topological state of the bilayer.
Its value is necessarily positive, because negative values for this quantity would imply
that the planar bilayer is at a maximum of the interfacial free energy.

As mentioned, using SCF theory it is possible to numerically accurately predict the me-
chanical properties of lipid bilayers, however for a correct parameterisation of the system,
predictions should be compared and verified with existing experimental data. Unfortu-
nately, while numerous experimental methods exist to determine x [22-31], experimental
methods to estimate & or J§* are scarce. A quantitative indication of K can only be
obtained by carefully investigating membrane processes that involve topology changes,
such as membrane fusion or fission [32]. As such, only a handful experimental results
[11, 33, 34] are known to us and their accuracy is (debatable) uncertain, also because of a
lack of molecularly detailed theoretical guidance. To date the only reliable experimental
feedback to substantiate model predictions is the established topological phase behaviour
of these lipids. The relation between theoretical predictions of mechanical properties of
bilayers and their experimental phase behaviour is however only qualitative and conse-

quently rather coarse.

5.3 Basic principles of lattice-refined SF-SCF the-
ory

Computer simulations are the tool per excellence to find structural information on molec-
ularly complex assemblies such as the lipid bilayer membrane. All we want to know on

the nanometre length scale and the nanosecond time scale can be obtained from molecu-
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lar dynamics (MD) simulations. However, to unravel lipid phase behaviour requires very
long simulation times and extremely large system sizes and to date it seems not possi-
ble to execute a systematic MD study in this direction. As usual in such situations one
turns to approximate modelling methods. Invariably these routes make use of mean-field
approximations. This precisely is the case for the method used in this paper, which is
an extension of the self-consistent field theory of Scheutjens and Fleer. [35, 36] The key
point of the mean-field route is that it is ’free-energy’ based and as such it is delivering
both structural and thermodynamic/mechanical parameters, and it is doing so at a (tiny)

fraction of the MD computation time.

The method of Scheutjens and Fleer extends mean-field approaches such as the regular
solution and Flory-Huggins theory by allowing for concentration gradients. The molecules
in the system are assumed to be composed of strings of equally sized segments. The free
energy functional, which is written in terms of volume fraction (density) profiles and
corresponding potential profiles for each segment type, is evaluated on a grid of lattice
sites. The usually adopted chain model requires that the segments fit on the lattice sites
and that neighbouring segments in the molecules occupy neighbouring sites on the lattice.
In such a discretised world the account of conformational degrees of freedom for the chain
molecules is facilitated. Accounting for fully self-avoiding chains would be ideal, but is
computationally (still) extremely expensive. That is why a freely-jointed chain (FJC)
model is adopted, which ignores the positional correlations along the chain that are more
than two segments apart. The chain backfolding which in this approach is not excluded,
is counteracted by an incompressibility constraint. Hence only on average backfolding is
forbidden as each lattice site is on average filled exactly once. The ’averaging’-range is

implemented in layers of lattice sites.

The classical approach of Scheutjens and Fleer uses one length scale to discretise both the
space and the molecules, that is, the segments of the molecules fit exactly on the lattice
sites. Such an approach works well as long as the gradients in density are not too sharp.
However, for a typical oil-water interface the interfacial width is comparable to the size of
a water molecule and such coarse approach leads to so-called lattice artifacts. To alleviate
these we recently implemented a lattice refinement (chapter 4), making the grid (lattice)
size | smaller than the segment size b. The lattice-refinement value b/l takes integer values
larger than 1. Typically the segment size is the unit length in the calculations and thus
the lattice sites are half or a third, etc of the size of a segment. The FJC model now
can position neighbouring segments onto a larger set of nearby lattice sites and this leads
of course to a model wherein the chains have a somewhat higher conformational entropy

compared to the classical SF-SCF model.
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Within the FJC model, even in the lattice-refined version, it is rather inexpensive to com-
pute the statistical weight of all possible and allowed conformations of the chain molecules,
but it requires the knowledge of so-called segment potentials ux (r) (where X is a segment
type). Through these potentials the segments ’feel’ each other: they represent the work
per segment required to bring a segment X from the bulk to the coordinate r. Interactions
in these potentials are parameterized by Flory-Huggins interaction parameters and con-
tacts are evaluated using the Bragg-Williams mean-field approximation. [37] The segment
potentials serve as Boltzmann-like statistical weights Gx(r). For a given conformation ¢
we can add up all corresponding segment potentials and evaluate the statistical weight G..
The sum of the statistical weights over all conformations are collected in so-called single
molecule partition functions g; (i refers to a molecule type). This seemingly complex pro-
cedure is for the FJC model straightforwardly implemented in the propagator formalism.
[38] Knowing all statistical weights also allows the evaluation of relevant volume fraction
profiles.

It turns out that one can compute the segment potentials only once the segment volume
fractions are available. Hence, the segment potentials and the segment volume fractions
mutually depend on each other. Fortunately this problem can be solved routinely using
a numerical iteration scheme. The result of such a solution is referred to as the self-
consistent field (SCF) result. The SCF solution is characterized by volume fraction profiles
that both determine the potentials and follow from these and vice versa for the potentials.
[39]

5.4 Methods

5.4.1 Data analysis

The calculation of both mechanical and structural parameters that characterise the bi-
layers is performed in the same way as in chapter 4. In short, the lattice-refined SF-SCF
machinery provides various types of outputs. First of all there are the volume fraction
profiles per molecule type @;(r) as well as per segment type ¢x(r). Based on these vol-
ume fraction profiles, various structural properties can be calculated. Next to the volume
fraction profiles, we can evaluate the mean-field free energy F', which can be expressed
in terms of the set of volume fraction and segment potential profiles. Moreover, we can
extract the so-called grand potential Q = F' — >, ;n;, where p; is the chemical potential
of component i and n; is the number of molecules of type ¢ in the system. Further, the
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grand potential can be written as a sum (integral) over the grand potential densities
Q=> wr) (5.2)
r

The grand potential density can be evaluated explicitly when the segment potentials and
volume fractions are available. The numerical accuracy of all these quantities is sufficiently

high, at least eight significant digits for the underlying profiles.

Mechanical parameters

The interfacial tension as well as some Helfrich parameters can be extracted from the

grand potential density profiles: [40, 41]

Y= [ " o(2)dz (5.3)

—fimJ(’)":/ zwo(z)dz (5.4)
0

k= / 2wy (2)dz (5.5)
where z = 0 is positioned at the symmetry-plane of the bilayer. The sub-index 0’ refers

to the planar (ground) state of the bilayer.

Eqn 5.3 shows that the membrane tension follows from the zeroth moment over the
(planar) grand potential density profile. In the SCF machinery the number of lipids per
unit area will always be adjusted such that v = 0 to a good approximation. Obviously, in
order for the tension to vanish the grand potential density profile must have locally positive
and negative contributions. Typically, negative contributions are connected to ’stopping’
forces for membrane formation (chain stretching in the tail region and headgroup repulsion
in the corona). The most important positive contribution, i.e. the main driving force for
membrane self-assembly, is due to the ’tension’ along the core-corona interface where the
hydrophobic tails come in contact with the solvent. For phospholipid bilayers, this occurs

in the region of the glycerol backbone of the lipid.

Eqn 5.4 encompasses the first moment over the grand potential density profile. The
integral starts at the symmetry plane of the bilayer z = 0 and extends over just one of the
leaflets and provides insight in the spontaneous curvature of the monolayer provided that
the mean bending modulus k = 2k,, is known. Eqn 5.5 shows that the Gaussian bending
rigidity is found by the second moment over the full grand potential density profile of

the planar interface. When comparing eqns 5.4 and 5.5, the negative sign in eqn 5.4 and
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the fact that x > 0 indicates that Jj* tends to become negative when & tends to become
positive and vice versa. However, because of the different weighting (first moment vs

second moment) a sign switch of & and JJ* is not completely synchronized.

As s clear from eqn 5.4, the grand potential density profile does not give a direct evaluation
of k or J§*. As such, we invariably have to involve the use of different geometries in
order to compute these values. An important prerequisite for the comparison between
different geometries is that the chemical potential of the components, i.e. lipids, water
(and possible additives), are equal to that of the (tensionless) planar bilayer. In other
words, comparing mechanical parameters within different geometries can only be done in
the grand canonical ensemble. We can do so by evaluating the spherical vesicle. Here,
the overall curvature energy of a spherical vesicle (£2,) can be written as a function of k

and % using the Helfrich equation (eqn 5.1):
Q, = / Y(J,K) = 4rR*y(J, K) = 47 (2K + R) (5.6)
A

The equation shows that 2, does not depend on the vesicle radius R. This feature is
known as ’scale invariance’ and implies that the chemical potential of the lipids does not
depend on the size of the vesicle. Hence the lipids must have the same chemical potential
as those in an infinitely large vesicle, equivalent to the planar bilayer. Knowing this, we
may use the value for £ as found by eqn 5.5 to extract the value for x in eqn 5.6, and
subsequently extract J§* with eqn 5.4.

In the classical approach, that is, in the SCF method before the lattice refinement im-
plementation was available, discretisation artifacts prevented the evaluation of the grand
potential density profiles for the tensionless planar bilayer. Instead, the only route avail-
able made use of the cylindrical geometry, despite the fact that lipids in cylindrical vesicles
with a finite radius R do not have the same chemical potential as lipids in the correspond-
ing planar or spherical bilayer. [42, 43]. In retrospect the error that was introduced by
using the cylindrical geometry was found to be sufficiently small so that results generated
by the method of Pera et al. [42] are indeed trustworthy. Older predictions however sys-
tematically overestimated the mean bending modulus and underestimated the Gaussian
bending rigidity. [44-46].

Structural parameters

As mentioned, various structural features of the lipid bilayers may be extracted from the
volume fraction distributions of each segment as these occur in the tensionless planar

bilayer system. More specifically, we can evaluate the average z position (along the axis
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perpendicular to the bilayer plane) of all lipid segments types for a single leaflet following

a so-called first-moment analysis:

(- 20)(ex(2) - )
(o = Ze 5:7)

z2>20

where (z)x is the average position of segment type X and ¢x(z) is the volume fraction
of segment X at position z. Using these averages we can quantify various structural
properties such as the bilayer thickness, defined for DOPC as twice the distance of the
average position of the choline (nitrogen) group in the headgroup (see figure 5.1) from the
center of the bilayer: dyy = 2(z)n. We can define the bilayer core thickness in a similar
way, using the average position of the O groups in the glycerol backbone: dpo = 2(z)0.
For an MO bilayer without DOPC, do,,,0.o can be regarded as the bilayer thickness.
The headgroup orientation of DOPC in the bilayer can be quantified by the average z
distance between the phosphate and choline: dpy = (2)y — () p. The closer this value is
to zero, the flatter the average headgroup orientation. The last structural parameter of

interest is the area per lipid molecule Ay, which can be computed by

~ Nipia
= 5

lipid

Ao

(5.8)

where 07 ;4 = > 1/b(@uipia(2) — @la), i€ the excess amount of segments of the lipid
molecule per unit area (per leaflet) of the membrane, and N is the number of segments

in the lipid molecule (measure for the molar volume).

5.4.2 Input parameters

The input required for SF-SCF modelling of lipid bilayers includes of course the molecular
architectures of the lipids, the additives as well as the solvent(s). Secondly we need to
specify all interaction parameters. Thirdly the method requires specification of the lattice
geometry. In the lattice-refined version of course also a value for the discretisation b/l is

needed.

Molecular architectures

A schematic representation of the various types of molecules that feature in our systems
can be found in figure 5.1. This figure shows that all molecules are represented on the
united atom level. The united atoms or segments are represented by small filled or

patterned circles and all have a segment length 0. In this study we use two lipids: dioleoyl
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Figure 5.1: Schematic overview of the molecular architectures used in this work. All specified united
atoms (segments) have equal volume. We use two lipids: DOPC (without explicit charges) and MO.
Both lipids have a hydrophobic tail of 18 carbons (I; = 18). We chose a single segment type for
the phosphate group of DOPC and distinguish the carbon atoms surrounding the nitrogen, which are
made more hydrophylic than the other carbon atoms. The segments of the glycerol group of MO
are distinguished from those of DOPC and are made more hydrophylic. Apart from the two lipids,
we use various additives such as solvents (ethanol, ¢-butanol and butanediol), fatty acids and CioEp,
surfactants. The main solvent in our system is always water, which in this model (and as in our previous
study) consists of five equal monomers arranged in a configuration wherein one W is surrounded by
four neighbouring W segments. For the additives we use the same x values for all O groups, similar to
Cumo- We differentiate two x values for the C groups of the additives. One for the tails, similar to C,
and one representing the headgroups, comparable to Cyio-
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phosphatidylcholine (DOPC) and monoolein (MO). The phospholipid DOPC is modelled
in the same way as done in our previous work. That is, two fatty acid ’tails’ with a tail
length I, = 18 carbons, are attached to the sn; and sns position of a glycerol backbone.
The snj position is attached to a phosphatidyl choline (PC) "head’. The oxygens of the
phosphate group are included in the P-units. We distinguish between the carbon groups
of the tails, the glycerol backbone and the headgroup: Cr, Cq and Cyg respectively. The
monoglyceride MO is modelled as a C18 tail attached to the sn; position of a glycerol
group. The glycerol carbon and oxygen groups in MO differ from those in DOPC as we
expect the glycerol group in MO to be slightly more hydrophilic.

Calculations start with two-component systems where a lipid (by convention ¢ = 1) in
excess water (i = 0) forms a bilayer. Water normally forms an associative hydrogen-
bonded network with other water molecules. This effectively prevents water to penetrate
the bilayer core, which therefore can be regarded as 'dry’. By modelling water as a small
star-shaped cluster of five water segments, we can mimic this feature in first order. In our
quest to understand how additives (i = 2) modify the bilayer’s mechanical characteristics
we introduce different molecules in the two-component systems: ethanol, ¢-butanol and
butanediol; three fatty acids with different tail length (Cg, Ci2 and Cig); and CioEp,
surfactants with different amounts of ethylene oxide units (m = 4, 5 and 10). Apart from
the longer tail carbon groups, we estimate the carbon and oxygen monomers of these
additives to be relatively in the same order of hydrophilicity as the glycerol group of MO
and have therefore modelled them with the same segments.

Interaction parameters

The Flory-Huggins interaction parameter (yx_y) quantifies the interactions between
segments X and Y or, when Y equals W, the hydrophobicity/hydrophilicity of seg-
ment X. Even though this interaction parameter is well known especially in the poly-
mer community, it remains essential to mention that it is of an Archimedes type:
Xx-y = kBLT(ZUXy — Uxx — Uyy), where Z is the co-called lattice coordinate num-
ber. As soon as the average of the ’'like’-contacts (Uxx + Uyy)/2 is more favourable
(more negative) than the unlike contacts Uyy, we have a positive x and this signals the
tendency to cluster segments of the same type, leading to phase separation. Of course
whether or not this happens depends also on the (mixing) entropy in the system. By
definition the Flory-Huggins interaction parameter between similar segments is zero, i.e.
Xx—x = 0. The x between different segments in general may deviate from 0, i.e. have an
effective repulsive potential (xyx—y > 0) or an attractive one (xx—y < 0). An overview of

the default interaction parameters used in this work can be found in table 5.1.
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Table 5.1: Overview of the default interaction parameters y x —y = xy—x used to quantify the solvent
quality and the intermolecular interactions. The values in the table are the interaction parameter
between the monomers X and Y that are listed to the left and on top.

| W | Omo | ©mo | Cu | N | P | O

C/Cqg 1.2 2 0 0.5 2 | 2 | 2

o ~0.2 0 2 1 0 0

p —0.2 0 2 1 ‘ ~0.5

N —0.2 0 2 1

Cn 0.6 1 0.5
Cwmo 1.0 2
Owmo 0.5

The hydrophobicity of the lipid tails is represented by a higher interaction parameters of
tail segments with water compared to glycerol and headgroup segments.

In chapter 4 the default interaction parameters were chosen such that SCF calculations
on the DOPC-water system resulted in a bilayer with structural and mechanical charac-
teristics in agreement with experimental data (e.g. a lamellar topology, and a relative flat
headgroup orientation). We use an identical parameter set for DOPC in this paper and

for a detailed explanation refer to chapter 4.

One would expect that MO could simply be modelled with the same parameter set as
for DOPC, since MO also combines a hydrophobic tail with a ’glycerol’-like headgroup.
However, it was found important to tune the parameters in such a way that the physics
of the MO bilayer is in accordance with experimental data. A short survey how the
mechanical parameters of the MO bilayer depends on some of the interaction parameters
is given in the first part of the results section below. More specifically, we have varied
the parameters for the glycerol moiety to find out how to provide the MO bilayer with
a slightly positive Gaussian bending rigidity. The default parameters that we ended up
with differ slightly from the interaction parameters used for DOPC. While the interaction
parameter of the tails with water is kept the same (xc_w = 1.2), the glycerol segments are
slightly more hydrophilic (x¢,,,-w = 1 and x0,,,—w = —0.5, compared to (xc,—w = 1.2
and yo_w = —0.2 for DOPC. We can rationalize this as the glycerol backbone of MO
contains two OH groups, and is therefore able to form hydrogen bonds with water.

All our ’additives’ are molecules that combine C with O segments, each with their own
specific interaction parameters. However, it is not practical to tune these for each of
these additives individually. We thus decided to use the MO-parameterisation for all
other additives. Hence long hydrocarbon stretches (e.g. the fatty acids tails) are taken as
hydrophobic as the tail of MO (or the tails of DOPC) and the interaction parameters for
hydrocarbons near O groups are as for the glycerol moiety of MO. For the oxygen groups

of the additives we used the same interaction parameter values as for the glycerol groups
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of MO, i.e. x¢y0o-w =1 and x0,,,-w = —0.5.

Lattice specifications and general work flow of the lattice-refined SF-SCF model

As in chapter 4 we have used the hexagonal lattice and used a lattice refinement such that
the lattice site was three times smaller than the segment size, that is b/l = 3. Within this
discretisation setting the numerical noise of many of the quantities that are computed is
not resulting from lattice artefacts, but is determined by the accuracy of the self-consistent

field solution, which in all cases was at least eight significant digits.

As already mentioned, we can only compute all bending rigidities when using two different
geometries, the planar bilayer and a spherical vesicle, for which we use one-gradient
planar and spherical coordinate systems, respectively. In the planar coordinate system
all quantities are evaluated per unit area. Here the r-coordinate as used in eqn 5.2 is
implemented as a z-coordinate: z =1, 2, ..., M, and the number of lattice sites at each
coordinate z is independent of z (and can be formally set to unity). On both sides of
the system we implement reflecting (mirror-like) boundary conditions. In the simulation
volume there is just a single lipid layer near the lower boundary; this layer interacts with
its mirror image forming a symmetric bilayer. [47] We choose an appropriate number
of molecules per unit area n; and initiate the iterations by introducing a guess for the
bilayer density (or potentials) near the lower boundary. After the SCF solution is found

we evaluate the interfacial tension from w(z) using eqn 5.3.

In general this tension will not be zero and therefore we choose a new value for the number
of (lipid) molecules per unit area n; for the membrane constituents and a next loop of
the iteration process is performed. The successive adjustment of the number of lipids per
unit area continues until the membrane is free of tension (seven or more significant digits
can routinely be reached). From this result the grand potential density profile wy(z) is
recorded (here the sub index 0 refers to the planar tensionless case). With this result we

can evaluate eqns 5.4 and 5.5.

In the spherical geometry case we have a radial coordinate r =1, 2, -+, M, (in units b)
where each layer r has L(r) o r? lattice sites. For a spherically shaped bilayer (vesicle)
with a radius R (typically R = 100b is used) we fix the number of lipid molecules to
ny = 47TR2nﬂpid, with n?ipid the number of lipid molecules per unit area in the planar
bilayer. After an initial guess for the segment density or potential profile near r = R,
the SCF iterations are resumed. Importantly, during these iterations the distribution
of the additives is normalised using the bulk volume fractions ¢ identical to the ones
found in the planar tensionless bilayer calculation. During the calculations the bilayer

positions itself optimally in the spherical coordinate system such that for the converged



5.4 Methods 153

SCF solution the grand potential & = >~ L(r)w(r) of the vesicle only contains curvature
energy. This means that Q = 47(2k + K). [18, 43] Using this result in combination with
eqns 5.4 and 5.5 leads to the mechanical parameters. Importantly, the lipid component
(¢ = 1) in the spherical vesicle system has the same bulk volume fraction as in the planar
tensionless bilayer case. The same is true for the additive (enforced by the normalisation)
and then necessarily the solvent also has a chemical potential that corresponds to the
value found for the planar bilayer system (Gibbs-Duhem relation). Hence the vesicle
system is exactly in the same thermodynamic state as the tensionless planar bilayer, that
is, all components in the two systems have the same chemical potentials, and thus the

two systems are in equilibrium.

5.4.3 Limits to the additive-to-lipid ratio

There are limitations to the maximum amount of additives that can be included in the
bilayers. In some cases these limitations are set by the system itself. For example, when
hydrophobic additives are introduced in the MO bilayers, the system tends to go to in-
verted phases. It then may become impossible to find the tensionless state of the planar
bilayer and this obviously frustrates the protocol to find the mechanical parameters. We
therefore have set our own limits in such a way that the concentration of additives in
the systems always is below their bulk binodal value. This does not pose major restric-
tions, because our primary interest is in predicting (initial) trends in how additives push
a membrane system towards potential phase changes, rather than to pinpoint a critical
composition for such a mesomorphic transition or a concentration at which the mem-
brane falls apart (something which happens for example when large amounts of Triton
are used). For surfactant-like additives their critical micelle concentration (CMC) is a
threshold that we will not pass. In most cases we estimate the bulk binodal value of the
additive from adsorption isotherms, that is the amount of additive that is absorbed in
the membrane per unit area 6% as a function of its bulk concentration. The maximum
amount of additives used does not depart far from the Henri regime, that is the initial
linear part of the adsorption isotherm; see the supplementary information (SI) for more
information. Important to note is that we do not take into account any lateral phase
separation (i.e. lipid rafts) that could occur when working with lipid mixtures. However,
as we keep the additive as a minority component in the membrane, we do not expect

lateral phase separation to occur.
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5.5 Results and Discussion

In the following we will first consider how the mechanical properties of the MO bilayer vary
upon (small) changes in the parameters that characterise the way water interacts with the
glycerol-like headgroup. This part of the work has been performed to obtain the default
parameter set presented above. After this we will present, for illustration purposes, some
structural properties of equilibrium DOPC and MO bilayers and a DOPC/MO mixed
bilayer as these follow from using the default parameter setting. In the second part of
the results section we will elaborate on how a mixed bilayer composed of DOPC and MO
has some intermediate values for its mechanical parameters &, x and J§"). In the third
and final topic of the results section we will show how DOPC and MO bilayers respond
to additives. Furthermore, we correlate the results of MO with published experimental
phase behaviour, and discuss the biological relevance of the response of similar additives
on DOPC bilayers.

5.5.1 Parametric study for MO bilayers

Our first priority was to properly model MO bilayers and find a suitable parameter set
in line with its mesomorphic phase behaviour. Variation of the interaction parameters
for the glycerol headgroup causes significant changes in both structural and mechanical
parameters of MO bilayers, see figure 5.2. Figures 5.2A and B show a decrease in bilayer
(core) thickness (do,,;00.0) and an increase in the area per lipid (Ap) with increasing
hydrophilicity of the glycerol backbone (i.e. with more negative xc,_y0—w and Xouo-w)-
Such effects are in line with expectation and it is reassuring to see that the results are

sensitive to these parameters.

For the bending rigidities (Figures 5.2C, D and E) we observe a decrease in £ and increases
in k and J§*, respectively with increasing glycerol backbone hydrophilicity. These trends
are relatively similar as found when changing the hydrophobicity of the glycerol backbone
of DOPC, see chapter 4. For an explanation of these trends we refer to this previous work;
here, we focus on obtaining the interaction parameter set for MO that is in accordance

experimental data.

As mentioned already it is well known that pure MO bilayers form cubic phases [14]. This
topological state limits the window for & and J§*. To be precise, the value of % is expected
to be positive, and the value of J§* slightly negative, but relatively close to zero as we
obtain bilayers rather than (inverted) micelles. The value of « is relatively insignificant
for cubic phases as the mean curvature in these structures is not expected to be large

((J) ~ 0). Based on this information, we chose xc,_,,;,0-w = 1.0 and x0,,,-w = —0.5 as
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Figure 5.2: Structural and mechanical properties as a function of xo,,,—w for MO bilayers with
different xc¢_yo-w- A) doyo0me, Tepresenting the bilayer core thickness; B) Ag, representing the
area per lipid in the bilayer; C) &; D) r; E) Ji*. Red: Xcg_wo-w = 1.2; orange: Xcg,,o-w = 1.0;
blue: xXcg_po-w = 0.8

the interaction parameters for MO, as these values result into bilayers with £ and J§* in the
expected range. As in this setting the Gaussian bending rigidity is not extremely far from
zero, we may anticipate phase changes towards the lamellar phase in response to additives

that induce a more positive preferential curvature of the leaflets of the bilayer.

For the interaction parameters chosen, we find  to be close to 1 kgT, do,,,0,,0 = 7.2b and
Ay = 6.2b%, corresponding to 2.52 nm and 0.76 nm? respectively. In our previous study
on DOPC bilayers we found that the current model tends to underestimate the value for
this latter quantity at least when we may trust corresponding experimental estimates. We
expect that x found for the MO bilayers is also a lower estimate. We argued earlier that
the FJC model, which gives the lipid molecule a high flexibility, is partly responsible for
this. In addition the mean-field approximation may underestimate the excluded volume
correlations between neighbouring lipids in the bilayer and this also may lead to a too
soft bilayer. In the same token we expect the membrane thickness of MO-bilayers, here
estimated as twice the average position of the O’s from the bilayer center do,,,0,,6, t0
be an underestimation of the real value and correspondingly the area per lipid may be
too high [48, 49]. The underestimation of the mean bending modulus  is unfortunate.
Typically we would like to argue that when the value is of order unity, regularly ordered
bicontinuous cubic phases should give way to less ordered L3 phases. We still expect that
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Figure 5.3: Volume fraction profiles for A) a pure DOPC bilayer, B) a mixed DOPC/MO bilayer
(fmo = 0.5), and C) a pure MO bilayer. Solid blue lines represent water, other solid lines represent
DOPC and dashed lines represent MO. Black: lipid tails; orange: glycerol backbone of the lipids; red:
lipid headgroups.

when « is sufficiently small that the L3 phase is preferred (that is when & > 0) but that
the threshold for such transition in the mean-field 'world’ happens at values of k lower

than unity.

5.5.2 Structural and mechanical properties of DOPC and MO bilayers and

mixtures thereof

With the parameter set in place a logical next step is to consider bilayers composed of more
than one type of lipid. The phase behaviour of MO with added DOPC is well documented
[17, 50], which makes this lipid mixture an exciting starting point to verify our method
to predict lipid phase behaviour. Here we present the bilayer properties as a function of
the fraction MO (fui0). This fraction is calculated as a weight fraction assuming each
monomer has equal mass: faro = 0516/ (0%0 + #opc)- To provide some insight into the
structures formed for pure DOPC, pure MO and a 50/50 wt% lipid mixture, we have
plotted the volume fraction profiles in the planar geometry (figure 5.3. The center of
the bilayers is set at z = 0. As expected the core of these bilayers is dry (¢ = 0 at
z = 0); water penetrates only up to the glycerol backbone. An in depth study on the
properties of the DOPC bilayer is published in chapter 4 and many of the MO bilayer
properties are surprisingly similar. Close inspection reveals that the MO bilayers are a
little bit thinner than DOPC ones, which is traced to the fact that DOPC simply has
a larger headgroup. The average position of the glycerol backbone is similar in the two
membranes and also in the mixed bilayer (figure 5.3B). However, in the MO bilayer the
glycerol has a wider distribution than in the DOPC bilayer. We can come up with two
reasons for this. Firstly, the glycerol backbone of DOPC is oriented more parallel to the
bilayer plane than that of MO, due to the extra tail attached to the sny position of the
glycerol. Secondly, since the glycerol backbone of MO is more hydrophilic, we have a
more gradual hydrophobic-hydrophilic transition.
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Figure 5.4: Mechanical parameters &, x and J§* for DOPC bilayers as a function of fraction of MO
with different xo,,,—w. Blue: x0,,,-w = —0.5; orange: xo,,-w = —0.55; red: x0,,6—w = —0.6.

The differences in structural properties between the MO and DOPC bilayers are reflected
in their different natural topological states. As mentioned before, DOPC bilayers naturally
occur in a lamellar topology while MO bilayers occur in cubic phases. The mechanical
parameters reflect these states: £ is negative and Ji* is very close to zero, even slightly
positive, for DOPC, while these parameters are respectively positive and slightly negative
for MO bilayers. See also figure 5.4 at fyo = 0 (pure DOPC bilayer) and at fyo =1
(pure MO bilayer).

Figure 5.4 reports the mechanical parameters for the mixed DOPC/MO bilayers as a
function of the fraction MO. The trends in these parameters can be translated into ex-
pected changes in the mesomorphic state of these bilayers with increasing fraction of MO.
In particular we foresee a transition from a lamellar phase to a phase with saddle-shape
topologies as signalled by the change of sign of . For the default x-parameters chosen,
we expect this to occur around 40 wt% (furo ~ 0.40): see the blue line in figure 5.4A. In
reality this transition occurs around 50-55wt% [17, 50]. This difference does not alarm us
too much as the trend is in line with experimental data. Furthermore, small optimizations
in the y parameters can certainly improve these results as the sign-switch is highly de-
pendent on the y values chosen. This is showcased by the orange and red curves in figure
5.4, for which the interaction parameters for the MO glycerol moiety were chosen slightly
different. In short, when the glycerol moiety of MO is made a bit more hydrophilic, &
decreases for the pure MO bilayers, and as a consequence, the transition point for which
R = 0 shifts to higher MO fractions in the mixed bilayer.

Next to the increase in &, we observe a decrease in J§* with increasing fraction of MO.
This trend seems to agree with the experimentally observed phase transition as well. J§*
goes from slightly positive values, as expected for lamellar bilayer topologies, to slightly
negative values, more expected for cubic phases. Like for &, the sign-switch of Ji* occurs
at higher MO fractions as the glycerol moiety of MO is made more hydrophilic.
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Small changes in the hydrophobicity of the glycerol moiety do not have an effect on x,
which remains above 1kgT for all DOPC/MO ratios. As s thus remains relatively high,
the modelling predicts a direct transition from lamellar to cubic without the L3 or sponge
phase as an intermediate mesophase. This corresponds nicely to experimentally observed
phase behaviour [17, 50]. Below we will argue that indirect transitions are expected for
the addition of some solvents.

5.5.3 Effect of additives

Here we discuss the effects of adding various substances to pure MO or pure DOPC bilay-
ers. We will not go into much detail regarding the structural parameters of the bilayer,
but focus on (trends of) the mechanical parameters and aim to correlate these to known
lipid phase behaviour in particular for the MO- but also for the DOPC system.

Addition of solvents

We will start with the addition of alcoholic solvents to the bilayer systems. We have chosen
to use ethanol, butanediol and t-butanol, as it has been found that these solvents affect
the MO phase behaviour in different ways [14], although the differences are especially
manifested at high volume fractions. To be specific, the addition of all these solvents
initially causes a transition from the MO Qq phase into a sponge phase [51, 52]. At high
volume fractions (> 50%(v/v)) butanediol changes the sponge phase into a lamellar liquid
crystal phase, while t-butanol dissolves the bilayer in a fluid isotropic phase of inverted
micelles. [52]

The effect of these alcohols on the phase behaviour of DOPC bilayers is not documented.
However, in several studies short alcoholic solvents have been added to lamellar bilayers
[53-56]. In some of these studies a few mechanical properties were measured, such as
the mean bending modulus &, using the micropipette aspiration technique [53, 54]. In
general, it was observed that the addition of small alcohols largely lowers x as the bilayers

become much more flexible.

The effects of the alcohols on the mechanical properties of the lipid bilayers according to

our SCF predictions are shown in figure 5.5.

Let us first consider the MO system and discuss these results in light of the experimental
results described above. In figure 5.5A we find that the Gaussian bending rigidity % of
the MO system decreases with the addition of ethanol and butanediol, albeit that the
changes are modest. The response to t-butanol is very weak, so apparently there are

competing effects that balance each other in this case. The spontaneous curvature of
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Figure 5.5: Mechanical parameters &, x and Ji* as a function of bulk volume fraction ¢° of added
’solvent’ for MO bilayers (top, A-C) and DOPC bilayers (bottom, D-F). Blue: added solvent is ethanol
(C20); orange: t-butanol (¢-C40); red: butanediol (C403).

the monolayer (figure 5.5C) shows an opposite trend where addition of ethanol gives the
smallest effect. The changes in £ and J§* upon addition of small amounts of ethanol,
t-butanol or butanediol are not sufficient to point to phase changes. However, at high
volume fractions of t-butanol inverted phases are likely, since for this case J§* is expected
to be strongly negative. Figure 5.5B shows that all three solvents tend to make the MO
bilayers extremely flexible, since the mean bending modulus drops to sub-unity values
rather dramatically. As explained above, this indicates the formation of less ordered
phases such as the sponge or L3 phase. Indeed, as mentioned before this is what has been

found experimentally. [51].

The corresponding results for the mechanical parameters for the DOPC bilayer system are
presented in figures 5.5D-F. Figure 5.5D shows that upon significant addition of ethanol
as well as ¢-butanol and butanediol the Gaussian bending rigidity turns more positive
and eventually changes sign. This suggests that this type of additive may destroy the
lamellar topology of pure DOPC bilayers. The spontaneous curvature of the monolayer
(figure 5.5F) increases both for addition of ethanol and butanediol, but decreases and may
become negative for t-butanol. As the spontaneous curvature does not become extremely
negative we expect that eventually at high volume fractions the alcohols may push DOPC
bilayers towards bicontinuous cubic phases rather than the inverted hexagonal phase,

although in experimental systems this transition may be hard to reach. Similar to the
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MO bilayer, the small alcohols make the DOPC bilayer more flexible (cf figure 5.5E, but
typically x remains larger than unity and therefore transition into the sponge phase is
very unlikely. The fact that small alcohols soften phospholipid bilayers has been reported
in literature. [53, 54].

Fatty Acids

Experimentally it has been found that addition of fatty acids (FAs) to MO cubic phases
induces various phase changes as well, depending on the tail length [57]. The addition
of FAs with relatively small tails (Cs) induces transition of MO cubic phases to inverse
hexagonal (Hjy) phases and finally an emulsified microemulsion (EME). Interestingly, the
window in which Hyy phases have been observed is relatively small. Similar behaviour is
observed for Cio FA, without the formation of an EME phase. The addition of long tail
FA (Cy) did not show a transition to HII phases. Instead, at high FA to MO molar ratios
phase separation occurred into the cubic lipid phase and a separate lamellar crystal phase
(L) of the FA.

There is much literature on the effect of fatty acids on lamellar (e.g. phospholipid) bilayers,
yet on an experimental level almost all data concern long-chain fatty acids like oleic acids
[58, 59]. From these, we only found one (very recent) article on fatty acid containing
bilayers in the context of phase behaviour. [58] It reported that the long chain fatty
acids used, oleic acid (OA) and elaidic acid (EA) , increased the mean bending rigidity
of a DOPC bilayer. No topological phase transition was observed. In the few articles
we found regarding the addition of medium-chain fatty acids (C6-C14) to lipid bilayers,
interest was limited to general features, such as how much FA was incorporated [60] or

the effect on flip-flopping and transport across membranes [61-63].

In our model calculations, above some threshold loading of FAs no longer tensionless
bilayers could be found, indicating that inverted structures are dominating the phase
space. The maximum amount of FA that could be incorporated was in the order of 20 wt%
for MO bilayers and 30wt% for DOPC bilayers. To provide a direct comparison for MO
and DOPC bilayers we have chosen to show results up to 20 wt% FA (fra = 0.2).

The effects of FA addition on the bending rigidities are shown in figure 5.6. From the
figure we immediately observe that the effects of incorporating FA in MO bilayers or in
DOPC bilayers are very similar. In general, we see K increasing and both JJ" and
decreasing with addition of FA. The longer the tail of the FA, the more hydrophobic the
FA is: this results into a stronger effect on & and J§*, but a weaker change in the mean

bending modulus k.
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Figure 5.6: Mechanical parameters &, x and Jgj* as a function of added fraction of fatty acid, for MO
bilayers (top, A-C) and DOPC bilayers (bottom, D-F). Blue: CsOs; orange: C1204; red: Cy60a.

Without additives the MO system is in a bicontinuous cubic phase. With increasing
loading with FA the Gaussian bending modulus becomes more positive, implying that
the system moves away even further from a lamellar state. In addition, the spontaneous
curvature of the monolayer becomes significantly negative, implying that the system may
well enter an inverted hexagonal phase (Hy). This is especially expected for long-tail
FA additives. The predictions are in this respect again in line with the experimental
data. Experimental results that indicate the relative preference of inverted phases for
long tail FA additives, were associated with a critical packing parameter P > 1 [14]. This
is in accordance with our finding that J§* becomes strongly negative. Addition of FAs
decreases the mean bending modulus a bit. The softening is much less than for the small
molecular weight solvents discussed above. Hence the sponge phase is not expected in
this case, especially not for the longer tail FA’s. Short tail fatty acids (C3-C6) however

may have a softening effect comparable to the small molecular weight solvents.

For DOPC bilayers £ switches sign as a function of FA loading (figure 5.6D) and we
therefore anticipate that FAs will induce a transition from lamellar bilayers to saddle-
shaped bilayers. The longer FA’s are more effective in this respect than the shorter ones.
As usual a strong positive response of the Gaussian bending modulus is mirrored by
a strong negative response of the spontaneous curvature of the monolayer. As shown in

figure 5.6F the value of the latter becomes significantly negative indicating that transition
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into an inverted hexagonal phase (Hyp) is a realistic scenario. In any case a sponge phase
is not in sight because the mean bending modulus remains well above unity (figure 5.6E).
This means that if a phase rich in saddle shapes is formed, it will be a bicontinuous cubic

arrangement with long-range order.

We further note that the longer the FA tail, the smaller is the decrease in x with fra.
This trend may suggest that a fatty acid with a tail length ; 16 could also increase the
value of k. This would be consistent with the experimental observation that the addition
of oleic acid increases k for DOPC bilayers [58].

CioF,, surfactants

Another interesting class of additives are non-ionic surfactants. These molecules gener-
ally have large headgroups and are known to form (spherical) micelles. This usually is
rationalised by arguing that they have a critical packing parameter P =~ 1/3. The in-
corporation of micelle-forming surfactants to lipid bilayers forces the transition towards
structures with more positive interfacial curvatures, such as micelles. It is thus not sur-
prising that the addition of various detergents to MO lipids induces a transition from the

cubic phase to lamellar phases that have no interfacial curvature [14].

At high concentration, micelle-forming surfactants can even completely dissolve the bilayer
into mixed micelles containing both lipids and surfactant molecules. A prime example
is the addition of the non-ionic polyoxyethylene detergent Triton X-100 to phospholipid
bilayers [64-66]. This solubilization of lipid membranes is widely used to isolate, extract

and characterize integral membrane proteins [67].

In Triton X-100 the hydrophobic moiety features a benzene ring. In the modelling context
this is not ideal because it definitely needs additional parameterisations. That is why we
here chose to use CyoE,, surfactants to represent the class of surfactants. By varying the
amount of ethylene oxide (E) units we can play with the size of the hydrophilic "head’ and
thereby mimic both pure micelle-forming surfactants (Ci2Eq9) and surfactants for which
additionally lamellar and even sponge phases have been observed (Ci2E4 and CioE5)
depending on temperature and pressure [68, 69]. We further note that these surfactants
can exhibit different lamellar phases such as the fluid lamellar (L,) and liquid crystalline

(L¢) phases [70, 71], between which we make no distinction in this work.

In particular, the phase behaviour of Ci5E;5 is interesting as at high volume fractions at
room temperature lamellar bilayers are observed, and at higher temperatures even the
transition from lamellar to sponge phases is seen [72]. This suggests that for pure CyoE;

bilayers & is close to zero at room temperature and positive at higher temperatures. This



5.5 Results and Discussion 163

0.6
A
041 b
= 02f 1 =
@ 2
=N =N
e (U 1 e
—02} 4
04 L L L 08 L L L _0.15 L L L
0.05 0.10 0.15 0.20 0 0.05 0.10 0.15 0.20 0 0.05 0.10 0.15 0.20
MO ferz-pro [-] for2-pro [-] ferz-pro [-]
0.15
F
— 010 B
= =
M =]
£ 2
€ 1
=005t .
9 L L L 15 L L L 0 L L L
0 0.05 0.10 0.15 0.20 (] 0.05 0.10 0.15 0.20 0 0.05 0.10 0.15 0.20
ferz-pro [-] ferz—pro [-] fer2-pro ]

Figure 5.7: Mechanical parameters &, x and JJ" as a function of added fraction Ci2E,, surfactants,
for MO bilayers (top, A-C) and DOPC bilayers (bottom, D-F). Blue: Ci2E4; orange: Ci2Es; red:
C12Eq0.

can be captured in the model by making the interaction parameters for the ethylene oxide
part of the molecule temperature dependent [73] such that the headgroup becomes less wa-
ter soluble with increasing temperature. In the present paper we ignore this temperature

dependence.

When we use the default parameters (table 5.1) to model Cy2Ej5 bilayers, we find a Gaus-
sian bending rigidity that is slightly negative K = —0.52. Consistent with expectations,
we observe an increase in & when increasing xc,-w (not shown). For example, & = 1.4
is obtained already for xc,—w = 1.2, which combined with a low mean bending modulus
(k = 0.34) indeed suggests the formation of the sponge phase at higher temperatures (i.e.,

for a more positive value for xc,—w).

Although the phase behavior of the pure surfactants is of interest, we here focus on the
effect of surfactants as additives to MO and DOPC systems. We chose for this study
two surfactants with a small headgroup (C12Es and Ci3E4) and a surfactant with larger
headgroup (Ci9Eq).

The predicted mechanical parameters with increasing added amounts of CyoE,, surfactants
to DOPC and MO bilayers are presented in figure 5.7. As with the addition of fatty
acids, we observe similar trends for the DOPC and MO bilayers with the addition of
CioEq, surfactants. In line with expectation and the trends found for the fatty acids,
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i.e., an increase in & and a decrease in JJ* with increasing tail length, we now find the
opposite effects with increasing surfactant headgroup size. We thus observe that with
added fraction surfactant = decreases while JJ* increases and that these effects become

more pronounced with increasing number of ethylene oxide units.

For MO bilayers this means we expect transition of the bicontinuous cubic phase towards
a lamellar phase. For the addition of Ci3E g such a transition seems to occur already
at about 10 wt% loading, as can be seen from figure 5.7A. As x remains relatively close
to unity, we do not expect the formation of an intermediate sponge phase. This phase
behaviour corresponds closely to known phase behaviour of other MO /surfactant (or
detergent) mixtures, which also shows a direct transition of the bicontinuous cubic phase
to the lamellar L,, phase [14]. The addition of C12E4 and Cy2Ej5 causes similar, but weaker,
trends in £ and Jj*. The decrease in x with Ci2Ey4, 5 fraction seems to suggest that at high
fractions the formation of a sponge phase, which requires a low value of x, is possible.
This is most likely for CioE,.

As expected, addition of these surfactants to DOPC bilayers induces the formation of
micellar structures at high surfactant/lipid ratios. This follows mainly from the sharp
increase in Ji* to large positive values. The larger the polyethylene oxide headgroup the

quicker, i.e. at lower molar fractions, this happens.

5.6 General Discussion

In the previous sections we have shown that the lattice-refined SF-SCF theory can be
used to estimate the mechanical parameters of MO and DOPC bilayer systems. We argue
that we can use the trends in these parameters to consistently predict the mesomorphic
phase behaviour of these lipids in response to a wide range of additives. More specifically,
the phase transition from lamellar bilayer topologies to saddle-shaped topologies can be
attributed to the sign-switch of %. Additionally, the formation of micelles or inverted
micelles follow from a large positive or large negative value of JJ* respectively. The
transitions between different saddle-shaped bilayer phases, i.e. various cubic phases and
eventually the sponge phases, arguably are rather subtle. Invariably these phases can
only be stable when the Gaussian bending modulus is positive. When the mean bending
modulus is in addition much less than unity, we argue that the system loses its long-range
order and forms a sponge phase. Bicontinuous triple periodic phases are likely to have a
higher bending modulus compared with sponge phases. The higher the value for x, the
more the triple periodic cubic phase will go to a minimal surface, that is a surface on which

the total curvature vanishes everywhere in the unit cell. This is the way the system can
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nullify the influence of the (relatively high) bending modulus. We cannot imagine that a
strong preferential curvature of the monolayer, which typically is negative in this regime,
is consistent with the bicontinuous cubic phase and this parameter should be responsible
for the transitions towards the inverted hexagonal or inverted micelle systems. A strong

criterion for this transition we do not yet have.

Now that we have established these rules, some general trends can be identified. In short,
we observe that the inclusion of additives that are mainly hydrophobic and partition in the
bilayer core, drive the bilayer towards a topological state of increased negative interfacial
curvature and saddle shape configurations. That is, the DOPC system may lose the
lamellar topology in favour of the inverted hexagonal phase or bicontinuous cubic phases
and MO tends to go towards an inverted micellar phase. Micelle-forming surfactants
do the opposite. The inclusion of small additives, both hydrophilic (i.e. ‘solvents’) or
hydrophobic, generally decreases the mean bending modulus of the bilayers and thus
makes bilayers more flexible. This may take a lipid system from a bicontinuous cubic
phase closer to an Ls-phase or decreases the persistence length of the bilayers and increase
the undulation repulsion. These rules are highly complementary to the general rules for
lipid self-assembly as outlined by van 't Hag et al [14].

It should be stressed that small changes in the set of interaction parameters may have
a relatively large impact on the results. This not necessarily is a bad property of the
approach because in reality small variations in surfactant properties can also result in
large shifts in phase behaviour. However, it means that the exact values of k, x and JJ"
as provided by the SF-SCF modelling should not be given too much weight. To arrive
at our conclusions with respect to the effect of additives on the DOPC and MO bilayers
mesomorphic phase behaviour, we only took into account the predicted trends in these
mechanical quantities. It remains true that in order to provide more accurate estimates
on the mechanical properties, a more detailed and structured parameterisation of each

molecule used is required.

5.7 Conclusions

The self-assembly of lipids in aqueous solution yields a wide variety of structures of various
shapes and morphologies. From an application perspective, it is of utmost importance to
know the topological behaviour of the lipid system, in order to find relevant functionalities.
With time, the experimental techniques used to follow this behaviour are becoming more
accurate and more precise. However, mapping the topological phase behaviour can still be

time consuming and finding the ideal lipid system for the desired application is a matter of
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trial and error. modelling techniques that can accurately predict the mesomorphic phase
behaviour of lipid systems are therefore in high demand. However when the computation
time exceeds the experimental time scale, which still seems the case for all-atom molecular
dynamics simulations, they are in this respect of little extra value. Only computationally
inexpensive routes can map out a large parameter space needed to feed our intuition
regarding the mesomorphism of lipids and lipid mixtures. Computationally inexpensive
routes are approximate and we can only start trusting these routes if good correlations

with experiments are produced.

In this work, we used the lattice-refined self-consistent field theory of Scheutjens and
Fleer (SF-SCF) which is computationally inexpensive. It can be fed with molecularly
detailed models (on a united atom level) and come up with structural, thermodynamic
and mechanical data that can be interpreted in terms of the preferred mesomorphic phase
state of the system of interest. We have illustrated this by predicting the phase behaviour
of MO and DOPC bilayers in response to a wide range of additives. For mixtures of
MO and DOPC, and for the addition of various additives to MO bilayers, the obtained
mechanical parameters clearly correlate with known phase behaviour. These correlations
give credibility to the predicted phase behavior of DOPC in response to these additives.
Importantly, this analysis can be readily extended to other lipid systems as well.

However, we should emphasise that the lattice-refined SF-SCF approach is by far not yet
developed to the best of its possibilities. For example, the chain model that is currently
implemented is the freely-jointed chain. This chain model can be upgraded to the rota-
tional isomeric state (RIS) scheme, implementing the chain flexibility more realistically
[74]. In addition the mean-field approximation is not suitable to account for thermotropic
phase changes such as the gel-to-liquid phase transitions in bilayers. Solutions to overcome
these shortcomings are in principle known [75] but currently not implemented. Finally,
and this is particularly important for lipid mixtures, we have not yet considered the pos-
sibility of lateral segregation of lipids in bilayer membrane (formation of rafts). Again at
the expense of CPU time we can improve on this issue as well. [76] We therefore conclude
that the lattice-refined SF-SCF model has a great potential to predict mesomorphism of
lipids and lipid mixtures and we can already use the approach to sharpen our intuition

regarding the many possible phase changes that can occur.
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5.8.1 Isotherms

In the three-component systems used in this paper, that is in bilayers in which additives
are included, the amount of additive in the system is a free parameter. This means
that one can make so-called absorption isotherms, that is the amount of additive that is
absorbed in the membrane per unit area 6 as a function of the bulk concentration of
this additive. Here 07 = Y ¢(z) — ¢5. For good reasons we are typically interested in
absorbed amounts which keeps the additive as a minority component in the membrane.
That is why we in most cases below the isotherms were discontinued as soon as either the
bulk concentration or the concentration of the component in the membrane passed some

threshold value.

Absorption isotherms are informative about (hidden) solubility limitations that might pop
up in cases where the additive my have some solubility gap with the aqueous solution.
In such a case the absorption isotherms will feature some type of Van der Waals loop.
Below we avoid these regions and always keep the amount of additive below the bulk
binodal value. These constraints do not pose major restrictions, because our primary
interest is in predicting (initial) trends in how additives may push a membrane system
towards potential phase changes, rather than to pinpoint a threshold composition for
such mesomorphic variation or where the membrane falls apart (e.g. something which
happens when large amounts of Triton is used). The slope of this absorption isotherm
can be related to a membrane partition coefficient [77], but we will not dwell on this
quantity.

The absorption isotherms for the three alcoholic solvents used in this study are given in
figure 5.8.
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Figure 5.8: Isotherm (6% as a function of ¢°) for MO bilayers (left) and DOPC bilayers (right) with
added ethanol C50 (blue), added t-butanol tC4O (orange) or added butanediol (C403) (red). A) &;
B) &; C) J§™.
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Figure 5.9: Isotherm (67 as a function of ¢*) for MO bilayers (left) and DOPC bilayers (right) with
added fatty acids. blue: CgOs; orange: C120s; red: C1602. The inset provides the same graph but in
which the x-axis is zoomed

Intuitively one would expect isotherms to show positive accumulated amounts as a func-
tion of the concentration of the additive. However for rather hydrophilic compounds that
accumulate weakly in the head group or glycerol-backbone region, may show a strong
depletion in the core region, rendering the overall absorption to be negative. Inspection
of Fig. 5.8 this is the case for butanediol and for ethanol for both bilayers. Only for
t-butanol modest positive absorbed amounts are predicted. For the MO system, we could
not exceed the limit of ¢* = 0.1 for butanol, as no bilayer could be formed anymore,
consistent with experimental facts that butanol may easily destroy a bilayer and put the
system into a fluid isotropic phase (L) [52]. For DOPC we could reach higher levels of
¢ and see the curve reaching a plateau before the same happens. Again our interest is
not in the disintegration of bilayers and therefore we have set the limit in added butanol

for the remainder of our calculations at ¢” = 0.1.

In figure 5.9 we have plotted the absorption isotherms of all FA used. As can be seen
from the figure, we observe relative linear positive trends. This indicates that FA inserts
themselves into the bilayer and that we managed to stay away from the solubility limit
or CMC of the fatty acids. Clearly FA partition strongly in the bilayers. This must of
course be attributed to the hydrophobic tails that have a high affinity for the core. This
preferential partitioning of the FA in the membrane is a strong function of the length of
the tail and therefore the adsorption isotherms show an increase in adsorbed amount at

progressively lower bulk concentrations the longer is the tail length.
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CHAPTER 6

General Discussion

In the introduction I showed an image of a biological cell and noted that when looking
at such a picture, most of what you see is membranes. The basic model of the biological
membrane, the so-called fluid mosaic model by Singer and Nicolson [1], correctly depicts
the membranes as a double layer of lipids in which protein molecules float around. How-
ever, it does not explain how the bilayer on a mesoscopic scale takes on many different
shapes and forms, as is visualized in such an image of a biological cell. The example I
presented in the introduction was the nucleopores present in the nuclear envelope, but
many other examples exist as well. One such example is the thylakoid membrane present
in chloroplasts of plant cells. It is in these thylakoid membranes that photosynthesis
takes place. Important for this process is the large membrane surface area and that the
membrane separates two volumes, one enclosed by the thylakoid bilayer (lumen) and one
on the outside (stroma). The thylakoid membrane itself can be separated in two different
domains, each with its own distinct structure and morphology: grana lamellae and stroma
lamellae. The grana thylakoid structure can be seen as multiple flat vesicles stacked on
top of each other, similar to a stack of coins and the stroma membranes effectively forms
the connection between the different flat vesicles and between different grana. How these
two are connected to form a continuous lamellar bilayer system is, to this day, not com-
pletely elucidated and various models, such as the helical model [2-4], the bifurcation
model [5] and the folded-membrane model [6], still exist. What remains certain is that in
order to interconnect all bilayers into a continuous phase, the formation of saddle-shaped
bilayer structures is inevitable. It is therefore not surprising that the main lipid found
in thylakoid membranes is monogalactosyldiacylglycerol (MGDG). The structure of this
lipid molecule is effectively that of a single sugar group attached to a glycerol and two lipid
tails. When dispersed in water, this lipid forms cubic or inverse hexagonal (Hyy) phases

[7, 8]. It has the general shape of a cone (form factor P > 1) and, as the molecule bears



176 General Discussion

no charges, it is relatively hydrophobic compared to phospholipids such as DOPC. As
such I can’t help but speculate, also based on the general rules obtained in chapters 4 and
5, that the inclusion of MDGD would transition lamellar bilayers towards bilayers with
a positive Gaussian curvature (k > 0) and negative spontaneous curvature of the mono-
layer (J§* < 0), and could very well be instrumental in giving the thylakoid membrane its
complex morphology. This was recently proposed in literature as well [9].

Clearly, many questions remain regarding the structure and topology of biological mem-
branes on the mesoscale in relation to their function. For example, how can we induce
and stabilise the formation of a membrane handle? What bilayer composition is required
for this? In this thesis we deliver tools that may contribute to tackle such questions. In
short, we developed an experimental method to bring bilayers together in a controlled
manner in the form of vesicle pairs and small vesicle aggregates (chapter 2 and 3). The
obtained double bilayer in the contact areas is an ideal starting point to induce processes
involving a mesomorphic phase change such as vesicle fusion or the formation of mem-
brane handles. Such processes can be monitored using for example fluorescent techniques
such as FRET, as shown in chapter 3. In addition, we have extended the SF-SCF theory
with a lattice refinement to better describe and predict the mechanical properties of lipid
bilayers, and thus their mesomorphic phase behaviour. In chapter 4 we used this to map
out the effect of several lipid properties on the bending rigidities of bilayers that govern
their curvature properties. And lastly, in chapter 5 we made predictions, based on the
lattice-refined SF-SCF model, about the effect of additives on the mechanical properties
of lipid bilayers.

In the following paragraphs I will put the work described in the previous chapters in a
wider perspective and provide an outlook of future research directions that can be taken.
In doing so I will also show and discuss some of my preliminary experiments that were

not addressed or shown in previous chapters.

6.1 Self-limiting aggregation of lipid vesicles

As I have mentioned, we managed to find routes that allow to limit the aggregation of
vesicles to stable vesicle pairs or other small vesicle aggregates of specific size. This is
important because to induce vesicle fusion or the formation of membrane handles through
the use of a specific additive, these molecules should be able to reach the contact areas
between vesicles. We succeeded in this objective mainly by making use of the natural
tendency of bilayer vesicles with added linkers to self-limit their aggregation. The notion

“self-limiting” implies that a natural stopping mechanism exists for the aggregation pro-
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cess. This stopping mechanism results from the accumulation of linkers in the contact
areas of the vesicles, depleting the rest of the vesicle surface of linkers. While this latter
phenomenon has been reported before using biotin and streptavidin [10], it was (remark-
ably) never exploited to limit vesicle aggregation to only small aggregates or vesicle pairs.
In chapters 2 and 3 we managed to do just that with two types of linker systems (bi-
otin/streptavidin and the thermoresponsive surfactant C18-pNIPAm) and anticipate this
method can be applied as well using other linkers, such as conjugated DNA pairs. Of the
various linker systems that we used, the C18-pNIPAm surfactant is the most versatile in
its function. Not only does it meet the requirements for a linker to induce self-limiting
aggregation, the thermoresponsiveness of the pNIPAm block makes it possible to trigger
this aggregation with a temperature switch. On top of that, the aggregation can be re-
versed as well. By combining this linker with other linkers it is possible to create new
types of behaviour: in combination with biotin and streptavidin, we managed to take
self-limiting aggregation one step further and designed a stepwise process to obtain stable

small vesicle aggregates of predetermined size.

There are however limitations to the experimental conditions for self-limiting aggregation
and not all linker systems are suitable. We described these limitations in chapter 2,
however here I would like to elaborate on our work using telechelic (triblock) copolymers
and our efforts to control vesicle aggregation using such linkers a bit more. The telechelic
copolymer used combines a hydrophilic middle block (polyethylene oxide, PEO) with two
Cyg tails at both ends. The difference in the aggregation behaviour induced by this linker
compared to “self-limiting linkers” is perhaps most clearly illustrated in figure 6.1, in
which we record the vesicle aggregate size as a function of time for biotin/streptavidin
and our telechelic polymer. From this data, we observe an increase in aggregation size
over time in both cases, yet for the sample with telechelic polymers this happens linearly,
whereas the increase in radius using biotin and streptavidin linkers levels off and stops
over time. This indicates two distinctly different types of aggregation. The main cause for
the difference is that telechelics partition in the system as flower-like micelles in solution
as well as components of the bilayer, and that these flower-like micelles can replenish the
depleted telechelics on the bilayer during aggregation. This buffering capacity thus allows
the aggregation to continue. While my efforts to use telechelics as linkers for self-limiting
aggregation was not a success, various changes to the telechelic polymers can be made to
potentially allow self-limiting aggregation. For this, the telechelics need to induce vesicle
aggregation before formation into flower-like micelles occurs. In other words, the critical
micelle concentration (CMC) of the telechelic polymers needs to be increased. This can
be realised either by increasing the length of the hydrophilic middle block, or by reducing
the length of the hydrophobic tails
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Figure 6.1: Vesicle aggregation observed using biotin and streptavidin (blue) and C18-PEO-C18
telechelic block copolymers (M,, =~ 35000 g/mol) (red). The hydrodynamic radius Ry, is followed over
time using DLS, similar as in chapters 2 and 3. The sample with biotin and streptavidin contained a
fraction f, ~ 0.015 of biotinylated lipids, and a streptavidin/biotin ratio Ns/Nj, & 0.05. In the sample
with telechelics, the telechelic/lipid fraction Nie/Niipia ~ 0.002. The dashed lines serve as guidelines
through the data.

6.2 Supported double lipid bilayer formation

The method of bringing bilayers closely together using linkers can be used as well to
prepare two bilayers on top of each other at solid substrate, a so-called supported double
lipid bilayer (SDLB). During my PhD I managed to form such a SDLB using the procedure
described by Murray et al. [11]. In this method, the first bilayer is formed through
adhesion and subsequent collapse of small lipid vesicles containing biotinylated lipids on
a substrate such as glass or silica. In the second phase, streptavidin is added to the
system and binds to the biotin on the first bilayer. After washing, a second solution of
biotinylated lipid vesicles is introduced, which then attach to the streptavidin and under
the right conditions forms a second bilayer on top of the first one. A schematic overview
of this process is given in figure 6.2. We followed this process using reflectometry.[12]
Here, the adsorbed amount I' of material on a silica wafer is recorded over time. An
example is given in figure 6.3. In the figure we observe a sharp increase in I' upon adding
a vesicle solution and a plateau value of & 3.8 mg/m? is reached (step 1). From the molar
mass of a DOPC phospholipid (Mpopc = 786.1 g/mol) and the area per lipid (A = 0.64
nm? [13]), a simple calculation shows that a DOPC bilayer corresponds to approximately
Chitayer = 4.08 mg/m2. The plateau value at the end of step 1 is relatively close to this,
suggesting that indeed a complete DOPC bilayer has formed. This adsorbed layer is not
washed away when switching back to a buffer solution (step 2). Upon adding streptavidin
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Figure 6.2: Schematic overview of SDLB formation using biotin and streptavidin. In step 1 a vesicle
solution containing biotinylated lipids is supplied to a cleaned silica surface. Through adhesion a
supported lipid bilayer (SLB) is formed (step 2). After washing, a buffer solution with streptavidin is
added to the surface (step 3). In the 4th step the same vesicle solution as in step 1 is added and a
second bilayer is formed.
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Figure 6.3: Formation of a supported double lipid bilayer (SDLB) as followed by reflectometry. T"
is the adsorbed amount of material on a cleaned silica surface. This experiment is performed in a
flow cell where three different solutions are added in turn. A buffer solution (200 mM NaCl, 10 mM
Tris, pH 7.5) with biotinylated lipid (DOPC) vesicles (ciipias = 0.2 mM, biotinylated lipid fraction
foiotin = 0.004) is added in steps 1 and 5. In steps 2, 4 and 6 we add only the buffer solution without
vesicles and in step 3 the buffer solution with streptavidin (csirep = 0.01 mg/ml) is added.
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(step 3) we again observe a small increase in I', indicating that streptavidin attaches to
the biotinylated lipids in the bilayer. After washing (step 4) we again add our vesicle
solution (step 5) which subsequently causes another sharp increase in I". The plateau
level in I' is however reached much slower, but seems to reach a value approximately
twice the value of the first bilayer (I' = 7.7 mg/m?), suggesting the formation of a second
bilayer on top of the first one: a SDLB. It however remains possible that we are looking at
adsorbed vesicles on top of the first bilayer instead of a SDLB. This could be verified by
conducting a similar experiment using a quartz crystal microbalance (QCM) [14]. With
this instrument the oscillation frequency of a quartz crystal resonator is followed over
time. When material adsorbs on the surface of the resonator, this frequency changes.
The change in frequency is linear in first order with the adhered mass [15] and therefore
different for adsorbed lipid vesicles than for a lipid bilayer as the mass of the solution in
the vesicles also counts. However, in light of the results of Murray et al., we assume that
a second bilayer has indeed formed.

Interestingly, similarly to our attempts to obtain small vesicle aggregates using telechelics,
SDLB formation using these block copolymers also failed. Rather than the attachment of
a second bilayer, we observe a continuous change in the adsorbed amount over time. This
suggests we have continued aggregation of more and more vesicles on top of the first lipid
bilayer. Similar as with the vesicle aggregation, we think that the cause is in the buffering
capacity of the flower-like micelles in solution. The micelles constantly provides telechelic

linkers to the bilayer so that newly arriving vesicles can continuously be bound.

With methods to bring bilayers closer together in place, a plethora of opportunities for
further research becomes available. For example, the self-limiting aggregation method
could be exploited to create synthetic primitive cellular tissues. For this, the content of the
vesicles should be altered to mimick the content of cells, for semi-synthetic minimal cells
these can include incapsulation of nucleic acids, enzymes, ribosomes and more. [16, 17]
Also in the context of this thesis, we envision future work to go in various directions, of

which I will mention a few.

6.3 Self-limiting aggregation of giant vesicles

Firstly, the aggregation of vesicles can be extended to giant vesicles (R > 10 pm). So
far, our experiments were performed with small vesicles in the order of 100 nm in radius.
Therefore, the vesicles and small vesicle pairs are not visible under the light, fluorescent
or confocal microscope. With giant vesicles, many processes that are involved with the

aggregation of vesicles can be directly visualized and characterized with much more detail.
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For example, the depletion of linkers towards the contact area can be followed either
through the increase in size of the contact area, but also directly when using fluorescently
labelled linkers. In such an experiment, the fluorescent signal from individual vesicles will
be homogeneously spread, however upon binding with another vesicle, linker depletion will
cause the fluorescent signal to gradually accumulate in the contact area. Apart from this,
we anticipate that the size of the contact area can be correlated to both the total adhesion
strength of the vesicles and the mean bending modulus «. If the adhesion strength can
be measured independently, this thus provides another tool to determine x, and vice
versa. We anticipate that the adhesion strength between two (supported) bilayers due to
linkers can be measured using atomic force microscopy (AFM) as done in literature [18].
Alternatively, knowing the individual adhesion strength between linkers such as biotin
and streptavidin and the total amount of these linkers present in the contact areas, one

can accurately estimate the total adhesion strength as well.

To properly perform such experiments, the giant vesicles should be of approximately the
same size. Producing giant (unilamellar) vesicles of approximately the same size can be a
challenge however, as simple and conventional methods for giant vesicle preparation, such
as the gentle hydration method [19, 20] or electroformation [20, 21] generally produce
polydisperse (and multilamellar) giant vesicles. Perhaps most promising is the recently
developed method of “dubbed octanol-assisted liposome assembly” (OLA) by Deshpande
et al. [22]. With this method, giant unilamellar and monodisperse vesicles are produced
on-chip using a microfluidic device. It is perhaps best described as ”bubble-blowing on a

microscopic scale” [22].

6.4 Triggering mesomorphic phase changes

As mentioned before and indicated by the title of this thesis, our main interest is in
triggering and controlling mesomorphic phase changes of lipid bilayers. As such, focus
for future research should be in fact trying to do just that. For small vesicle aggregates
this entails inducing vesicle fusion or the formation of bilayer handles. As we have shown,
phase transitions of these kinds involve saddle-shaped bilayer curvatures, which implies
that the Gaussian bending rigidity < would have a huge influence. More specifically, as we
have indicated in the introduction chapter and verified in chapters 4 and 5, saddle-shaped
curvatures arise when & is positive. As the value of & is ultimately inherent to the bilayer
composition, the primary way forward is to alter the bilayer composition through the
addition of specific additives that increase k. As shown in chapter 4 and 5, an increase
in K can be obtained by making the bilayer more hydrophobic, i.e. with the inclusion

of relative hydrophobic additives that partition (mainly) in the bilayer core. Based on
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chapter 5, prime candidates for this would be long-tail fatty acids and monoolein lipids.
We anticipate that the inclusion of purely hydrophobic molecules such as tetradecane and
hexadecane will have similar effects, based on our modelling results and on the reported
experimental phase behaviour of these additives with monoolein and monolinolein bilayers
[23-25].

Next to triggering membrane fusion or the formation of bilayer handles, it is important
to determine whether such an event actually has occurred. This is the main reason
that I have developed an assay to monitor lipid exchange between vesicles using Forster
resonance energy transfer (FRET). To this end we use a mixture of vesicles containing
lipids labelled either with the donor or the acceptor of a FRET pair. When vesicle fusion
or formation of handles occurs, lipids will readily exchange which subsequently causes an
increase in FRET. For the vesicle aggregation experiments performed in chapter 2 and 3,
no lipid exchange was observed, implying that in these cases the primary vesicles remain
intact. Alternatively, a fluorescence assay can be developed that is based on exchange of
vesicle content. For this, one can again think of using a (soluble) FRET pair, but perhaps
a simpler option is to use a self-quenching fluorophore such as calcein or sulphorhodamine
B. In such an assay, vesicles with a self-quenching concentration of fluorophores as content
would be mixed with vesicles containing no fluorophores. Upon fusion or handle formation,
the contents of these vesicles would be mixed, which would dilute the concentration of
fluorophores and increase the fluorescent signal. The concept of such an assay is similar to
a leakage assay where the leakage of fluorophores out of the vesicles and into the solution
triggers the dilution of the self-quenching polymer and causing an increase in fluorescent
signal [26]. While not described in this thesis, we reported on such a leakage assay in the
work of Junior et al. [27]. In this study we followed the leakage of DOPC/DOPG vesicles
upon binding of fragments of the antimicrobial peptide (AMP) crotalicidin (Ctn).

Interestingly, the Ctn fragments we used in that publication clearly caused some level of
leakage, indicating a disruption of the bilayer structure. Other work showed that Ctn and
Ctn fragments are also able to disrupt the cell membrane of gram-negative bacteria after
accumulation on the membrane surface [28]. How such a peptide disrupts the membrane
structure is still under debate, yet most probably it makes pores in the membrane. From
previous work with SCF modelling, we know that the formation of pores in bilayers can be
correlated directly to large positive values of the spontaneous curvature of the monolayer
Ji [29]. It is therefore interesting to look at the structure of the Ctn fragments used and
see whether we can correlate the addition of these fragments to an increase in J§*, based
on insights obtained chapters 4 and 5. Snapshots of the structures of these fragments as
obtained using MD simulations are given in figure 6.4. As we can see from the figure,

these fragments have a hydrophobic part, consisting of mainly hydrophobic amino acids,
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Figure 6.4: Molecular dynamics snapshots of the structures of fragments of crotalicidin. (a)
Ctn[15-34], (b) E10-Ctn[15-34] and (c) (GS)4-Ctn[15-34]. Dark blue: basic domain Ctn[15-34], or-
ange: hydrophobic domain Ctn[15-34], light blue: acidic E10 domain, green: control pro-peptide
domain (GS)4. Copied from Junior et al. [27].

and a domain which is generally more hydrophilic. This hydrophilic part is about equally
large to quite a bit larger than the hydrophobic domain. As such, these peptides could
be effectively modelled as large surfactants with a relatively small hydrophobic tail and a
relatively large hydrophilic head. The structure that most closely resembles this resembles
in chapter 5 is the Cio-Ejo surfactant, although the size of the Ctn fragments is much
larger. Our model calculations clearly showed that Ji* of a DOPC bilayer increases
extensively upon addition of Cy3-Ejg, and based on this I would argue pore formation
to indeed be a likely mechanism for membrane disruption as a result of addition of Ctn

fragments. Further research is required however to substantiate this suggestion.

The lipid and content exchange assays to determine whether vesicle fusion or the formation
of bilayer handles takes place, cannot distinguish between these two occurrences. This is
where the supported double lipid bilayers may come into play as they allow for various
analytical surface techniques that can be used to further clarify what has happened.
For example, we anticipate that with atomic force microscopy (AFM) the presence of
intermembrane handles in the double lipid bilayer can be visualized, in the same fashion

as the formation of membrane pores has been visualized with this technique [30].
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6.5 Improvements and outlook of lattice-refined SCF

theory for membrane modelling

Our work on SCF modelling, although it ended up being a large portion of this thesis, is
ultimately intended to assist the experimental part of the project. To be precise, it can
help to specify and narrow the search on which lipid composition and which additives
are suitable to potentially trigger vesicle fusion or the formation of membrane handles in
double bilayer systems. While our work on the lattice-refined SCF model, described in
chapters 4 and 5, meets this objective, further modelling should be performed. Addition-
ally, the lattice-refined SF-SCF approach is but a first step to better model bilayers and
by far not yet developed to the best of its capabilities. Several improvements to the model
should still be made. In the next paragraphs I will sketch further modelling directions
and highlight a couple of improvements that can be made to the lattice-refined SF-SCF

model.

In my view the most prominent direction the modelling can take is extension of the theory
to capture two dimensions (two gradients). All the lattice-refined SF-SCF modelling so
far has been done in 1D. This is highlighted by the many volume fraction (¢) profiles and
grand potential density (w) profiles that we show in chapters 4 and 5. Here, ¢ and w
are quantities given only as a function of z. As a consequence, prominent effects on the
structure of the bilayer such as raft formation or other types of accumulation of additives
are not taken into account. Implementation of two dimensions in the lattice-refinement
SF-SCF model will make it possible to visualize and characterize these effects. Addi-
tionally, with 2d modelling we could actually describe a membrane handle and research
what aspects make such a bilayer structure stable, apart from the bilayer having specific
bending rigidities, i.e. with & > 0. Such a bilayer handle can be modelled in a 2d cylin-
drical geometry, in the same fashion as Harke et al. [29] have modelled a single membrane

pore.

Perhaps even before higher dimensional modelling is attempted, certain aspects of the 1d
model can and should be improved. These have been mentioned in chapters 4 and 5 and
among these improvements, an upgrade of the chain model is most urgent. In the current
lattice-refined model, we use a freely jointed chain (FJC) model in which the next segment
of a molecule can be placed on any lattice position, provided that it is adjacent. Without
lattice refinement this means three adjacent lattice positions (i.e., layers in which the
segment can be placed), but with lattice refinement this number increases considerably.
Additionally, in the FJC model excluded volume correlations of segments further than

one segment apart are ignored. In other words, the persistence length of the chains is one
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segment size in length and cannot be changed. In reality the persistence length of lipid
chains is in the order of 3 to 4 segment sizes (= 0.5 nm [31]). As a consequence the chain
flexibility is very high and this causes the bilayer to be relatively thin and flexible itself,
lowering the value for k. This problem can be resolved by implementing the rotational
isomeric state (RIS) scheme [32-34]. In this scheme, the short-range correlations between
segments two segments apart are taken into account and as a result the local stiffness of
the chain can be incorporated (and increased) in the model. By increasing the energy cost
of sharp bond angles, we can bias the system towards smaller angles and thus a stiffer
chains. This would thus increase the persistence length of the chain and make the bilayer,
in particular the hydrophobic core, thicker than with the existing lattice-refined model.
Such a change is typically correlated with an increase in k, as was seen when increasing
the tail length of the lipids (chapter 4).

Next to the upgraded chain model, another change in the model could be implemented
which would allow for distinguishing the gel-to-liquid phase transition in a lipid bilayer.
For this we have to modify the mean-field approximation and take into account that the
anisotropic distribution of the molecules induces a self-consistent anisotropic molecular
field (SCAF). In other words: we take the orientation of the bonds in neighbouring
chains into account. In previous work this model was successfully used without a lattice
refinement to predict a gel-to-liquid phase transition in model phospholipid-like bilayers
[35]. Later on however, this model was discarded due to the large lattice artefacts present
in the calculations. With our lattice refinement implemented, the SCAF method can be

explored again.

6.6 Final remark

The biological cell is fascinatingly complex, and this is also the case for its membranes.
One important, feature of membranes that remains enigmatic is their mesomorphic phase
behaviour. With experimental methods bringing two lipid bilayers together in place and
the insight gained on the mechanical properties of bilayers through the lattice-refined
SF-SCF model introduced in this thesis, I hope to have made a modest, yet significant
contribution towards understanding and controlling the mesomorphic phase behaviour of

bilayer membranes.
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Summary

Ever since the invention of the microscope in the 17" century, scientists have studied the
structure and behaviour of living cells. The knowledge acquired since then has led to
many applications and subsequently improved the quality of our lives immensely, from
an improved personal hygiene to healthcare and the availability of many medicines. It
should be clear however, that the cell still holds many secrets. In this thesis we focus on
one of those secrets, namely how the cell controls the mesomorphic phase behaviour of its
lipid membranes. In other words, how come biomembranes of the cell and its organelles
come in so many different shapes and forms? As we explain in the introduction of this
thesis (chapter 1) the answer ultimately lies in the composition of the lipid bilayer, which
is the universal component of all biological membranes. However, how the constituents
of the lipid bilayer effect its mesomorphic phase behaviour remains unclear. The main
goal of this thesis is to provide the tools and insight necessary to obtain control on the
mesomorphic phase behaviour of lipid bilayers. To do so, we have chosen to combine

experimental work with theoretical modelling.

In chapters 2 and 3 we describe our experimental efforts to bring bilayers together in
close proximity using limited vesicle aggregation. This is important as inducing a me-
somorphic phase change in the bilayer such as the formation of membrane handles or
inducing vesicle fusion, bringing membranes together is the very first step. In chapter 2
we present three successful strategies that lead to stable finite-sized vesicles aggregates: (i)
vesicles containing biotinylated lipids are coupled together with streptavidin, (ii) cationic
polymers (polylysine) are used to link negatively charged vesicles, and (iii) temperature
as a control parameter is used for the aggregation of vesicles using the thermo-sensitive
surfactant C18-pNIPAm, where below a certain temperature (the lower critical solution
temperature, LCST) the pNIPAm chains are soluble in aqueous solution, while above this
temperature, the chains collapse and become sticky. We show that by tuning the experi-
mental parameters it is possible to limit the aggregation of the vesicles to the vesicle-pair
level and provide a detailed analysis on the process of vesicle aggregation under various

physico-chemical conditions. We distinguish two routes that lead to limited aggregation
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of vesicles: limiting the amount of linkers, or using membrane-bound linkers that upon
contact with another vesicle are able to diffuse to the contact area, depleting the rest of
the membrane of linker molecules. In particular the latter option, dubbed ’self-limiting
aggregation’, is found to be effective for the formation of stable vesicle pairs. Amongst the
successful strategies, the one involving C18-pNIPAm as a linker molecule shows an addi-
tional feature: the limited aggregation of vesicles is completely and repeatedly reversible

using temperature as the trigger.

In chapter 3 we build on the work of chapter 2 and combine the biotin/streptavidin linker
system with the thermo-sensitive C18-pNIPAm surfactants. In doing so further control
over the aggregation of the vesicles is obtained. Due to the presence of C18-pNIPAM no
aggregation occurs below the LCST of C18-pNIPAm (32°C), and self-limiting aggregation
occurs above this temperature. However, the presence of the biotin/streptavidin linkers
makes it that the aggregation is no longer reversible. Instead, repeated temperature cycles
cause a step-wise aggregation process that under well-chosen experimental conditions
allows for the formation of small vesicle aggregates of predetermined sizes. Additionally,
we introduce and apply a lipid-exchange assay to identify whether lipids exchange between
vesicles as a result of the linking process, something that will happen if vesicles fuse or

form intermembrane handles.

In chapters 4 and 5 we discuss our results on Scheutjens and Fleer self-consistent field
(SF-SCF) calculations on lipid bilayers. Our contribution in chapter 4 is two-fold. Firstly,
we introduce a lattice refinement to the existing SF-SCF framework. Secondly, we ap-
ply the lattice-refined SF-SCF machinery to systematically study bilayer self-assembly of
phospholipids in a selective solvent (water). With the lattice refinement implemented it is
possible to extract mechanical parameters that govern the mesomorphic phase behaviour
of lipid bilayers, such as the mean (k) and Gaussian (%) bending moduli, as well as the
spontaneous curvature of the monolayer (JJ*) for the first time following a grand canon-
ical ensemble route. Previous SF-SCF calculations could not follow this correct route
due to large lattice artefacts. We predict the abovementioned mechanical parameters in
addition to various structural parameters as a function of several lipid properties, such
as headgroup hydrophilicity, tail hydrophobicity and tail length. The calculations show
that the mean bending modulus generally grows with increasing bilayer thickness. Fur-
thermore, JJ* and & show opposite trends, as expected, and for classical phospholipids
both parameters assume values near zero, indicating the planar bilayer is the preferred
self-assembled structure. In general we find that increasing the hydrophobicity of the
phospholipid (longer tails or more hydrophobic tails/headgroup), leads to larger values
for K, and lower ones for Jj*. This indicates that, amongst others, the lipophilic to hy-

drophilic ratio is an important mechanism to control the mesomorphic phase behaviour
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of lipid bilayer membranes.

Chapter 5 expands on the work of chapter 4 where we introduce various additives in the
system to stimulate changes in the self-assembled phase behaviour of monoolein (MO)
and 1,2-dioleoyl-phosphatidylcholine (DOPC) lipids in water. More specifically, we obtain
trends in the mechanical parameters (x, & and Ji*) of equilibrium bilayers as a function of
increasing additive content and compare these with known experimental phase behaviour
if available. The trends in the mechanical parameters are subsequently correlated to var-
ious mesomorphic phase changes in the system. In particular, the phase transition from
a lamellar bilayer topology to a saddle-shaped topology is verified to correlate with a
sign-switch of . Additionally, the formation of micelles or inverted micelles follows from
a large positive or a large negative value of JJ*, respectively. The transitions between
different saddle-shaped bilayer phases, such as various cubic phases and sponge phases is
more subtle, but invariably needs a positive value for % in order to be stable. Our calcu-
lations furthermore indicate that if the value for  is additionally below unity, the system
loses its long-range ordering and forms a sponge phase. With these rules established, var-
ious groups of additives are subsequently identified that potentially induce mesomorphic
phase changes. In agreement with our results in chapter 4, we find that the inclusion
of primarily hydrophobic additives that partition in the bilayer core, drives the bilayer
towards a topological state of increased negative interfacial curvature and saddle-shape
configurations. For DOPC bilayers this entails losing the lamellar topology in favour of
an inverted hexagonal phase or a bicontinuous cubic phase, while MO tends to go from
a bicontinuous cubic phase towards an inverted micellar phase. Micelle-forming surfac-
tants do the opposite. The inclusion of small additives, both hydrophilic (i.e. ‘solvents’)
or hydrophobic, generally decreases the mean bending modulus of the bilayers and thus
makes bilayers more flexible. This may take a lipid system from a bicontinuous cubic
phase closer to a sponge phase or decrease the persistence length of lamellar bilayers and

increase the undulation repulsion.

In the general discussion of this thesis (chapter 6) I put the results obtained in the
previous chapters in a wider context and discuss aspects and results that have not yet
been addressed. In particular, we report on the successful preparation of a supported
double lipid bilayer (SDLB) using biotin/streptavidin linkers. The general discussion
additionally includes an overview of the challenges that still remain and a discussion on
the direction future research may take. Most prominently, I envision this should involve
inducing a mesomorphic phase change in the small vesicle aggregates causing the vesicles
to either fuse together or to form stable membrane handles between them. This can
be realized through the addition of additives that cause k to switch sign from negative

to positive as described in chapter 5, thus using primarily hydrophobic additives such as
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long-tailed fatty acids or the lipid monoolein. To properly monitor such changes, the lipid
exchange assay developed in this thesis needs to be complemented with other experiments
such as a vesicle content exchange assay, or using surface analytical techniques on SDLBs.
SCF calculations can further guide and support such experiments by modeling an actual

stable membrane handle.
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