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 Abstract 
 
Biological membranes are segmented into functional compartments of different length 
and time scales. Here we study model systems which mimic certain aspects of these 
multiscale phaenomena. We introduce a novel experimental setup for modulating 
adhesion of giant unilamellar vesicles to a planar substrate. Adhesion is induced by 
application of an external potential to a transparent ITO electrode (the substrate), 
which enables single-vesicle studies. We demonstrate tuneable and reversible 
adhesion of negatively charged vesicles. The adhesion energy at different potentials is 
calculated from the vesicle shape assessed with confocal microscopy. Two approaches 
for these estimates are employed: one based on the whole contour of the vesicle and a 
second one based on the contact curvature of the membrane in the vicinity of the 
substrate. Both approaches agree well with each other and show that the adhered 
vesicles are in the weak adhesion regime for the range of explored potentials. Using 
fluorescence quenching assays, we detect that, in the adhering membrane segment, 
only the outer bilayer leaflet of the vesicle is depleted of negatively charged 
fluorescent lipids, while the inner leaflet remains unaffected. We show that depletion 
of negatively charged lipids is consistent with solutions obtained by Poisson Boltzmann 
theory which accounts for lipid mobility. We also show that lipid diffusion is not 
significantly affected in the adhering membrane segment adhesion zone in the case of 
fully miscible membrane components. We then extend this method to the study of 
multicomponent lipid membranes, which exhibited domains due to a miscibility gap in 
the liquid phase, as a simple biomimetic model of a heterogeneous membrane. Upon 
adhesion, we find complex remodelling of membrane composition and morphology, 
depending on the initial phase of the membrane. Particularly we find a previously 
undescribed budding transition in the contact line of adhering vesicles. Initially phase 
separated vesicles are robust against budding transitions in the explored adhesion 
energies. Only under conditions where membrane components are fully miscible, buds 
appear. We link these buds to lipid flows between the two membrane compartments. 
Finally, we study specific adhesion by membrane bound proteins. By natural 
reconstitution of the membrane protein CD47 into giant plasma membrane vesicles, 
we can study adhesion complexes. This model is suitable to extract two membrane 
proteins, which are difficult to assess with established methods. 
  



 

Zusammenfassung 
 
Biologische Membranen sind in funktionale Kompartimente von verschiedenen Zeit- 
und Längenskalen eingeteilt. In dieser Arbeit untersuchen wir Modellsysteme, welche 
verschiedene Skalen von Biomembranen abbilden. Dazu haben wir eine neue Methode 
entwickelt, um die Adhäsionsenergie von „Giant Unilamellar Vesicles“ zu einer ebenen 
Oberfläche präzise einzustellen. Adhäsion wird durch ein externes elektrisches 
Potential induziert, welches an eine transparente ITO Elektrode angelegt wird. So wird 
die Untersuchung von Adhäsionsphänomenen an einzelnen Vesikeln möglich. Wir 
zeigen, dass so reversible und einstellbare Adhäsion von elektrisch negativ geladenen 
Vesikeln möglich ist. Die Abhängigkeit von Adhäsionsenergie zu angelegtem Potential 
haben wir auf zwei verschiedenen Wegen bestimmt. Sowohl eine Methode, die die 
Morphologie von adhärenten Vesikeln berücksichtigt, als auch die Bestimmung der 
Adhäsionsenergie durch die Membrankrümmung in der Nähe der Kontaktlinie liefern 
übereinstimmende Ergebnisse. Die gewonnenen Daten zeigen, dass sich die Vesikel im 
„weak adhesion“ Regime befinden. Durch Fluoreszenzauslöschungs-Experimente 
zeigen wir, dass im adhärierenden Membransegment nur die äußere Membranhälfte 
von negativ geladenen Lipiden verarmt wird, während die innere Membranhälfte 
unbeeinflusst bleibt. Die Verarmung von negativ geladenen Lipiden ist konsistent mit 
einer Possion-Boltzmann-Theorie, welche Lipidmobilität explizit berücksichtigt. Des 
Weiteren zeigen wir, dass die Lipiddiffusion in beiden Kompartimenten nicht 
beeinträchtigt ist, solange die Membrankomponenten ideal mischbar sind. Im 
Folgenden betrachten wir Multikomponenten-Vesikel, welche Domänen, 
hervorgerufen durch eine Mischungslücke in der flüssigen Phase, zeigen. In 
Abhängigkeit von der Initialen Membranphase führt die Adhäsion von solchen Vesikeln 
zur komplexen Remodellierung von Membranzusammensetzung und Morphologie. 
Insbesondere beschreiben wir bisher unbekannte Membranauswölbungen („Buds“) in 
der Kontaktlinie von adhärenten Vesikeln. Wenn phasenseparierte Vesikeln 
adhärieren, erscheinen zunächst keine Buds. Nur unter Bedingungen, in denen die 
Membrankomponenten vollständig verflüssigt werden, erscheinen Buds. Wir 
diskutieren einen möglichen Mechanismus, der auf Lipidflüsse zwischen den beiden 
Segmenten basiert. Abschließend untersuchen wir die spezifische Adhäsion von 
Vesikeln durch Membranproteine. Wir stellen fest, dass natürlich rekonstituiertes CD47 
in „Giant Plasma Membrane Vesicles“ Adhäsionskomplexe bilden kann. Dieses Modell 
ermöglicht es, die zweidimensionale Bindungskonstante zu bestimmen, welche mit 
etablierten Methoden schwierig messbar ist. 
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1 Introduction 
This thesis is divided into four chapters. Each chapter starts with a short introduction to 
the particular goals and field of study. Concepts and terminology relevant throughout 
this work are introduced in the first chapter. Of particular relevance is how simple cell 
models lead to understanding of the more complex processes in biological systems. 
Also aspects of lipid bilayer morphology and phases which are important for the next 
chapters are discussed. In Chapter 3 we investigate non-specific forces between 
vesicles of simple compositions and planar substrates. In Chapter 4 adhesion of 
multicomponent membranes exhibiting domains is considered. Finally, we investigate 
specific adhesion by membrane bound protein complexes in a model system. 

1.1 Structure of lipids and lipid bilayers 

 
Figure 1-1 - A) Schematic drawing of a phospholipid (upper) and cholesterol (lower), spheres indicate atoms B) 
Three different lipid types found in biological membranes C) Lipids in a bilayer and closed lipid bilayer (vesicle). 
Note the separation of length scales. Figures adapted from Alberts 1 p. 479,481 

The building blocks of the biological membranes are lipids. Lipids are amphiphilic 
molecules, meaning that they have a hydrophilic part and a hydrophobic one. Out of 
the many possible molecular configurations of this general structure, we focus on the 
most abundant types found in biological membranes. The general structure of 
phospholipids is shown in Figure 1-1A. The two hydrocarbon chains (fatty acids) of 
lipids are hydrophobic (to hydrate them with water molecules is energetically 
unfavourable) and the polar head group is hydrophilic. The fatty acids are characterized 
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by their length (common lengths are 16 to to 24 carbon atoms) and their amount of 
double bonds (e.g. none (18:0) or one (18:1)) which, in case of a cis-bond, can be 
thought of as a kink in the conformation of the tail. In biological membranes, 
sphingomyelin is mostly found with completely saturated fatty acid chains while other 
phospholipids are mostly unsaturated. Phospholipids exhibit different headgroups, 
some of them are shown in Figure 1-1B, phosphatidylserine differs from the other 
headgroups, since it carries at net negative charge (-1) at neutral pH. Another 
important component of biological membranes, with somewhat different structure, is 
cholesterol which is shown in Figure 1-1A. 
Due to hydrophobic and hydrophilic interactions lipids in water assemble (the critical 
micelle concentration (CMC) of 16:0 phosphocholine is 0.46 nM)) into structures that 
minimize their free energy (a process referred to as “self-assembly”). A variety of 
aggregate types (or assemblies) can be obtained, the structure depends on the specific 
lipids, hydration, salts, temperature etc. Typically, at low concentrations lipids form 
micelles and with increasing concentration more complex assemblies of higher 
dimensions, such as the cubic phase. We focus on lamellar phases and specifically on 
single lamellar “lipid bilayers”, which are the natural state for membranes. It should be 
noted that non-bilayer structures are important to many biological processes e.g. 
membrane fusion.  Lipid bilayers are usually formed when lipids are fully hydrated and 
exhibit a configuration of two opposing leaflets (Figure 1-1C left). This can be easily 
understood by the energetic penalty if one would try to “unzip” the lipid bilayer to 
expose the hydrophobic core of the lipids. Furthermore, one can understand the closed 
(spherical) form of lipid bilayer vesicles (Figure 1-1C right) because of the penalty to 
expose a bilayer edge to water. Vesicles constitute an important membrane model 
which is discussed in Section 2.6. In the next paragraph we focus on multicomponent 
lamellar phases. 

1.2 Thermodynamics and phases of multicomponent lipid bilayers 

 
Figure 1-2 – Free energy of a hypothetical binary mixture of composition x2 exhibiting liquid-liquid separation 
shown at three different temperatures. Most right: Resulting isobaric phase diagram. Figure adapted with 
modifications from Koningsveld, et al. 2 p. 46 

Let’s first review some basic thermodynamic aspects about phases and phase 
separation. In Figure 1-2, the Gibbs free energy of a binary mixture exhibiting a liquid-
liquid miscibility gap is shown at three different temperatures. At a temperature higher 
than the critical temperature T1>Tc, we find a homogenous fluid, characterized by the 
convex curvature of the free energy curve. Any separation into two compositions 
would result in higher energy of the system (Gm(x2)’ >  Gm(x2)) and therefore does not 
happen spontaneously. At temperatures below Tc, the local maxima of the free energy 



Thermodynamics and phases of multicomponent lipid bilayers 

12 

 

allows for coexisting phases as the system can lower its energy Gm(x2)’ < Gm(x2)). 
Compositions of x2a,x2b, exhibit the same chemical potential of each substance in the 
two phases, as required by thermodynamic equilibrium. In a homogenous mixture of 
composition x2l, any small fluctuation will lower the total energy by separation into two 
phases of composition x2a,x2b (these points are called binodals). Any composition 
between the two points of inflexion xs1,xs2 will separate this way, note that there is no 
energetic barrier to cross and no matter how small the fluctuations are, separation will 
occur, until the minimum free energy is reached (spinodal decomposition). Starting 
compositions closer to the equilibrium composition x2a,x2b, are thermodynamically 

(meta)stable as the condition (𝜕
2𝐺𝑚
𝜕𝑥22

> 0) is met. These compositions can demix by 

nucleation and growth. At T=Tc the two binodals points coincide and, as the critical 
temperature is approached, both phases converge to the same composition and the 
first order transition becomes a second order transition at this point.  From the 
positions of binodals and spinodals a phase diagram as shown in Figure 1-2 can be 
constructed. Tie-lines indicate the compositions of the two phases.  

 
Figure 1-3 – Two substances are separated at T=0 (left). Exchange of two molecules at T>0 (right) 

Up to now, we have not discussed the physical mechanism of the miscibility gap. 
Without going into too much detail, in the case of partial miscibility of substances, one 
can understand it as a process driven by entropy. Consider molecules on a lattice as 
shown in Figure 1-3 left, of two completely separated substances. The energy of the 
system is determined by the interaction of neighbouring molecules and shall be such 
that likewise interactions are favourable. At T>0, the system can lower its energy by 
the exchange of molecules between the two species, due to the higher entropy of the 
configuration (Figure 1-3 right).  The balance between entropic gain and mismatch 
energy creates the miscibility gap. Neglecting any boundary effects, assuming 
molecules of equal size and ideal-gas entropy of molecules, the change in free energy 
𝐺𝑚 for the described system can be written as2 p. 101 
 

 ∆𝐺𝑚 = 𝑅𝑅(𝑥1 ln(𝑥1) + 𝑥2 ln(𝑥2)) + ℎ𝑥1𝑥2 (1)  

 
𝑅𝑅 is the ideal gas constant, 𝑥2 = 1 − 𝑥1 are the mole fractions of exchanged 
molecules and ℎ > 0 is a parameter that describes the mismatch energy between two 
molecules of different species and doesn't depend on temperature. Solutions of this 
expression for binodal and spinodal curves, gives a symmetric phase diagram with 
2𝑅𝑐 = ℎ, shown in Figure 1-2 right. The above principles also hold for mixture with 
more components. The dimensionality rises with the number of components N. For 
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example in three components mixture there is a line of critical points. The number of 
phases that can coexist is given by the Gibbs phase rule.  

 𝑓 = 𝑁 − 𝑃 + 2 (2)  

 
where f are the degrees of freedom, 𝑁 number of components, 𝑃 number of phases.  
 
We now focus on the miscibility gap of flat or closed lipid bilayers consisting of two or 
more lipids.  Single-component lipid bilayers can be either in a liquid (called Lα) or solid-
like (gel) state, termed Lβ. A characteristic feature of one component lipid lamellar 
phases, is the melting transition at Tm from gel to liquid which is a sharp first order 
transition with pronounced changes in lipid packing and conformation3.  Already binary 
mixtures of sterols, e.g. cholesterol, and saturated lipids, such as sphingomyelin, show 
more complex phase behaviour. The small sterols can interdigitate between the chains 
and form a liquid sub phase, the liquid ordered (lo) phase4. In contrast, the liquid phase 
formed by low melting temperature lipids such as DOPG and DOPC, exhibits low order 
and is termed liquid disorded, ld. Lipid mixtures forming lo and ld phases exhibit a liquid-
liquid miscibility gap and in lipid bilayers made of mixtures of these lipids, optically 
resolvable domains can be observed. Since the lipids and domains are liquid, domains 
fuse and grow over time, eventually reaching equilibrated phase separation.  For 
mixtures of a high melting temperature lipid, low melting temperature lipid and 
cholesterol, a number of phase diagrams were resolved and for a wide range of 
compositions, lo-ld phase separation was observed5. A typical phase diagram of this 
type is shown in Figure 1-4. The exact boundaries depend on the lipids and not all lipid 
mixtures exhibit all phases shown. Also, it is under discussion whether the transitions in 
the lower right corner are of first or second order6. The lipid compositions discussed 
have an upper critical solution temperature, as temperature is increased the 
components become fully miscible. 

 
Figure 1-4 – Typical phase diagram for ternary lipid mixture of low and high melting temperature lipids and a 
sterol. The phases are labelled as described above. In the shaded area lipid bilayers are not formed. A tie line is 
indicated.  
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It is instructive to note the typical free energies involved in membrane phase 
separation. Typical lipid-lipid interaction energies are between -3 and 2 kBT7. These 
small interaction energies are an indication that membrane phase state can be 
influenced by various externals stimuli. Indeed, change of the temperature by a few 
degrees, addition of salts, adsorption of proteins and membrane-membrane 
interactions lead to pronounced changes in phase state and membrane conformation8-

10. 

1.3 Typical mechanical quantities and morphologies of fluid lipid 
bilayers 

For fluid bilayers, the shear elasticity is µsheer=0. The stretching elasticity of a typical 
lipid bilayer is in the order of 240 mN/m11. Lipid bilayers rupture at area changes of 
about 4%, hence one can often assume that the area of a lipid bilayer is constant. It 
was found, that the morphology of fluid lipid bilayer vesicles can be well described by 
the famous Helfrich bending energy 
 

 𝐸𝑏 = �
𝜅
2

(2𝐻 − 𝐶0)2 + �̅�𝐾𝐾𝐾 (3)  

 
where 𝐻 is the curvature, 𝐾 Gaussian curvature, 𝐾 the surface area of the vesicle and 𝜅 
the bending rigidity, �̅� Gaussian bending rigidity and 𝐶0 spontanous curvature. This 
expression is valid as long as the lateral dimensions of the membrane are much bigger 
than its thickness (sheet approximation) and assumes constant volume and area. For 
example giant unilamellar vesicles (GUVs) have lateral dimension in the order of 
>10µm, while a typical lipid bilayer is only 5nm thin, and their morphologies are, in 
general, well described by (3)12. If one considers the special case for a spherical vesicle 
of radius R and vanishing spontaneous curvature, we find 𝐻2 = 1

𝑅2
  and see that 

𝐾𝐾~𝑅2. In this case the free energy doesn’t depend on the size of the vesicle and the 
bending rigidity becomes the only parameter. Hence, the bending rigidity sets the 
typical energy scale for fluid lipid bilayer vesicles and is found to be of the order of 10-
100kBT. Detailed analysis of the Helfrich free energy shows that most vesicle 
morphologies can be described by only three parameters, the reduced volume 
𝑣 = 3

4
𝑉/(𝜋𝑅3), spontaneous curvature and bending rigidity12. The bending rigidity is 

sensitive to not only the lipid species but also phase state (thickness of the bilayer), 
inclusions and absorbed molecules such as sugars and salts13. 
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1.3.1 Morphologies of adhering vesicles 

 
Figure 1-5 – A) Morphology diagram for vesicles close to an adhesive surface. The thick line indicates a first order 
transition from free to adhered state. The shaded area indicates vesicles usually used in our experiments, v and w 
have the meaning as described in the text (Figure adapted from Ref. 14) B) Definition of the effective contact 
angle in the case of strong adhesion, the real contact angle is always 180° as the membrane exhibits no kinks C) 
Artistic rendering of three vesicles adhering to a polylysine coated surface as obtained by confocal microscopy, 
scale bar 5µm 

When a vesicle comes into close contact with a planar wall, which exhibits some sort of 
short ranged attractive interaction with the membrane, the vesicle will spread on the 
surface. In reminiscence of droplets, this can be understood as a wetting transition. 
However, in the case of vesicles, change in morphology will cost significant bending 
energy and the area is conserved. Balance between attractive interactions, tension and 
bending energy leads to the morphologies of adhering vesicles shown in Figure 1-5A. 
The free energy of an adhering vesicle of vanishing spontaneous curvature to a planar 
wall is 
 

 ∆𝐺𝑎𝑎ℎ =
1
2
�𝜅𝐻2𝐾𝐾 + Σ∆𝐾 −𝑊𝐾𝑐  

 

(4)  

𝐾𝑐 is the area in contact with the surface of adhesion energy 𝑊, Σ is tension. The 
morphological diagram was solved14 and was found to depend on two parameters, 
𝑤 = 𝑊𝑅2/𝜅 and 𝑣 = 3

4
𝑉/(𝜋𝑅3) and is schematically shown in Figure 1-5. 

Interestingly, in the case of strong adhesion, one can define a contact angle ψeff 
reminiscent of what is known for the spreading of droplets on planar surfaces (Figure 
1-5B). 
 

 𝑊 = Σ(1 + cos (ψeff)) 
 

(5)  

From an experimental point of view, this quantity is not as useful as it is for droplets, 
because tension is not a material parameter, but depends on the initial membrane 
tension and reduced volume of the particular vesicle. Both parameters are 
experimentally not easily controlled.  
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If one looks at an adhering vesicle, we see that the membrane is divided into two 
segments. We will call the two segments either “free” or “adhered” membrane 
segment. This is a simple model for a membrane which is exposed to (two) different 
environments, which is the case for many membranes in biological systems, as we will 
see in the Chapter 1.4.2.  If the membrane is made of two or more lipids which exhibit 
different interactions with the planar wall, we expect that the lipid composition will 
reflect the affinities of the lipids for the two segments. In case of lipids which do not 
mix ideally, this composition change should lead to a change in phase state and was 
studied theoretically15 and explored experimentally in Chapter 4. 

1.4 Cell membranes as compartments 
The idea of compartments is closely connected to what is understood about how life 
evolved. Without compartments the building blocks (and products of them) would 
have been too diluted, in what is known as the primordial soup.  Apparently these early 
dividers of compartments have evolved into what we now see as the cell membranes. 
Among other functions and features, they still perform their initial function: To 
separate inside from outside, or in the context of cells: separate life and death. 
However, to maintain life, energy is needed, hence it must be also possible for certain 
molecules to cross this barrier. These two properties make up the definition of a 
membrane: A membrane is a semipermeable divider which allows certain molecules to 
pass and stops others. Apart from these basic features, biological membranes also 
serve other purposes. They host a number of membrane proteins and are found in 
different morphologies and compositions within individual cells and whole organisms. 
Depending on their location, they perform specific functions. For example, the plasma 
membrane (the most outer membrane of a cell), has functional roles in cell-cell 
signalling, adhesion, cell migration and is also the target for many drugs. 

1.4.1 Components and structure of the plasma membrane 

 
Figure 1-6 – Schematic drawing of the plasma membrane, the density of components is reduced for visibility. 
Image by Mariana Ruiz. 

Out of the different membranes found in cells, we now focus on the plasma membrane 
of eukaryotes, schematically shown in Figure 1-6.  In the following, membrane and 
plasma membrane will be interchanged. Roughly four different membrane components 
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can be identified: Lipids, proteins, sugars and a supporting cytoskeleton meshwork.  
Considering this diversity, the fundamental idea of the fluid mosaic model from 1972 
was “that an analogy exists between the problems of the structure of membranes and 
the structure of proteins. The latter is tremendously diverse in composition, function 
and detailed structure. […] generalizations about proteins have been very useful in 
understanding the properties and functions of protein molecules. Similarly, valid 
generalizations may exist about the ways in which the proteins and lipids are organized 
in an intact membrane”16. Based on the, at that time, known features of biological 
membranes, the idea of a 2 dimensional (lipid) liquid matrix in which proteins (freely) 
diffuse was proposed.  Since then, the view on biological membranes was refined in 
mainly three aspects: a) The empathizes on local heterogeneity in composition, shape 
(curvature) and between leaflets; b) Membranes are a crowed environment and their 
components frequency interact with each other; c) The functional role of lipids. The 
extensions of the original model can be motivated by some observations: Many 
components of receptor-ligand complexes are diluted on the cell membrane and 
without local aggregation functions could not be performed. Heterogeneity of the 
plasma membrane has been observed over different length and timescale, between 
the typical size of a cell (µm) and lifetime (days) to nm sized assemblies with lifetimes 
down to ms17-19. The idea of a heterogeneous membrane is closely connected to the 
concept of cell polarization. 
The functional role of lipids can be understood by their heterogeneity; a typical 
erythrocyte membrane consists of about 100 different lipids4 (p.16). While this could 
be actually an argument, that the specific lipid type doesn’t matter, one has to realize 
that the cell invests energy to specifically sort these lipids between the different 
membranes and even leaflets of a single membrane. A number of different diseases 
are specifically attributed to the miss-sorting of membrane lipids20. Additionally, the 
specific morphology of membranes found within cells, for example of the 
mitochondria, points to a functional role of the membrane morphology. For example, 
membrane curvature was found to sort membrane components21. Beside these specific 
functions, the structural role of lipids should not be forgotten. If one extracts the other 
components (say proteins and sugars), they wouldn’t reassemble into a dividing barrier 
and the membrane structure will be lost. However, a membrane can be formed of 
lipids solely.  
To complete the short description of the plasma membrane, two more structures 
should be mentioned: (a) The free plasma membrane is covered by protective 
carbohydrate coat (called glycocalyx, Figure 1-7) which has to be displaced before the 
functional groups on the plasma membrane can be accessed. (b) The plasma 
membrane is supported by the cytoskeleton, consisting of polymerized filaments 
connected at specific sites to the membrane. The cell can exert substantial forces by 
use of these filaments.  
A lot more could be said about structure and biological function of the plasma 
membrane1. In the next section we will focus on one particular class of membrane-
bound proteins performing a specific function in the cell. 
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Figure 1-7 – TEM image of a cell. The glycocalyx can be clearly seen as the thick fuzzy dark line, from Alberts 1 p. 
502 

1.4.2 Adhesion and Polarization of Cell membranes 
In biological systems, the plasma membrane is almost never isolated. Cells are found to 
adhere to the extra cellular matrix (ECM) or to other cells of the same or different 
species22, 23. These bonds are established by specialized proteins on the membrane 
(called cell adhesion molecules, CAMs) which, depending on the particular molecule, 
bind either to a range of different targets or are highly specific for only one binding 
partner. Single bonds can span a range of free adhesion energies (∼kBT-35kBT). 
Adhesion by CAMs is relevant for a number of processes, e.g. cell migration, formation 
of cell-cell junctions and to the immunological and neuronal synapse. Several different 
classes of CAMs are established depending on their function, sequence and binding 
targets, shown in Figure 1-8 left. Arguably, the most general categories are CAMs that 
bind to alike CAMs (haemophilic) or bind to ligands (heterophilic). Another systematic 
differentiation is the length of the CAMs. Because these molecules are bound to a 
membrane, the distance between molecules needs to be closely matched for the 
molecules to bind, in stark contrast when molecules are solubilized. This is why non-
specific forces between membranes need to be considered, even if individual CAMs are 
specific. To understand this, consider two membranes and a hemophilic adhesion 
protein (Figure 1-8 right). Two segments are depicted. In one case, non-specific 
attraction dominates, leading to close contact of the membranes and as molecules are 
free to diffuse, adhesion proteins are excluded by steric interactions from this 
membrane segment and do not bind. In the other case, non-specific repulsive 
(stabilizing) forces dominate, allowing for binding. The interplay of the two energetic 
minima can lead to a miscibility gap and domain formation. Various theoretical and 
experimental models have investigated such interactions15, 22, 24-30. In analogy, one can 
think of macromolecules, as found in the glycocalyx, to act as “repellers” interfering 
with the binding of individual CAMs. Both steric and membrane-membrane 
interactions, such as hydration energy, electrostatics and thermal undulations, 
contribute to non-specific forces in the context of cell adhesion23. 
Upon cell-cell adhesion, a rough sequence of events can be followed: As we saw in 
Figure 1-7, the cell is covered with the protective layer of the glycocalyx. Thus, to 
enable “shorter” molecules to bind, big macromolecular repeller must be first 
displaced out of the adhering membrane segment. Because individual protein species 
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on the membrane are dilute (typical numbers are 100/µm2 per species), the specific 
CAMs must now be recruited to the adhering segment, in the simplest case by 
diffusion. However, when CAMs bind, they not only mechanically stabilize the cell but 
trigger signalling. This leads to the recruitment of further receptors by active processes. 
This can result in the formation of domains of complexes as seen in T-Cell adhesion to 
an antigen presenting lipid bilayer24. In addition to the above discussed domain 
formation due to length mismatch, various other mechanisms for domain formation in 
adhering membrane segments have been proposed, such as electrostatic blister 
formation, lipid-lipid, lipid-protein and protein-protein interactions23, 31-34.At this point 
it is interesting to note that one can identify roughly three different length scales which 
can play a role during cell adhesion: The size of the total adhesion zone between two 
membranes can be up to the same order as the cell size. Smaller domains between 
micrometre- to nanometre-sized domains can exists because of favourable interactions 
between complexes. Finally, molecular interactions play a role in specific receptor-
ligand pairs.  

 
Figure 1-8 – Left: Different classes of CAMs, adapted from Sackmann and Smith 22. Right: Schematic of two 
membrane segments exhibiting different membrane-membrane separation due to non-specific interactions 
(grey), modulating specific binding (green rods) 

1.5 Biomimetic models of the plasma membrane 
Returning to the idea of Singer and Nicolson to ignore the detailed structure and find 
general principles which are conserved among different biological membranes, several 
models have been explored in order to capture different aspects of biological 
membranes. Extensive work was done on pure-lipid models. Of particular relevance are 
GUVs, which are on the dimension of a typical cell. A number of biologically imporant 
morphological transitions as fission, fusion and adhesion can be induced and studied in 
GUVs11, 12. Because GUVs can be observed with light microscopy, phase separation can 
be directly visualized by the use of fluorescent probes. This aspect will be described in 
more detail in Chapter 2.1. Liquid-Liquid lo-ld phase separation is considered to be a 
model for lipid rafts. The definition of rafts is:  “Membrane rafts are small (10–200 nm), 
heterogeneous, highly dynamic, sterol- and sphingolipid-enriched domains that 
compartmentalize cellular processes. Small rafts can sometimes be stabilized to form 
larger platforms through protein–protein and protein–lipid interactions”33. The 
proposed lifetime between ms and µs and size of nanometres is outside the range of 
direct imagining methods (up to now). Rafts remain a hypothesis which has resulted in 
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quite some controversy35. Independently of this discussion, I would like to note that 
GUVs which exhibit phase separation are certainly a valid model to observe 
micrometre sized, local, heterogeneity (domains). It is interesting that one can mimic 
domains using only a few different lipid species. 
If one considers the abundance of proteins bound or inserted into the plasma 
membrane, it should be not of too much surprise, that recent experimental and 
theoretical models, consider protein-lipid membranes. Here, proteins (or model 
molecules) are either reconstituted into lipid-only model membranes (bottom up 
approach) or pieces of the the plasma membrane of living cells is extracted into giant 
plasma membrane vesicles (GPMVs) (top down). GPMVs are “blebbed” or lysed from 
the plasma membrane from cells under chemical stresses36. They are a relatively new 
model system and are interesting because they reconstitute the complex lipid, protein 
and carbohydrate mixture of the plasma membrane but obtain the morphology of 
GUVs which is accessible to many experimental and theoretical methods.  
Another model membrane system are supported lipid bilayers (SLBs), which represent 
single bilayer sheets absorbed on a planar surface. They have the advantage that they 
are compatible to surface characterization methods such as atomic force spectroscopy 
(AFM) and total internal reflection fluorescence (TRIF) microscopy. However, they are 
intrinsically asymmetric (as one side is exposed to the support) and under high tension. 
Extensions to these methods induce spacer groups between the bilayer and supportive 
surface or create partly free standing bilayers37, 38. 
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2 Methods 
In this chapter methods used through this work are discussed. Specific measuring 
parameters and settings are given in the corresponding chapters. 

2.1 Confocal microscopy 

 
Figure 2-1 – Optical path of a confocal microscope. A-Illumination pinhole, C-Condenser lens,  D-image plane. Light 
from the cone E cannot pass the pinhole B in front of the detector P. O objective lens. Arrows indicate the 
scanning operation. Figure adapted from Pawley and Masters 39 

Conveniently, study of GUVs can be performed with light microscopy. Even if 
morphologies of GUVs can be observed using phase contrast microscopy, which is a 
label free technique, throughout this thesis small amounts of lipid-conjugated dyes are 
added. These dyes usually show partitioning between different lipid phases, thus 
information about the phase state can be directly obtained. The used dyes can be 
excited in the visible light range and relax by a pathway which again emits a photon of 
slightly lower energy and hence longer wavelength. This frequency shift, leads to a 
significant reduction in background signal, because the image is spectrally separated 
from the exciting wavelength. A further reduction of background signal and hence 
enhancement of achievable resolution is produced by a confocal microscope. The key 
principle of the confocal microscope is a small pinhole in front of the detector, which 
blocks the out of focus light (Figure 2-2). Now only light from virtually a point, which 
lateral extension is due to the wave nature of the light and limits the resolution, is 
collected. The finite size of the point spread function limits the lateral resolution to: 

 𝐾𝑥𝑥 =
0.37𝜆
𝑁𝐾

 
(6)  

 
Where 𝜆 is the wavelength of the (emitted) light and NA the numerical aperture of the 
lens. High NA water immersion lenses have NA=1.2 and a typical wavelength of 
λ≈500nm gives 𝐾𝑥𝑥 ≈ 154𝑛𝑛. To obtain a two- or three-dimensional image of a 
specimen, one needs to move this point in lateral and vertical direction (scanning) by 
moving the specimen or laser position. This scanning and digitalization operation 
should fulfil the Nyquist condition by oversampling the smallest structure to be 
resolved by a factor of two. A number of other parameters influence the obtained 
image quality and contrast. Obviously the obtained image depends on the sensitivity 
and noise of the detector, the amount of photons emitted by the dye, which number 
depends on the excitation energy of the laser. Different technical implementations of 
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photon detectors exhibit different degrees of sensitivity (down to single photons). 
Noise always limits the achievable signal-to-noise ratio 𝑆

𝑁
 and the fundamental limit (for 

a classical detector) is the shot (or Poisson) noise due to the statistical variation of 
arriving photons39 
 

 𝑆
𝑁

= �𝑛𝑝 
(7)  

 
where 𝑛𝑝is the number of arriving photons. Other noise sources are electronic noise in 
the detector and flickering of the dye. Dye molecules exhibit varying spectra, molar 
extinction coefficients and quantum yield. Dye characteristics are only linear in their 
characteristics within certain limits. The local environment, e.g. pH and molecular 
density, might influence brightness and spectra of dyes. From Figure 2-2, we also see 
that dyes are of similar size as the lipid molecules. When dyes are used, not only to 
study the morphology of the membrane, one hopes to extract information about the 
attached lipid species. In this case, the molecular dimensions have to be seriously 
considered. For example, MD simulations of the dye DiIC18 in fluid DPPC membranes 
indicate dye localization inside the hydrophobic core of the membrane which is rather 
unexpected considering the presence of charges in the hydrophilic region (Figure 2-2 
right). 

 
Figure 2-2 – Left: Some lipids used in model membranes and two dyes (NBD-PG and 
DiIC18). NBD-PG is labelled in the fatty acid chain and DiI is conjugated with two 
carbohydrate chains. Right: Snapshot of a MD simulation, DPPC membrane with the 
dye DiIC18, adapted from Gullapalli, et al. 40 
 

2.2 Total internal reflection fluorescence microscopy 
Consider a propagating light wave inside a medium of refractive index 𝑛1, which strikes 
the boundary to a medium of refractive index 𝑛2<𝑛1. Depending on the angle of 
incidence, a part of the light is reflected or passes the interface. At angles (from the 
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interface normal) higher than a critical angle, which can be derived by Snell’s law, light 
is always reflected from the interface41 

 arcsin (𝜃𝑐) =
𝑛2
𝑛1

 (8)  

Due to the wave nature of light, even at an angle higher than 𝜃𝑐  an evanesce field 
decays inside the medium of 𝑛2. The decay length is set by the angle and refractive 
indexes 𝑛1 ,𝑛2 and in typical biological application (glass-water interface) 𝐾𝑝𝑝𝑝 ≈ 80-
200nm and the intensity follows41 

 𝐼𝑝𝑝𝑝(𝐾) = 𝐼0 exp(
𝐾

𝐾𝑝𝑝𝑝
) 

(9)  

 
Where 𝐼0 is the evanesce field intensity at the interface. Fluorophores, close to the 
interface, are excited by the evanesce field and emitted light can be collected by the 
same lens used to focus the excitation light, just as in epifluorescence microscopy. This 
is the working principle of a TRIF microscope. 

2.3 Determination of Tmix 
Figure 2-3 shows a GUV (DOPG:eSM:chol) exhibiting domains. By an external water 
bath the temperature of the GUV can be controlled and domain formation and mixing 
can be directly observed. Typically temperature is changed by 0.5-1°C steps and the 
membrane is left to equilibrate for 2-5 Minutes. By observation of a vesicle population 
the average transition temperature Tmix of a particular lipid mixture can be obtained. 
To check for artefacts induced by photooxidation of the dye, the vesicles can be cooled 
down to check if membrane demixes at the same temperature Tmix. The used dye 
DiIC18 partitions into the liquid disordered phase.  
 

 
Figure 2-3 The same vesicle observed by epifluorescence microscopy at different temperatures. Upper row: At T2 
the vesicle exhibits optically resolvable domains. The temperature is ramped up fast (1°C/min) to a temperature 
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T1 where the vesicle appears homogenous. Rapid cooling leads to spinodal decomposition (lower row). The shown 
vesicle is not  let to equilibrate during the cooling process. Scale bar 10μm 

 

2.4 Fluorescence recovery after photobleaching (FRAP) 
 

 
Figure 2-4 A) Schematic of a lipid bilayer stained with a green dye. The circular region of interest (ROI) is bleached 
by a strong laser pulse at *. Recovery can be followed by the average intensity in the ROI. B) Two different 
mechanisms for recovery. Left: free diffusion, right: diffusion and binding and unbinding at immobile locations 
indicated by an orange circle. 

To study the diffusion and dynamics of fluorescent probes (and hopefully the attached 
molecules), FRAP can be used. When dyes are excited by light, they can be irreversibly 
(at least on relevant timescales) be trapped in a state where they lose fluorescence, for 
example by change in conformation induced by the excitation light. Usually this is an 
artefact complicating fluorescent imaging. However, when dyes are bleached fast by a 
strong laser pulse, the subsequent recovery of fluorescence can be used to understand 
the dynamics of the system. This is shown Figure 2-4A in the case of a bilayer where 
some lipids are conjugated to a dye. After a short and strong laser pulse, all molecules 
in the region of the bleaching pulse appear dark. Care has to be taken that the duration 
of the pulse is at least 5-10 times shorter than the typical recovery time, so one can 
assume that the dye concentration is constant on the edge of the bleached area. 
Fluorescence is recovered by diffusion of bright molecules from the surrounding region 
into the bleached region. If the reservoir of unbleached lipids is big compared to the 
bleached section, and the bilayer is completely fluid and without defects, full recovery 
is obtained. The diffusion coefficient can be obtained by fitting42 
 

 
𝐼𝑓𝑓𝑝𝑝(𝑡)
𝐼0

= exp (−
𝜏𝑎
2𝑡

)(ℐ0 �
𝜏𝑎
2𝑡
� + ℐ1 �

𝜏𝑎
2𝑡
�) (10)  

 
to the recovery curve, where 𝐼0 is the fluorescent intensity before bleaching, ℐ0,1are 
modified Bessel functions of first kind and 𝜏𝑎 the fit parameter, with the diffusion 
coefficient  𝐷𝑓𝑓𝑝𝑝 = 𝑟𝑓𝑓𝑎𝑝/𝜏𝑎 where 𝑟𝑓𝑓𝑎𝑝 is the radius of the bleached spot. If, instead 
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of pure lipids, we consider molecules attached to the bilayer which can diffuse and 
undergo binding (such as proteins), the mechanism of recovery is more complex. A 
relevant example would be a case where molecules can bind on fixed binding sites that 
appear immobile (Figure 2-4B). Now a molecule can undergo diffusion and one or more 
binding and unbinding reactions before it reaches the bleached area. This is reflected in 
the reaction diffusion equations: 
 

 

𝜕[𝐿]
𝜕𝑡

= 𝐷𝑓𝑓𝑝𝑝𝛻2[𝐿]  −  𝑘𝑜𝑝[𝐿][𝑅] + 𝑘𝑜𝑓𝑓[𝑅𝐿] 
𝜕[𝑅]
𝜕𝑡

= − 𝑘𝑜𝑝[𝐿][𝑅] + 𝑘𝑜𝑓𝑓[𝑅𝐿] 
𝜕[𝑅𝐿]
𝜕𝑡

= 𝑘𝑜𝑝[𝐿][𝑅]  −  𝑘𝑜𝑓𝑓[𝑅𝐿] 

(11)  

 
[𝐿], [𝑅], [𝑅𝐿] are concentration of ligand, receptor and complexes of these two. In the 
above example 𝑅 are the orange dots and (mobile) green 𝐿. This model was solved43 by 
Fourier transformation, for the case of nearly fixed free receptor concentration𝜕[𝑅]

𝜕𝜕
≈ 0 

and the averaged, normalized, fluorescent intensity 𝐼𝑏𝑏𝑝𝑎������  follows: 
 

 

𝐼𝑏𝑏𝑝𝑎������(𝑝) =
1
𝑝
− 𝐹𝑝𝑒 �1 −𝒦1�𝑞𝑟𝑓𝑓𝑎𝑝�ℐ1�𝑞𝑟𝑓𝑓𝑎𝑝�� �1 +

𝑘�𝑜𝑝
𝑝 + 𝑘𝑜𝑓𝑓

�

−
1
𝐹𝑝𝑒

1
𝑝 + 𝑘𝑜𝑓𝑓

  

𝐹𝑝𝑒 =
𝑘𝑜𝑓𝑓

𝑘�𝑜𝑝 + 𝑘𝑜𝑓𝑓
 

𝑞2 = 𝑝/𝐷𝑓𝑓𝑝𝑝(1 +
𝑘�𝑜𝑝

𝑝 + 𝑘𝑜𝑓𝑓
) 

(12)  

 
𝑟𝑓𝑓𝑎𝑝 is the radius of the bleach spot, ℐ1 and 𝒦1are modified Bessel functions of the 
first and second kind, and 𝑝 is the Laplace variable, 𝑘�𝑜𝑝 = [𝑅]𝑘𝑜𝑝 and 𝑘𝑜𝑝,𝑜𝑓𝑓 have the 
usual meaning as binding “on” and “off” rates. The result can be numerically 
transformed back to the time domain and fitted to the recovery curve. 
 

2.5 Image analysis 
Usually images are obtained by confocal microscopy which yields several images of the 
individual planes of the specimen (“stacks”). To quantify the fluorescent intensity from 
a stack, 𝐼𝑠𝜕𝑎𝑐𝑠, two methods are commonly employed. The 3d dimensional structure 
can be projected onto a 2d plane yielding intensity 𝐼𝑝𝑓𝑜𝑝 
 

 𝐼𝑝𝑓𝑜𝑝(𝑥0,𝑦0) = max𝑧(𝐼𝑠𝜕𝑎𝑐𝑠( 𝑥0,𝑦0, 𝑧)) (13)  

 
When the long axis of the point spread function and normal vector of the membrane 
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are parallel, the membrane can be considered two dimensional and the resulting image 
is the convolution of the point spread function with a 2D-plane. In this case, an 
estimate for the fluorophore concentration is directly obtained from 
𝐼𝑝𝑓𝑜𝑝. Alternatively, 𝐼𝑠𝜕𝑎𝑐𝑠(𝑥,𝑥,𝑧) can be fitted to a Gaussian along a suitable trajectory. 
The amplitude of the Gaussian gives the fluorophore concentration. 

2.6 Preparation of model membranes 

 
Figure 2-5 – Left: Different stages (a-e) of GUV electroformation, adapted from Luisi and Walde 44. Right: 
epiflourecent micrograph of a HEK cell budding a GPMV (inverted contrast). Scale bar 10μm 

GUVs can be conveniently prepared by electroformation: Lipids dissolved in chloroform 
are spread on a conductive electrode, usually a platinum wire or indium tin oxide. The 
chloroform is evaporated rigorously in low pressure conditions and subsequently the 
lipid film is hydrated in an aqueous solution. By application of a time varying electric 
field, vesicles are grown from the lipid film. The process is not completely understood 
but some steps can be identified, see Figure 2-5. By osmotic pressure (enhanced by the 
movement of ions in the solution by the electric field) a bud nucleates in the bilayer 
stack b) The electric field acts on the local inhomogeneity of the bilayer stack c) further 
swelling d)-e) The bud pinches off. Because solvated molecules are encapsulated into 
the vesicles and the yield of GUV is usually rather high, the vesicle suspension can be 
diluted before the experiments and concentration gradients across the membrane of 
about 1:10 are readily obtained by dilution. Commonly vesicles are prepared in a 
sucrose solution and then diluted in a glucose solution. The sugar asymmetry leads to 
contrast in phase-contrast microscopy and to sedimentation to the bottom of the 
chamber due to gravitational forces, which is beneficial for use with an inverted 
microscope.  
 
GPMVs are derived directly from the plasma membrane of in-vitro cultured cells. 
Incubation with Dithiothreitol (DTT), Paraformaldehyde (PFA) or N-Ethylmaleimide 
(NEM)45, 46 leads to budding of 10-20µm sized vesicles. The region of vesicle growth is 
depleted from actin filament and GPMVs grow by osmotic pressure. A GPMV still 
connected to a HEK cell is shown in Figure 2-5. Eventually GPMVs are cleaved from the 
cell by an unknown mechanism and can be collected from the supernatant of the 
solution as cells remain attached to the culture flask. GPMVs are a relatively new 
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system in the field of membrane models and not completely characterized, even if 
their extraction was already described in 197845. It is known, that GPMVs reconstitute 
the gross of transmembrane proteins and lipids47, however the concentration of some 
proteins is altered and lipid asymmetry is at least partly lost. Membrane composition 
and phase state also depend on the particular chemicals and conditions of the 
extraction process48. This is probably not only a consequence of the GPMV mechanism 
growth, but also reflects the fact that cells are apoptotic and die during the process. 
 
Supported Lipid Bilayers (SLB) can be prepared by incubation of SUVs or LUVs on 
cleaned glass slides. Individual liposomes adhere to the surface and initially stay intact. 
The planar bilayer can now grow by two pathways49. Either individual vesicles burst on 
the surface or diffuse until they fuse with other vesicles and eventually burst. These 
pathways depend on parameters as surface roughness, vesicle density and lipids. In 
both cases, a planar bilayer adhering to the surface is obtained. 
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3 Modulating vesicle adhesion by electric fields 
GUVs have emerged as a versatile model membrane system11, 50-52. Applications reach 
from models of biological membranes to micro-reactors. In this work, we employ them 
to study adhesion. While in biological systems adhesion is usually ensured by specific 
adhesion molecules, unspecific forces are always at play. Here, we exploit these 
interactions and study the adhesion of GUVs to a solid support whereby adhesion is 
driven by an external electrical potential.  
Adhesion of GUVs has been previously explored theoretically or using various 
experimental approaches, see e.g. Refs.53-59. During adhesion, the vesicle undergoes a 
shape transformation and repulsive membrane undulations against the rigid surface 
are suppressed. This energetic cost is balanced by the (attractive) interaction between 
the surface and the vesicle. Generally, an attractive force can be provided either by 
specific ligand-receptor pairs or by non-specific interactions. Some examples of the 
latter are provided in the following. Bernard et al. have used polylysine-coated surfaces 
to induce adhesion of electrically neutral GUVs60. In another work, reflection 
interference contrast microscopy was used to study adhesion of GUVs to a positively 
charged surface coated with 3-amino-propyl-triethoxy-silane55. In a more recent study, 
the non-specific interaction between a pinned lipid membrane patch from a GUV and a 
substrate coated with the relatively inert protein bovine serum albumin was studied 
and the resulting interaction potential strength was extracted from analysis of 
membrane shape and fluctuations61. Other studies explored the adhesion of positively 
charged GUVs to a planar supported lipid bilayer where the interaction was influenced 
by changes in bulk pH and hence by modulating the surface charge of the 
membranes31, 62. In all of these works, adhesion was either established in the system by 
a fixed attraction potential, was irreversible or with no possibility to directly modulate 
adhesion of the same vesicle. 
Here, we introduce a novel method to induce reversible adhesion of GUVs by means of 
an externally applied electric potential. The advantage of the approach is that the 
adhesion strength can be varied easily and gradually on the same vesicle. This method 
enables single-vesicle studies as the GUV can be observed before and after adhesion. 
The process resembles what is known as electrowetting of (aqueous) droplets on a 
solid support, see e.g. 63, 64. We compare two different methods to calculate the 
adhesion energy from the vesicle morphology assessed with confocal microscopy, 
investigate the partitioning of a fluorescent lipid analog between the unbound vesicle 
cap and the bound membrane segment, and measure the lipid diffusivity. 



Modulating vesicle adhesion by electric fields 

29 

  

3.1 Materials and Methods 

3.1.1 Vesicle preparation and imaging 
Vesicles were prepared by electroformation(see Ref65 and Chapter 2.6). Chloroform 
stock solutions of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2- dioleoyl-
sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (DOPG) were mixed at molar ratio 
80/20 and final lipid concentration of 4 mM. The lipids were obtained from Avanti 
Polar Lipids (Alabaster, AL). At neutral pH, DOPG imparts a negative surface charge to 
the formed vesicles. If not indicated differently, the fluorescent analog DiIC18 (2-[3-
(1,3-dihydro-3,3-dimethyl-1-octadecyl-2H-indol-2-ylidene)-1-propenyl]-3,3-dimethyl-1-
octadecyl-, perchlorate, Molecular Probes, Eugene, OR) was added to the lipid mixture 
at a concentration of 0.1 mol%. For the dye distribution measurements, 1 mol% of the 
fluorescent dye NBD-PG (1-palmitoyl-2-12-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]dodecanoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (ammonium salt), Avanti 
Polar Lipids, Alabaster, AL) was added. In total, 10 µL of the stock solution were spread 
on two conductive glasses coated with indium tin oxide (ITO). To eliminate trace 
amounts of chloroform, the glasses were kept between 2 and 2.5 hours under vacuum 
at room temperature. They were then assembled to form a chamber of 2 mL volume 
that was filled with sucrose solution (17 mg/ml) buffered with 2 mM HEPES pH 7.4, 
containing 1 mM EDTA and with a final osmolality of 63 mOsmol/l. All chemicals were 
obtained from Sigma. Electroformation was carried out at 10 Hz sinusoidal voltage of 
630 mV RMS for 2 hours and at 300 mV and 5 Hz for additional 30 minutes. The vesicles 
were harvested from the chamber and left to equilibrate overnight at room 
temperature. Part of the vesicle suspension was mixed with an isoosmolar buffered 
glucose solution at volume ratio of 1:2 (to a final volume of 90 µL). To provide excess 
area for adhesion, the vesicles were deflated before imaging by letting water from this 
vesicle suspension to evaporate at room temperature for 40 minutes. The steady 
increase in osmolarity (to a value of approximately 88 mOsmol/l as measured by the 
decrease in mass during evaporation) deflated the vesicles in a smooth manner. The 
density difference between the outside and inside solutions led to sedimentation of 
the vesicles to the bottom of the chamber. When required, the solution conductivity 
was measured with SevenEasy (MettlerToledo, Switzerland). Imaging was performed 
on a Leica confocal SP5 setup. DiIC18 was excited with a 581 nm laser line (diode-
pumped solid-state laser) and PG-NBD was excited using a 488 line (Argon laser). The 
fluorescence signal was collected between 565-670 nm and 494-642 nm, respectively. 
In some experiments, the reflection from the surface of ITO cover glass facing the 
solution was visualized by scanning with the 488 nm laser line in reflection mode and 
detecting the reflected light in the range 485-490nm. Because the difference between 
the refractive indices of the objective immersion medium (water) and the sugar 
solution in the vesicle suspension is far below a percent, spherical abbreviations are 
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negligible (see e.g. Ref. 7) and were not considered for correcting the vesicle images in 
z-scans. 

3.1.2 Fluctuation analysis 
We measured the bending rigidity of the DOPC/DOPG vesicles by fluctuation analysis of 
the thermally induced motion of the membrane. Details of the method are published 
elsewhere66. Experiments were performed on an Axiovert 135 microscope (Zeiss, 
Germany) using a 40× objective in phase contrast mode. Imaging was done with a fast 
digital camera HG-100K (Redlake Inc., San Diego, CA) using a mercury lamp HBO W/2 as 
a light source. We acquired a total of 3600 snapshots per vesicle with exposure time of 
200 µs. Only vesicles with clearly visible fluctuations and no visible defects were 
considered for analysis. No difference in the bending rigidity was found for vesicles in 
sucrose buffer or diluted in glucose buffer in the used sugar concentration range and 
within the experimental uncertainty. 

3.1.3 Setup of the adhesion chamber 
The adhesion chamber consisted of two ITO coated cover glasses with thickness of 
0.17 mm (ITO film thickness < 100 nm, Präzisions Glas & Optik GmbH, Iserlohn, 
Germany), which were separated by a rubber spacer of 1 mm thickness. The vesicle 
suspension was not in contact with the spacer and was surrounded by air as shown in 
Figure 3-1. The chamber was sealed to prevent evaporation during the experiment. 
Because the ITO film is transparent, vesicles could be observed with a usual inverted 
(confocal) microscope setup. The ITO glasses were connected with conductive copper 
tapes to an external signal generator (Model 33220A, Agilent Technologies 
Deutschland GmbH, Böblingen, Germany) and direct current (DC) voltage was applied 
with the bottom glass connected to the positive terminal. In series with the voltage 
source, the electric current was measured using a digital multimeter (Model 2000, 
Keithley Instruments, Inc., Cleveland, Ohio). The whole chamber was held together by 
two custom-made metal plates and fitted on the stage of the microscope. 

 
Figure 3-1 - Picture of the experimental chamber fixed on an inverted confocal microscope. Connectors to left and 
right lead to the DC-voltage source. The transparent ITO glasses can be seen in the middle of the picture. The red 
spacer is not in contact with the vesicle suspension. 
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3.1.4 Quenching assay and fluorescence intensity measurements  
NBD-PG located in the outer leaflet of the vesicles membrane was quenched by 
reduction with dithionite67. We first prepared 1 M stock solution of sodium dithionite 
(Sigma) in the sucrose buffer used for vesicle preparation. Then 1 µL of this quenching 
buffer was pipetted into 100 µL of vesicle suspension in sucrose buffer.  The solution 
was gently stirred to ensure homogenous distribution of the quenching agent. The 
vesicles were then incubated for 15 minutes and consecutively diluted in isoosomolar 
glucose buffer as done with vesicles not treated with quencher. On the timescales of 
the observations, no or insignificant leakage of quenching agent into the vesicle 
interior occurred. The quenching of the external leaflet of the vesicle membrane was 
confirmed by the decrease of fluorescence to about half the original value 
(fluorescence from both leaflets).  
Fluorescent intensities of quenched and unquenched vesicles were quantified by the 
peak of a Gaussian fit to the intensity line profile through the membrane normal to the 
cover glass. The peak value of the Gaussian was then used for further analysis. An 
example for the fitting for an unquenched and quenched vesicle is shown Figure 3-2. In 
addition to single vesicle studies, we also obtained statistically relevant results by 
examination of at least 8 different vesicles from two different batches. Vesicles that 
exhibited defects such as pinning to the surface or did not react to the external voltage 
because of local surface defects were not considered for further analysis. For all 
measurements, the settings of the confocal setup were kept fixed.  

 
Figure 3-2 - Examples for the intensity profiles across the membranes of an unquenched vesicle (red diamonds) 
and a quenched vesicle (black squares) adhering to the ITO glass. The profiles were fitted with a Gaussian 
(OriginPro 8.6) and the peak value taken as an indicator of dye concentration. 

3.1.5 Fluorescence recovery after photobleaching (FRAP) measurements 
NBD-PG was bleached using the 488 line of the confocal microscope. A circular spot 
with diameter 5 μm in the xy plane both in the adhering membrane segment and at the 
north pole of a vesicle was bleached for 420 ms. Afterwards, imaging was done at non-
bleaching laser intensity for 7 s. The intensity-time trace was then fitted to the 
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commonly used one-component recovery model68. At least 5 individual bleaching 
curves per vesicle were obtained. 

3.1.6 Image processing and extraction of the adhesion energy from the vesicle 
contour 

The adhesion energy was extracted from the global shape of the vesicle. In the absence 
of membrane spontaneous curvature, the equilibrium shape of a homogeneous vesicle 
adhering to a planar substrate is determined by the bending rigidity of the membrane 
and the adhesion energy per unit area 𝑊, as well as the total membrane area 𝐾 and 
enclosed volume 𝑉 of the vesicle. This minimum energy shape can, in general, only be 
calculated numerically. In the limit of very strong adhesion 𝑊𝐾 𝜅⁄ ≫ 1, however, the 
vesicle maximizes the area bound to the substrate by adopting the shape of a spherical 
cap, see Figure 3-3 A, with effective contact angle 𝜃0 defined solely by the constraints 
in the total membrane area and volume of the vesicle53, 69. 
 

 
8−9cos𝜃0+cos3𝜃0

12√𝜋(2−2cos𝜃0+𝑠𝑠𝑝2𝜃0)3/2 = 𝑉
𝐴3 2⁄    (14)  

 

 
Figure 3-3 - Sketches of the same vesicle with total area A and enclosed volume V (A) in the limit of very large 
adhesion energy and (B) when subject to a finite adhesion energy. In (A), the shape is that of a spherical cap and 
the values of the effective contact angle θ_0 and the radius of the adhering membrane segment R_0 are fixed by 
A and V through eq. (1). In (B), the shape deviates from a spherical cap and the radius of the adhering membrane 
segment R<R_0 is given by eq. (2). 

The bound part of the vesicle is a flat disc of radius 𝑅0 = �𝐴(1+cos𝜃0)
𝜋(3+cos𝜃0)

. For finite values 

of the adhesion strength, see Figure 3-3 B, the deviations of the vesicle shape from the 
spherical cap limit can be calculated analytically,  and the actual radius of the adhering 
membrane segment 𝑅 is given by69  
 

 𝑅 = 𝑅0 − �2𝜅
𝑊

cos (𝜃0 2⁄ )
1+sin(𝜃0 2)⁄ + 𝑂 � 𝜅

𝑊√𝐴
�. (15)  

 
One can finally turn around eq. (15) to find the lowest order approximation to the 
adhesion strength 

 𝑊
𝜅
≈ 2

(𝑅−𝑅0)2 �
cos(𝜃0 2⁄ )
1+sin(𝜃0 2)⁄ �

2
  .   (16)  
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For each vesicle, we capture a series of confocal images of the vertical cross section of 
the vesicle for increasing values of the applied voltage, see Figure 3-4. The vesicle 
contour is then identified manually. Assuming that the shapes are axisymmetric (which 
is confirmed from 3D projection images of the adhered vesicle), we can integrate this 
contour, and the total membrane area 𝐾 and enclosed volume 𝑉 of the vesicle can be 
calculated at each stage. Both the area and the volume of the vesicles are found to 
remain constant within experimental error as the voltage is increased. In addition, the 
radius of the adhering membrane segment 𝑅 can be directly measured and is found to 
increase with increasing applied voltage. By inserting the measured values of 𝐾 and 𝑉 
into eq. (14) and solving it numerically, we obtain the values of the effective contact 
angle 𝜃0 and radius of the adhering membrane segment 𝑅0 corresponding to the 
spherical cap limit. These calculated values, together with the measured value of the 
radius of the adhering membrane segment 𝑅, can then be inserted in eq. (16) to obtain 
the dimensionless adhesion energy per unit area 𝑊/𝜅. This process was repeated for 

each vesicle at each value of the applied voltage. The corresponding error ∆ �𝑊
𝜅
� is 

determined by linear propagation of the experimental uncertainties ∆𝐾, ∆𝑉 and ∆𝑅 in 
eq. (16). Finally, an average value over all vesicles of the adhesion energy per unit area 
is computed, for each applied voltage, by calculating the weighted arithmetic mean of 
all measured values of 𝑊/𝜅 for different vesicles at a certain voltage, with weight 

given by the inverse variance 1/ �∆ �𝑊
𝜅
��
2
. 

 
Figure 3-4 - Vertical cross section view of an adhering vesicle (at 1V) as obtained by confocal microscopy. The 
manually extracted contour which is used in the further analysis of the vesicle area and volume is shown in 
yellow. 
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3.1.7 Assessing the membrane tension 
The membrane tension of the vesicle can be estimated in a similar manner as the 
adhesion strength, by considering the deviations of the vesicle shape from a spherical 
cap, which corresponds to the limit of strong adhesion. The free energy 𝐹 of the vesicle 
can be approximated by69 

 𝐹 =  −𝑊𝜋𝑅02 + 8√𝜋𝜅𝑊𝐾
1−sin�𝜃02 �

�3+cos𝜃0
+ 𝑂(𝜅)  (17)  

 
where we use the same notation as in the previous section. In mechanical equilibrium, 

the tension 𝛴 of the vesicle membrane will then be given by70 𝛴 = −𝜕𝜕
𝜕𝐴
�
𝑉

, taking into 

account that both 𝑅0 and 𝜃0 depend on the vesicle area. One thus finds for the tension 
  

 𝛴 = 𝑊
1+cos𝜃0

− �4𝜋𝜅𝑊
𝐴

�3+cos𝜃0[2sin�𝜃02 �+cos𝜃0]

1+cos𝜃0
+ 𝑂(𝜅/𝐾)  (18)  

 
which represents the well-known Young relation for liquid droplets, together with a 
correction accounting for the bending rigidity of the membrane. Introducing eq. (16) in 
eq. (18) in order to eliminate the adhesion strength, we can estimate the tension of the 
membrane by simply measuring its enclosed volume 𝑉, total area 𝐾 and radius 𝑅 of the 
adhering membrane segment 
 

 
𝛴
𝜅
≈ 1

(𝑅0−𝑅)2�sin�𝜃04 �+cos�
𝜃0
4 ��

4 − �8𝜋
𝐴

1
𝑅0−𝑅

2sin�𝜃02 �+cos𝜃0

sin𝜃0+2 cos�
𝜃0
2 �
�3 + cos 𝜃0  (19)  

 
where we remind that 𝑅0 and 𝜃0 are determined by the measured volume and area via 
eq. (14). 

3.1.8 Deducing the adhesion energy from the contact curvature 
Because the membrane cannot exhibit a kink in the contact region, the microscopic 
contact angle is always smooth with a contact curvature of54 
 

 𝑅𝑐 = � 𝜅
2𝑊

 .   (20)  

 
We extracted this contact curvature from 10 adhering vesicles at different adhesion 
strengths, by fitting the contour in the contact zone with a circle. To find the optimal 
circle radius we used a refined fitting method, in which we follow the goodness of fit 
while increasing the part of the membrane segment considered for fitting and select 
the fit with the best adjusted coefficient of determination. A typical example is shown 
in Figure 3-5. This optimal radius is assigned to the contact curvature 𝑅𝑐 and eq. (7) is 
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used to estimate the adhesion energy independently of the method based on whole-
vesicle contour described above.  

 
Figure 3-5 - Circle of best fit (yellow) in the contact zone of an adhering vesicle (confocal side view). The scale bar 
is 25µm. 

3.1.9 Numerical solution and parameter estimation of the charge regulated PB 
equation 

We solve the Poisson Boltzmann equation for the dimensionless electrostatic 
potential 𝜓 = 𝑒𝑒/𝑘𝐵𝑅  

 ∇2𝜓 = 𝜅2 sinh𝜓   (21)  
 

where 𝜅−1 = (𝜀0𝜀𝑓𝑘𝐵𝑅 2𝑛0𝑒2)⁄ 1/2 is the Debey length for a symmetric monovalent 
salt of bulk concentration 𝑛0 and dielectric constant 𝜀𝑓. We did not control the salt 
concentration of the used buffers directly and the concentration of free ions is set by 
the buffer, titration and impurities in the used reagents. By conductivity measurements  
we find an equivalent  ionic strength to a 2mM NaCl solution which corresponds to 

𝜅−1 ≈ 7𝑛𝑛. The special boundary condition −α∇ψ ∙ 𝐧 = 𝑝−(𝜓+𝜓0)

(1−𝜙) 𝜙+𝑝−(𝜓+𝜓0)⁄    self 

consistently accounts for the charge regulation due to lipid exchange with an lipid 
reservoir. Here, 𝜓0 denotes the resting potential of a isolated membrane and is set to -
100mV, 𝐧 is the normal vector of the lipid plane, 𝛼 = 𝑎𝜀0𝜀𝑓𝑘𝑏𝑅/𝑒2 with  𝑎 = 70Å as 
the surface area of a typical lipid and 𝜙 = 0.2  is the fraction of charged lipids. The 
boundary condition was derived by Ben-Shaul el al71, 72. The ITO surface is considered 
as an ideal (current blocking) electrode where the charges 𝑄𝑝 = 𝐶𝑠𝑓(𝑉 − 𝑉0)2 are fixed 
by the applied potential and the capacitance of the ITO-electrolyte interface and is set 
to Cif=8·106 F/cm2 73. Solutions are computed using COMSOL v3.5a for 10 separations 
between l=0.1 · 𝜅−1 to 4 · 𝜅−1 on a 1 dimensional mesh consisting of 60 elements. The 
contour plots are generated by spinodal interpolation between the discrete simulation 
results.  
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3.2 Results and Discussion 

   
Figure 3-6 - Phase contrast images of a very deflated vesicle consecutively exposed (from left to right) to 0V, 1.2V 
and 0V external voltage undergoing nearly complete reversible shape change from prolate to adhered back to 
prolate shape. Scale bar corresponds to 20µm. 

Adhesion of a deflated GUV is shown in Figure 3-7. In the absence of DC field, the 
vesicle exhibits thermal fluctuations, which are suppressed as adhesion sets out at a 
threshold voltage of about 0.8 V. The vesicle undergoes a shape transition from an 
unbound to a bound state and the thermal undulations in the lower part of the vesicle 
in close contact with the ITO surface are inhibited. With further increase in external 
voltage, adhesion is smoothly regulated by the applied voltage and the vesicles spread 
further over the surface increasing the area of the adhering membrane segment. 
Adhered vesicles exhibit a sharper contact angle with the surface similarly to droplets. 
However, an important difference is that GUVs cannot adapt their surface area freely. 
Electroformed vesicles are characterized by different initial tensions and degree of 
deflation in the same batch and we could observe that more tense vesicles do not wet 
the surface as much as well-deflated vesicles. After the voltage is switched off, the 
membrane segment in the contact area is again free to fluctuate and the contact angle 
approaches 180°. The shape change induced by adhesion can be completely reversible, 
see Figure 3-6. In some cases however, the original overall vesicle shape is not 
completely recovered indicating a change in the vesicle area-to-volume ratio during 
adhesion. To probe for changes in the volume, we used phase contrast microscopy to 
check for leakage of sucrose encapsulated in the vesicles due to formation of pores.  
No decrease in contrast over the whole range of used voltages was observed (data not 
shown). Hence, no or only an insignificant amount of leakage occurred due to the 
adhesion. The vesicle volume as deduced from shape analysis was also found constant. 
We thus speculate that change in the area-to-volume ratio results from a change in the 
apparent vesicle area. It is plausible that during adhesion, membrane reservoirs such as 
tubes or membrane invaginations are pulled to the vesicle surface. Electroformed 
GUVs are known to frequently exhibit such hidden membrane reservoirs50, 74. 
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Figure 3-7 - Confocal images of the vertical cross sections of a GUV made of DOPC/DOPG 80/20. The scale bar 
represents 20µm. The membrane fluorescence is shown in green and the reflection from the ITO surface is shown 
in red. (A) Non-adhering vesicle in the absence of applied voltage. (B) Same vesicle adhering to the substrate upon 
application of 1 V DC field. Arrows indicate the suppression of membrane fluctuations in the vicinity of the surface 
due to adhesion and the appearance of a sharp contact angle.  

3.2.1 Calculated adhesion energies at varied external potential 
We extracted the adhesion energy from the overall vesicle shape as detected by 
confocal microscopy images recorded for different external potentials, see Figure 3-4. 
To the best of our knowledge, this is the first time the adhesion energies were directly 
calculated from vesicle images obtained by confocal microscopy. In agreement with the 
optical observations, at a threshold voltage of around 0.8 V, a sharp monotonic 
increase in adhesion energy was measured.  
Because the method yields only the reduced adhesion energy 𝑊 𝜅⁄ , we have 
independently measured the bending rigidity κ by fluctuation analysis of nonadhering 
vesicles, see section Materials and Methods. In total, 20 vesicles were analyzed. For the 
bending rigidity measured at 23°C, we obtained κ ≅ 20 ± 2 kBT, where kBT is the thermal 
energy with kB the Boltzmann constant and T the temperature. The found value for the 
bending rigidity is significantly lower than that measured for DOPC/DOPG 90/10 
membranes at pH 5 75, indicating a rather strong dependence of the bending rigidity on 
the protonation state of the lipids and hence the surface charge of the membrane as 
well as the used buffers13. Using the measured value of the bending rigidity and 
assuming that it is not influenced by the adhesion process, we were able to calculate 
the absolute value of the adhesion energy in our experiments, see right axis in Figure 
3-4A. The explored adhesion energies are relatively low and in the regime of weak 
adhesion. Note that as we will show later, the lipids may redistribute between the 
bound and unbound part of the vesicle, which might lead to changes in the bending 
rigidity of the membrane. Thus, in the following, we will present the results in terms of 
reduced adhesion energy 𝑊 𝜅⁄ .  
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Figure 3-8 - Adhesion energy and membrane tension in DOPC/DOPG 80/20 vesicles adhering to an ITO substrate 
at varied applied external potential. (A) Adhesion energies of overall 24 vesicles at different external potentials. 
The data is obtained from analysis based 

From the overall vesicle shape, we were also able to extract the induced tension as 
described in section Materials and Methods. As expected, with increasing external 
voltage, the tension imposed on the adhering vesicle increases, see Figure 3-4 B. Even 
though the tension increases by approximately two orders of magnitude, the absolute 
values of the induced tension are relatively low and orders of magnitude below the 
lysis tension (~10 mN/m). This is also corroborated by the membrane undulations in 
the unbound part of the adhering vesicles visible even at the highest applied external 
voltages. We conclude that the main energetic cost, which is balanced by the attractive 
potential, originates in the bending of the lipid bilayer. 
We compared the data for the adhesion energy obtained from the whole-contour 
analysis with results obtained with a second method, namely using the contact 
curvature of the membrane in the contact zone with the surface (see section Materials 
and Methods for details). The adhesion energies were calculated following both 
methods for a total of ten vesicles at different external potentials. Generally, the 
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results from the two approaches agree well, see Figure 3-9. Both methods have high 
uncertainties at higher adhesion energies for the following reasons. The measured 
parameters (e.g. area of the adhering membrane segment) used by the whole-contour 
method saturate towards high adhesion energies, while the contact-curvature method 
suffers from approaching the diffraction limit when detecting the curvature radius.  
For the adhesion energies explored here, the membrane in the contact zone adopted 
curvature of up to around 1/(7 µm), see right axis in Figure 3-9. This curvature is not 
very high, but potential use of other types of electrodes (allowing access to higher 
potentials) might allow reaching even higher curvatures, making this approach useful 
for exploring curvature-driven processes in membranes. 

 
Figure 3-9 - Comparison of data for the adhesion energy assessed via the whole-contour method (x axis) and from 
the contact-curvature method (left y axis; the right y axis shows the membrane curvature in the contact zone, Rc). 
The dashed line has slope one and represents ideal agreement between the two methods. 

3.2.2 Redistribution of lipids in the adhering membrane segment  
After having demonstrated that vesicle adhesion can be smoothly and reversibly 
regulated by the external potential, we investigated whether lipid composition of the 
unbound and bound membrane segments is altered with adhesion. For this purpose, 
we employed the fatty-acid labeled NBD-PG (see Figure 2-2), which possesses the same 
head group as that of the negatively charged DOPG, and is thus indicative for the 
behavior of this lipid when varying the external potential. We hypothesized that since 
electrostatics might be the driving force for adhesion, the negatively charged species in 
the membrane may exhibit redistribution once the external potential is applied.  
During the experiments, no phase separation as characterized by micrometer-sized 
domains was observed under fluorescence suggesting that the adhered and unbound 
membranes remain in the same fluid phase state. The membrane fluidity was 
confirmed by the measured diffusion coefficient of NBD-PG assessed with FRAP 
measurements. At 1.1 V external voltage, we found no difference between the 
diffusion coefficient measured in the adhering membrane segment and the vesicle cap, 
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suggesting that diffusion of the bound membrane is not hindered by the adhesion 
process. On the average, the diffusion coefficient of NBD-PG was found to be 2.4 ± 0.2 
µm2/s.  
We compared the apparently free diffusion in the bound part of the membrane in our 
system to diffusion in supported lipid bilayers (SLB) prepared on ITO surfaces (i.e. the 
same substrate material as in our setup). The diffusion in such SLBs is twice slower 
compared to that in free-standing bilayers76. We conclude that the lack of slowdown in 
the lipid diffusion in our system is due to the weak adhesion and, thus, the rather thick 
water layer between membrane and substrate in our setup.  
Even though the fluidity and diffusivity in the adhering membrane segment is not 
altered, measurements of the fluorescence intensity of the NBD-PG probe in the 
adhering membrane segment suggest that the lipid composition in the adhered patch 
of the vesicle changes during the adhesion process. Figure 3-10 shows typical results 
for the fluorescence intensity in the adhering membrane segement of a GUV 
normalized by the value in the absence of applied potential. With the onset of 
adhesion, the normalized fluorescent intensity drops down. This intensity change 
results from migration of the dye from the adhering to the free membrane segment. 
We exclude the possibly of a change in fluorescent brightness of NBD-PG in the 
adhering membrane segment as the overall fluorescence intensity of the vesicle is 
preserved during the voltage sweep. Additionally, NBD fluorescence was found to be 
constant in the pH range between pH 5 and pH 977. Bleaching of the dye was also not 
observed for the employed laser intensities and exposure times (data not shown). 
Since NBD-PG is depleted from the adhering membrane segment, we expect that the 
intensity in the cap of the vesicle would increase resulting from dye enrichment, see 
sketches in Figure 3-10. However, the quantification analysis and measurements in 
single-vesicle experiments, were too imprecise because of the presence of micrometre-
sized fluctuations of the membrane. In addition, because of the larger area of the 
unbound membrane compared to that of the adhering membrane segment, the 
expected increase in fluorescence should be smaller than the intensity change of 
approximately 10 % measured for the adhering membrane segment .  In other words, 
the expected change in brightness of several percent is below the statistical 
uncertainty of measurements in the cap region. 
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Figure 3-10 - Normalized fluorescence intensity from NBD-PG in the adhering membrane segment of a 
(unquenched) vesicle exposed to different external potentials corresponding to different adhesion strengths. The 
sketches above illustrate the depletion in the adhering membrane segment of NBD-PG (red asterisks) from the 
outer leaflet of the vesicle upon adhesion to the substrate, see text for details. 

To further examine the changes in bilayer composition in the adhering membrane 
segement and to probe whether the dye depletion occurs in both leaflets, we 
performed a quenching assay, in which the fluorescence of the outer leaflets of the 
vesicles before exposing them to adhesion is quenched irreversibly by sodium 
dithionite. We then measured the fluorescence intensity from the inner leaflet of the 
vesicle as a function of applied potential, similarly to the measurements in Figure 3-10 
on unquenched vesicles. To obtain statistically relevant data we quantified the 
fluorescence intensity ratio of adhering to free membrane segment of an ensemble of 
vesicles exposed to different external potentials and hence adhesion strengths. The 
raw data in terms of ratio of the fluorescent intensity of adhering membrane segment 
to that in the unbound part is shown in Figure 3-11. While for unquenched vesicles 
(with fluorescence from both leaflets), adhesion energies and fluorescence ratio of 
adhering to free membrane segment were found highly correlated (Spearman’s rank 
correlation coefficient ρ < 0.0001, n = 8), fluorescent intensity and adhesion energy for 
quenched vesicles (fluorescent signal form the inner leaflet only) was not correlated 
significantly (ρ = 0.37, n = 12). This outcome suggests that only the outer leaflet senses 
the changes in the surface potential of the ITO glasses. The result is consistent with 
previously reported data on SLBs demonstrating that the substrate affects the lipids 
only in the proximal or basal side of the SLB but not the distal leaflet of the 
membrane78, 79. 
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Figure 3-11 - Ratio of fluorescent intensity measured in the adhering and free membrane segment for two 
different ensembles of vesicles: unquenched (A) and with quenched external leaflet (B). The vesicles were imaged 
at different external potentials and then the corresponding adhesion energies were calculated by the whole-
contour method. In the unquenched vesicles, the dye is depleted from the adhering membrane segment with 
increasing adhesion. For the vesicles with quenched external leaflet (B), no such trend is observed suggesting that 
the applied external potential and the adhesion process induce dye redistribution only in the external leaflet of 
the vesicles. 

For the unquenched vesicle in Figure 3-10, the change in fluorescence intensity in the 
adhering membrane segment amounts to a decrease of around 12 % at the highest 
applied voltage. Assuming that the dye is depleted only in the outer vesicle leaflet, 
leaving the inner one unaltered (as also suggested by our quenching experiments), this 
would imply that around 25 % of the lipid dye has migrated from the adhering 
membrane segment to the unbound vesicle cap. 
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3.2.3 Mechanism of induced adhesion and lipid depletion 

 
Figure 3-12 - The pH change in the buffer in the vicinity of the bottom ITO glass as a function of the external 
potential was measured using the pH-sensitive dye SNARF (seminaphthorhodafluor, Life Technologies) which was 
added at concentration of 10 μM to the buffer. The intensity ratio between the green and red peak signal of the 
dye was converted to pH based on calibration measurements in solutions of known pH. The maximal decrease in 
pH was measured directly (sub µm distance) at the ITO glass surface but is still above pH 6. 

The depletion of the negatively charged NBD-PG from the adhering membrane 
segment is somewhat puzzling. Initially, we expected expect enrichment of the 
negatively charged molecules in the adhering membrane segment due to the positive 
charges on the ITO electrode. This did not turn out to be the case.  To explain this 
effect, we first need to understand which forces act on the lipid in the two membrane 
segments (free and adhered).  We find no evidence for a significant electrostatic field 
inside the solution chamber, which could result in pulling the vesicle towards the 
electrode surface (via electrodeformation or electrophoresis). We tested this in two 
ways. First, we measured the electric current between the ITO glasses and the DC 
voltage source. In the explored voltage range, the current always stayed below 5 μA. 
Taking the contact area between the vesicle suspension and the ITO glass (≅ 79 mm2) 
and the measured conductivity of the buffer (≅ 250 µS/cm), for the electric field we 
find about 6.25 V/m. This field strength is two orders of magnitude lower than the 
electric field typically needed for vesicle electrodeformation51, 80. Second, we filled the 
chamber with vesicles in pure sucrose solution where gravitational forces on the 
vesicles are absent and the vesicles are freely floating in the bulk of the chamber. Upon 
application of the external potential, the vesicles did not experience any drag toward 
the bottom electrode and no morphological changes were observed over the 
timeframe of hours. We therefore conclude that there is only insignificant charge 
transfer into the solution and that the external potential indeed mainly alters the 
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surface potential, which is then screened within the Debye length (~7 nm) in the 
vicinity of the electrodes. This is also corroborated by the measured pH value, which 
was found to be approximately constant over the used voltage range (see Figure 3-12) 
indicating insignificant amount of products from electrochemical reactions at the 
electrode. In the following we focus on short ranged forces on the ITO surface. Around 
neutral pH the ITO surface exhibits a negative surface charge due to dissociation of 
hydrogen bonds to solution. The observed adhesion might be a balance between 
electrostatic repulsion by the negative charges on the electrode (which would be 
decreased by the applied potential) and van der Waals interaction similar to DLVO 
theory for colloids. However, when experiments are conducted in high salt 
concentrations (100mM NaCl). where electrostatic contributions are largely screened, 
vesicles do not adhere at any applied voltage. Hence van der Waals forces alone seem 
not to be sufficient for adhesion in this system. Consequently, electrostatic forces are 
driving the observed adhesion. One needs to remember that coulomb interactions are 
screened by the free ions in solution and we examine this effect on basis of the Poisson 
Boltzmann theory of ion condensation around charged bodies in solutions. The 
(electrostatic) pressure between two charged plates with distance D (ignoring edge 
effects) with charge densities σ1, σ2 (in the Debye Hückel limit of low surface 
potentials) is proportional to81 

 Π(D)~  𝜎1𝜎2 cosh(𝜅𝜅)+ 𝜎12+ 𝜎2 
2

2 sinh2 𝜅𝜅
    (22)  

 
For large separations and oppositely charged plates, the pressure is attractive and also 
reflects the intuition that the attraction is proportional to charge density on either 

surface. In the limit of small separation the pressure goes as Π(D)~ ( 𝜎1+ 𝜎2)2

2 sinh2 𝜅𝜅
 and is 

always repulsive, also for dissimilar signs of surface charges, expect for the special case 
σ1 =-σ2. This effect can be understood by the overlap of the ion clouds as the two 
plates approach.  Because of the requirement of charge neutralization there is always a 
finite number of charges between the two plates. This leads to a buildup of osmotic 
pressure and hence repulsion on small plate separations. The above result is derived 
for the boundary condition of fixed charges. In our system the charges in the adhered 
membrane segment are not fixed but mobile. Specifically, the vesicles exhibit an 
adhered and free membrane segment where lipids can exchange (constrained by the 
entropic and electrostatic cost of the lipid exchange). Therefore, for an adhered vesicle, 
there is an optimal density of charged lipids in the adhesion segment that should be 
close to the charge density on the ITO surface. At zero external voltage, the surface 
potential of the electrode is negative. The application of the external potential shifts it 
towards the point of zero charge (electrically neutral). The onset of electrostatic 
attraction is expected to start at low positive potentials (and low surface charges on 
the ITO electrode). The lipid bilayer has a rather high surface charge of about -0.04 
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C/m2. Hence the adhered membrane segment should be depleted of negative charges 
to match the surface charges on the ITO electrode as observed in our experiment.  

 

 
Figure 3-13 - (A) Color code and contour lines show the simulated normalized composition of the adhering 
membrane segment at different bilayer-surface distances and external voltages. The broken line indicates the 
onset of adhesion as experimentally measured (B) Insert shows the observed experimental fluorescent intensities 
(Black dots) 

The effect of surface charge regulation due to lipid mobility was included in the work of 
Ben-Shaul et al71, 72 for the case of DNA and protein absorption on a lipid bilayer. We 
numerically solved the model for our geometry and parameters of a planar adhering 
membrane segment. The only free parameter is the voltage where adhesion is induced 
(in other words the potential of zero charge, which we set to 0.8V, see Figure 3-8).  
Depending on the surface charge on the electrode (which is set by the external 
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potential) and the bilayer-surface distance different membrane composition are 
obtained and color-coded in Figure 3-13. As expected from the reasoning above, a wide 
range of potentials and membrane-surface distances exist, where adhesion to the 
positively charged electrode is induced, but negatively charged lipids are expelled from 
adhering membrane segment. For reference the measured fluorescent intensities at 
different voltages are also shown, note that we did account for the depletion of the 
outer bilayer only, as measured independently by the quenching experiments. The 
extracted bilayer-surface distance lies between 1 and  2nm and is in good agreement 
with previous studies on supported lipid bilayers82. Please note that other membrane-
surface forces like undulation-, hydration- and van der Vaals-forces are not considered 
here and hence we do not calculate a local energetic minimum but only the solution to 
the PB equation with fixed surface potential and membrane-surface distance. 
 

3.3 Conclusions and Outlook 
We developed a novel approach to induce adhesion of GUVs to a planar substrate 
based on the application of an external potential. The adhesion strength can be 
smoothly regulated by the turn of the knob of the DC source. To calculate the adhesion 
energies, we used a method which relies on the overall vesicle shape as obtained via 
confocal microscopy. This is advantageous as adhesion energies of GUVs are usually 
calculated by the contact curvature, which is only accessible by sophisticated 
techniques such as reflection interference contrast microscopy and for high adhesion 
energies. In the current study, the adhesion energies are in the weak adhesion regime 
because of the limited voltage range explored. This limitation is due to the onset of an 
electrical current by the initiation of electrochemical reaction on the substrate surface 
at higher potentials. The limiting voltage is a property of the used electrode material 
(ITO) and, presumably, can be tuned by passivation of the surface by e.g. a polymer 
layer as used in electrowetting applications. Our approach for inducing controlled and 
tunable adhesion of vesicles to a substrate is facile and easy to implement and 
depending on the electrode polarity, it should be also applicable to positively charged 
membranes. 
We found depletion of the negatively charged membrane species NBD-PG, between 
the unbound segment and the adhesion zone of the vesicle and have shown that this is 
consistent with a theory on the Poisson Boltzmann level which explicitly accounts for 
lipid mobility  Quenching experiments have shown that only the outer leaflet 
composition is changed by the interaction with the support. This suggests that 
(compositional) interleaflet coupling is weak in fluid DOPC/DOPG membranes. We also 
note that the asymmetric lipid distribution should generate nonzero spontaneous 
curvature in the membrane. Our results imply that even relatively weak nonspecific 
forces can induce asymmetry and thus spontaneous curvature in biomimetic and 
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biological membranes therefore remodeling membrane compartments83. Finally we 
have shown that diffusion in the adhering membrane segment is not at all or only 
slightly hindered compared to that in the unbound membrane. This result might be 
also relevant for experimental approaches employing supported membrane bilayers 
(as e.g. in studies based on total internal reflection fluorescence). Compared to 
commonly used SLBs, in our system there is only a minimal membrane-surface 
interaction and the bilayer is practically free. We also note that the vesicles are 
effectively immobilized on the ITO surface and do not move due to convection, which 
would otherwise negatively affect measurements. This immobilization may in practice 
be employed in studies of membrane properties. In the next chapter we use the here 
developed method in the study of phase separated vesicles. 
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4 Adhesion of multicomponent vesilces 
Vesicles with phase separated domains have been extensively studied in their 
morphology and phase changes due to various specific and non-specific molecular 
interactions9, 84-89. While they are an interesting and complex system to study on their 
own, a lot of interest has emerged in them, as a model for the plasma membrane of 
biological cells. While the existence of, presumably, nanoscopic domains in the plasma 
membrane reassembling the liquid ordered phase found in simple three component 
model membranes in thermodynamic equilibrium is under discussion33, giant unimellar 
vesicles (GUVs) with microscopic domains are certainly an interesting model for the 
plasma membrane, which exhibits inhomogeneous distribution of its components on 
many length and timescales (cell polarization). In biological systems, cells are almost 
never isolated, but in contact with other cells or the extracellular matrix. However, 
often studies on biomimetic membranes are conducted using free floating GUVs or 
completely adhered supported lipid bilayers. Only a few studies were conducted on 
adherent GUVs which exhibit phase separation. Unspecific adhesion of vesicles 
exhibiting fluid-fluid coexistence was studied in Ref.10 and some redistribution of 
membrane domains was observed. Zhao, Wu and Veatch 85 studied the interaction of  
GUVs adhering via specific linkers to a supported lipid bilayer.  To our knowledge the 
non-specific adhesion of phase separated multicomponent GUVs to planar substrates 
was not studied experimentally, even if recent theoretical results indicate strong 
effects28. In the crowded environment of inter and extracellular space, membranes will 
always exhibit some degree of non-specific interaction. To study such effects, we 
induce adhesion of GUVs by an external electrical potential, which enables controlled 
and reversible studies on single vesicles (Chapter 3)  
Before we present the results, we first recap some nomenclature. Consider a vesicle 
close to a planar wall. If the interaction between the wall and the membrane is 
attractive, the vesicle partially “wets” the surface. Therefore, two segments are 
obtained, the spherical free membrane cap and the bound segment. If the attraction is 
due to the interaction between the lipids and the surface, the lipids will have a 
different chemical potential in the free and adhered segment. If now the vesicle 
consists of two or more lipids species, the lipids will have a difference in their chemical 
potentials between each other. Hence, the composition of the two segments should 
then reflect differences in chemical potential. In the case of binary mixtures and 
strongly adhering vesicles, the behaviour was systematically studied theoretically28. It 
was found that adhesion can suppress, induce or confine phase separation in either 
membrane segment. Here, we study the interaction of GUVs composed of mixtures of 
DOPG/eSM/cholesterol close to a surface with variable charge. Complex remodelling of 
the membrane segments was found depending on adhesion energy, lipid composition 
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and temperature. We find that GUVs can undergo a change in their phase state, 
budding transitions and altered lipid diffusivity when adhesion in induced. 

4.1 Methods 

4.1.1 Determination of the miscibility temperature of free vesicles 
 Multicomponent vesicles are prepared as described in Chapter 3.1.1 and left to 

sediment in the chamber show in Figure 4-1. The chamber 
consists of two ITO glasses which are sandwiched together 
and separated by a 0.5mm thick spacer.To study miscibility 
temperature of non-adhering vesicles, no external voltage 
generator was connected (open circuit potential) and the 
chamber was brought into thermal contact with a 
temperature controlled water bath. Usually the temperature 
was changed in 1-2°C steps and vesicles were left to 
equilibrate for 5 minutes between temperature steps. 
Calibration measurements have shown, that the temperature 
of the vesicle suspension is within 0.1°C of the temperature 
of the connected water bath. Vesicles were observed by 
epifluorescence on a Zeiss Axiovert 200 using a 40x0.6 air 
objective. The temperature at which 50% of the vesicle 
population is phase separated was noted as the miscibility 
temperature. Depending on the vesicle composition, the 
transition region was found to be rather narrow (1-2°C), 

where between 10 and 90% vesicles are phase separated or homogenous. 
Compositions close to the phase boundary exhibited a broader distribution in their 
composition. This was sometimes exploited to study vesicles of slightly different 
compositions within one batch. For example, even at room temperature, a significant 
fraction of 2/6/2 GUVs exhibit domains, indicating a slightly higher fraction of DOPG. In 
this way a wide range of compositions can be studied. 

4.1.2 Study of phase changes in adhering multicomponent GUVs 
To study adhesion, GUVs where usually left to sediment onto the ITO surface and the 
external voltage was changed gradually from 0V up to 1.4Vdc. In some cases, the 
voltage was also stepped up from 0V to 1.2Vdc to induce adhesion instantly. If not 
indicated otherwise, vesicles were left to equilibrate after adhesion is induced for up to 
15 minutes. In general, morphological changes appear either fast (minutes) or vesicles 
are stable during the experimental time of one to two hours. In some adhering vesicles 
the phase  miscibility temperature was measured. Here, the miscibility temperature of 
the free vesicle was measured first as described above. Adhesion at 1.2Vdc was 
induced just above the measured miscibility temperature. Subsequently the 

Figure 4-1 – Experimental 
chamber. In the center, the 
two ITO glasses can be seen. 
The temperature bath is 
connected on the top. The 
temperature probe on the 
right is placed in the chamber 
only for calibration. 



Results 

50 

 

temperature was lowered and the new miscibility temperature at which domain 
nucleation in the two segments was observed was recorded. 

4.1.3 Intensity measurements 
We have measured the intensity of the membrane dye DiIC18 in both the adhering and 
free membrane segment. For these measurements we have only considered vesicles 
which exhibit either homogenous fluorescence or a ld domain on the cap. We 
measured the fluorescent intensity in normal direction to the ITO surface in both the 
adhering segment and pole of the free segment. In this way we could exclude 
polarization effect of the dye or effects associated with different sizes of the 
membrane segment in the confocal volume. 

4.2 Results 
Miscibility temperatures in DOPG/eSM/chol membranes 

 
Figure 4-2- Left: Measured miscibility temperatures for different membrane compositions in free (nonadhering) 
GUVs. Filled points indicate no observed macroscopic phase separation down to 10°C. Right: Interpolation 
between data points, colours indicate temperature in °C 

First we studied the miscibility temperatures of the fluid-fluid coexistence region of the 
DOPG/eSM/chol mixture (Figure 4-2) in free GUVs. The miscibility temperature 
inbetween the experimental data points was then determined by linear interpolation 
and subsequent smoothing by B-splines. In this way, continuous phase boundaries in 
the explored temperature range can be obtained. The algorithm does not take into 
account any thermodynamic rules, which has to be done manually. The boundary 
extracted in this way at 25°C is shown in Figure 4-3.   

4.2.1 Adhesion induces heterogeneous responses in phase separated GUVs 
When the GUVs are left to sediment onto an ITO surface one can modulate the charge 
of the ITO surface by an external electric potential and induce adhesion, as described in 
Chapter 3.2.1. We first keep the temperature constant at 25°C and study the 
morphology of the vesicles by confocal microscopy (Figure 4-3). Domains of different 
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phases can be visualized by partitioning of the fluorescent dye DiC18 that is 
incorporated into the membrane. DiIC18 strongly partitions into liquid discorded 
domains. 

 
Figure 4-3- Different morphologies (vertical confocal cross sections) of adhering vesicles obtained during 
experiments. Arrows indicate liquid ordered domains. In the Gibbs diagram, blue points indicate compositions 
where no change in DiIC18 partitioning between the bound and unbound segments was found, and red where 
partitioning between the segments was measured. Green circles indicate compositions where no significant 
change in the miscibility temperature between free and adhered vesicles was found. The dotted line is the 
coexistence boundary as found from Figure 4-2.Scale bars 5µm, all voltages between 1.1 and 1.3Vdc 

As the vesicle morphology is changed from being close to a sphere, to a shape close to 
a spherical cap, some domain redistribution is always observed.  In some vesicles also a 
clear change in phase state due to adhesion was observed by the disappearance of 
optically resolvable domains. (Figure 4-4 left). In other vesicles both membrane 
segments however appear to remain in the same phase state as before adhesion. This 
is reflected in a vesicle of different composition (Figure 4-4 right), when the 
temperature was raised 1-2°C above the transition temperature and then lowered 
again. Domain nucleation can be observed at the same temperature (<0.1°C) in both 
segments at the same miscibility temperature as measured before adhesion. This 
indicates that both membrane segments are in the same phase state. It was difficult to 
find a single composition which would reproducibly change its phase state due to 
adhesion. A possible explanation would be an effect of membrane tension. The initial 
GUV tension is heterogeneous within one population at the beginning of an 
experiment due to the preparation method of the vesicles, however theoretical and 
experimental results indicate only a small effect of tension on membrane phase state90. 
Other effects complicated the study of adhesion induced changes in phase state. We 
found that vesicles undergo budding transitions in the cap, close to the rim of the 
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adhering segment. These transitions are described in detail further down. Because 
budding changes the overall vesicle composition, the final vesicle composition of the 
mother vesicle is not known exactly. Due to long observation times of individual 
vesicles, artefacts due to lipid oxidation by the fluorescent dye also cannot be 
completely excluded, even if dye concentration was low and illumination was kept 
minimal. In the following, we study the different phaenomena in more detail. 

 
Figure 4-4 - Left: The adhering membrane segment of a deflated GUVs (3/5/2). The vesicle undergoes domain 
coarsening and subsequent disappearance of domains upon adhesion. The voltage was ramped up fast 
(<5minutes). Domains in the free segment also disappear (not shown). Scale bar 5µm. Right: Adhering vesicle (at 
1.5Vdc) after a temperature cycle just above the miscibility temperature of the free vesicle. Upper: (x,y) view of 
the adhering membrane segment. Lower: Maximal projection of the free segment. Upon cooling domains 
nucleate in both segments. Scale bar 10µm. 

4.2.2 DiIC18 redistribution by adhesion depends on the initial membrane 
composition 

We studied the fluorescence intensity of the phase sensitive dye DiIC18. When the dye 
is included in DOPC:DOPG 8:2 GUVs, which are fully miscible in all proportions, we see 
no significant change in florescence over the whole range of adhesion energies (up to 
about 5·10-9 J/m2, see Chapter 3.2.1 ). This is advantageous, because it indicates that 
the dye interacts only minimally with the surface. This is probably because DiIC18 is 
buried in the hydrophobic core of the membrane as indicated by MD-simulations (see 
Figure 2-2)40. The insignificant dye partitioning also confirms that the DOPC:DOPG 
vesicles do not change their phase state due to adhesion, as it is expected. We then 
studied vesicles made of eSM:chol. GUVs made of the composition 8:2 appear 
homogenous and are absent of optically resolvable domains. At room temperature, 
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this composition is close to the miscibility gap and this is reflected in a broad 
distribution of the DiIC18 dye between vesicles. However the dye distribution on 
individual (free) vesicles is homogenous. In contrast to the DOPC:DOPG vesicles, 
adherent eSM:chol vesicles do show an adhesion induced dye partitioning between the 
two membrane segments (Figure 4-5 right). The partitioning of DiC18 into the adhering 
segment indicates that compared to the unbound cap, here the membrane is more 
fluid, in other words enriched in cholesterol. To further support this finding, we 
measured by FRAP the diffusion coefficient in the adhering membrane segment at 
different adhesion energies (Figure 4-5 left). For free GUVs we find good agreement 
with the diffusion coefficient of eSM:chol membranes of  similar composition 
measured by FCS91. Strikingly, compared to values measured for free (nonadhering) 
GUVs, the diffusion coefficient is more than three times higher in the adhering 
membrane segment after adhesion is induced. The increase in diffusion coefficient is 
fully consistent with the increase in cholesterol content. The magnitude of change 
seems to be unexpectedly high, but can be understood by the initially low cholesterol 
content. Indeed, if we assume that the eSM content changes by only 25%, the 
cholesterol content is doubled, the membrane should be then far inside the liquid 
phase in good agreement with published values91. In summary, we find that adhesion 
in this system is capable of changing the composition of eSM:chol membranes and the 
membrane marker DiIC18 is a sensitive to membrane phase state by partitioning into 
the two vesicles segements.  

 
Figure 4-5 - Left: Diffusion coefficient of DiIC18 as measured by FRAP in eSM:chol 8:2 membranes at RT, data is 
shown from a single representative vesicle. Right: Partitioning of the membrane fluidity marker DiC18 in 
DOPC:DOPC (squares) and eSM:chol (line) membranes at RT. Grey indicates insignificant changes. 

Next we looked at the phase state of the two segments in membranes with more 
complex composition, namely the ternary mixture DOPG:eSM:chol. As expected, the 
DiIC18 fluorescent intensity is not significantly changed during adhesion in 
compositions far away from the fluid-fluid coexistence region (Figure 4-6 A), which 
reflects the behaviour of fully miscible DOPC:DOPG membranes. However, we also find 
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only minute change in the fluorescent intensities of the liquid ordered domains in 
phase-separated GUVs for 4/4/2 and 3/5/2 membranes. (Figure 4-6 B). This is in 
contrast to the expectation of a strong modulation of the phase state due to adhesion. 
It could be argued that the employed technique is not sensitive enough but we note 
that we did register the composition change in eSM:chol vesicles by the same method. 
Measurement of the miscibility temperature of free and adherent vesicles close to 
compositions in question, indicated by green circles in Figure 4-3 also indicate a small 
change in phase state: We measured the miscibility temperature of the free vesicles 
and the miscibility temperatures of adhered and unbound membrane segments in  
adhering vesicles. Modulation of the adhesion energy by an external potential on the 
same vesicle, enables us to measure these quantities before and after adhesion. Again 
we find that transition temperatures are not changed significantly (<1°C) and domains 
nucleate in both free and adhered segment at the same temperature (<0.1°C). 
Together with the results of DiIC18 fluorescence we conclude that vesicles of the 
composition 4/2/2 and 3/5/2 are (thermodynamically) stable against adhesion-induced 
composition change and hence phase state. 

 
Figure 4-6 – A) No significant changes of DiIC18 partitioning between the two segments, adhered and unbound, in 
two compositions that appear homogenous at RT  B) Only Vesicles close to the critical composition show partition 
of the membrane marker DiIC18. Each data point is an individual vesicle.  C) DiIC18 is enriched in the adhering 
membrane segment with increasing adhesion energy. Data obtained from an individual vesicle at different 
voltages. 
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In contrast, we find a significant change in DiIC18 intensity in the compositions 5/3/2 
and 5.5/2.5/2 (Figure 4-6 B).  While the exact critical point in the DOPG/eSM/chol 
system is not known, the two composition are close to the critical point of 
DOPC/eSM/chol 5.2/1.5/3.3 7. Generally, we find enrichment of the DiIC18 in the 
adhering membrane segment. Dye distribution is found to be rather heterogeneous 
within one batch. However, when the fluorescent signal of an individual vesicle at 
different adhesion energies is followed, a clear trend is observed (Figure 4-6 C). 
Consistent with the eSM:chol results, DiIC18 is enriched in the adhering segment. We 
would expect a difference in the miscibility temperature of the two segments in such a 
vesicle (not measured). 

4.2.3 Domains coarsen in the adhering membrane segment 

 
Figure 4-7 – Confocal images(x,y) of the adhering segment of a vesicle exhibiting small domains. The voltage is 
ramped up from 0V to 1.2Vdc at 0s. The white circle indicates regions with equal DiIC18 intensity. Scale bars 5µm. 
The last two images show the adhering segment and the maximal projection of the free segment.  

Vesicles, which exhibit small domains when adhesion is induced, can undergo domain 
coarsening as shown in Figure 4-7. At t=0 the adhesion is induced and within minutes 
the vesicle spreads on the surface and small domains fuse. It is known, that small 
domains can be kinetically trapped in deflated vesicles due to differences in bending 
rigidities92. As the membrane adheres it acquires a flat morphology which promotes 
domains fusion. The lo domain (dark) is now trapped in the adhesion zone and does not 
diffuse into the free segment. This is probably because the liquid ordered phase is 
stiffer than the liquid disordered phase, which makes it energetically preferable to 
obtain a flat morphology84. This domain coarsening is not necessarily an indication of a 
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change in phase state.  Indeed, when the fluorescent intensity in the two spots 
indicated by the white circles is compared, almost identical values are obtained.  

4.2.4 Adhesion-induced budding transition depend on the membrane phase state 
When homogeneous vesicles that are made of compositions far away from the 
miscibility gap and adhesion energies are high, buds are often formed close to the 
contact line of the adherent GUVs. Usually, they appear as outward spherical buds, 
which are connected to the mother vesicle (Figure 4-8). They can also diffuse along the 
membrane surface and sometimes appear to detach. Additionally, their fluorescence 
intensity becomes inhomogeneous across different buds, strongly indicating that they 
are of heterogeneous lipid composition. Indeed, one can directly observe sorting of 
membrane components between the mother vesicle and bigger buds. The mother 
vesicle shown in Figure 4-8 (right) undergoes demixing at a higher temperature than 
the connected bud. The budding process is consistent with the quenching experiments 
conducted in Chapter 3.2.2, which show that adhesive forces only act on the outer 
membrane leaflet. This will induce spontaneous curvature in the bilayer, which can 
relax by a budding transition93.  

 
Figure 4-8 – Left, Middle: 5.5/2.5/2 @ 1.3Vdc, RT, Adhering membrane segment. Adhesion induces the formation 
of buds with heterogeneous DiIC18 densities. Buds are typically between 1µm and 3µm Right: 2/6/2 18 °C EPI 
Fluorescent micrograph indicates domains in mother vesicle  but homogenous appearance of the bud as the 
temperature is lowered, insert shows the focal plane of the upper pole of the mother vesicle, domains are 
indicated by an arrow. Scale bars 10µm 

In the previous section, we have established that phase separated vesicles are stable 
against adhesion-induced phase change and compositional differences between the 
two segments are expected to be small when far from the critical point. Indeed, 
budding is not observed for vesicles deep within the two phase coexistence region. 
Close to the critical point, phase separated vesicles show only a few buds in the contact 
line. We find direct experimental evidence for the proposed trapping of membrane 
composition: The vesicle in Figure 4-9 is adhering at room temperature and only 
moderate budding is observed (left). The vesicle is then heated to about 40°C and left 
to relax back to room temperature. Now the vesicle exhibits strong budding and 
macroscopic phase separation disappears in the adhesion zone (right).  



Adhesion of multicomponent vesilces 

57 

  

 
Figure 4-9 – Adhering membrane segment of a vesicle of composition 5/3/2 @ 1.3Vdc before (left) and after 
(right) the temperature is cycled above the main melting temperature and back to RT. Scale bar 10µm. 

4.2.5 Liquid ordered domains in the contact line of adherent vesicles 
To our surprise, vesicles of the 4/4/2 composition can exhibit domains, which 
presumably are in the liquid ordered phase, at the contact line (Figure 4-10). These 
domains are liquid, as seen by their fluctuating boundaries and diffuse only in one 
dimension (along the contact line); indeed if two domains meet they fuse as expected 
for fluid domains.  Some vesicles exhibit a closed domain (circular stripe) along the rim 
of the contact line. This configuration is stable on the timescale of hours. 

4.2.6 Domains with reduced contrast close to the critical composition 
In a fraction of vesicles belonging to the 5/3/2 composition, domains with about half 
the fluorescent intensity of the liquid disordered phase can be observed in the 
adhesion segment (Figure 4-10 right). One can speculate that these domains only exist 
in one membrane leaflet. 

 
Figure 4-10 – (Left, Middle): Confocal side view (x,z), adhering membrane segment (x,y) of a vesicle (4/2/2), 
arrows indicate liquid ordered domains. Right: Adhering membrane segment (5/3/2) with a domain of about half 
the DiIC18 fluorescence intensity of the liquid disordered phase. Scale bar 10µm 
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4.3 Discussion 

4.3.1 Upon adhesion, membrane phase state and composition are significantly 
changed only close to a critical point 

 
Figure 4-11 - Sketch of the observed compositional and budding transition. Stars indicate two different lipid 
species. Left: Arrows indicate lipid flows. The lower right image indicates the observed liquid ordered domain in 
the contact line. The mismatch energy due to sorting lipid in only the outer leaflet is sketched in the lower left. 

The phase state of lipid bilayers in the liquid-liquid miscibility gap depends on various 
stimuli as salt, lipid charge and protein absorption8. This is of little surprise as lipid-lipid 
interaction energies are small and e.g. salt directly affect area per lipid and hence 
phase state. In other cases modulation of the membrane phase state is only observed 
close to a critical point, for example by specific adhesion of GUVs by linkers or the 
absorption of a protein crystal coat on GUVs94. We also observe that the phase state of 
DOPG/eSM/chol seems to be surprisingly robust when vesicles are far from the critical 
point. We therefore wondered what determines this stability. Adhesion in our system 
only acts on the outer leaflet lipids directly (as we have shown in Chapter 3.2.2). Recent 
theoretical and experimental results show that lipid bilayers of phase separated 
membranes show compositional coupling between the two bilayer leaflets. While the 
molecular mechanisms are not completely understood one can define a mismatch 
energy which depends on the change in composition 𝜙 from the relaxed state 𝜙0, 
 𝐸𝑎 = Λ(𝜙 − 𝜙0)2, with the coupling constant  Λ in the order of 104 kBT/µm2 95. We 
estimate the sensitivity of our methods to assess phase state differences to about 10% 
compositional change in the segments. The mismatch energy is then magnitudes bigger 
than the adhesion energy in our system of  𝐸𝑎 ≫ 𝑊 ≈ 2 kBt/μm2. We can therefore 
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expect that the mismatch energy does play a role when phase separated vesicles 
adhere. Figure 4-11 shows a speculation how such a mechanism could work. We know 
that the electrostatic interaction, which we modulate in our system, only directly 
affects the lipids in the outer leaflet in DOPC:DOPG membranes and we have no reason 
to believe that this is different in the more complex DOPG:eSM:chol membranes. We 
also know, that lipids will redistribute according to their energetic preference between 
the two segments in completely fluid DOPC:DOPG membranes, adhered and unbound. 
This will lead to a lipid flow between the two segments (shown in the upper part Figure 
4-11). At the contact line the compositional gradient between the two flows will be 
biggest. One can imagine the contact line between two coloured water streams which 
meet in a channel and induce turbulence. In analogy the lipid composition is highly 
heterogeneous and dynamic at the contact line and differs from the composition of the 
inner leaflet, all leading to the nucleation of buds. Additionally, the higher membrane 
curvature and proximity to the adhesive surface in the contact line could also 
contribute to the budding. We directly observe the heterogeneous DiC18 distribution 
in buds. In contrast, if one now considers a phase-separated vesicle which is adhered, 
the lipid flow is restricted by the mismatch energy. When an individual lipid, which 
exhibits some preference for the adherent segment, diffuses into the adhering 
segment, it lowers its energy by the interaction with the surface; however the 
compositional coupling makes the net energetic contribution unfavourable. Only when 
two lipids of the same adhesive species diffuse in a coordinated fashion into the 
adhering segment, the energy of the system is minimized. But since diffusion in the 
both leaflets is presumably uncorrelated, this is an unlikely, hence a slow process 
(lower part of Figure 4-11). This leads to an energetic barrier which traps the two 
membrane segments in their composition. Additionally, when the composition of both 
leaflets has to change, this imposes a higher total entropic cost which has to be 
balanced by the adhesive forces. Importantly, theory predicts that lipid bilayer coupling 
diverges close to a critical point96. This is fully consistent with our observations, where 
change in membrane phase state is only observed close to a critical point. Other results 
are also supportive of this mechanism. We observe budding only when membranes are 
far from the liquid-liquid coexistence region in their composition or by thermal 
quenching. The slow equilibration and hence slow lipid exchange between the 
segments in phase separated adherent GUV could also trigger the observed nucleation 
of domains in the contact line, which is otherwise difficult to explain due to the high 
bending rigidity of liquid ordered domains. 
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4.3.2 Relevance to the immunological gap: Dynamic budding transition due to lipid 
flows between segments 

 
Figure 4-12 – Left: Figures adapted from Choudhuri, et al. 97. TEM micrograph of the immunological synapse 
model. Red arrows indicate extracellular buds, white arrow the plasma membrane. Scale bar 500nm. Lower 
image: Buds are connected by a neck in the contact line when the ESCRT-III machinery is knocked out. Right: 
Membrane morphology extracted from the TEM (upper) and vesicle morphology in this work (lower). Not to 
scale. 

Somewhat independent of the mechanism proposed above for bistable budding 
transition of membrane exhibiting domains, the observed phaenomena can be 
compared to biological systems. Recently, extracellular buds in the model of an 
immunological synapse of T-Cell and antigen presenting cells were described (Figure 
4-12)97. Here T-Cells adhered to a supported lipid bilayer presenting MCC–I-E and 
ICAM-1 proteins and complex reorganization of surface expressed T-Cell receptors 
(TCRs) can be observed. Extracellular vesicles enriched in TCRs are found in the 
extracellular space in the adhesion segment. TEM micrographs indicate the location of 
these vesicles in pockets of the plasma membrane. When part of the protein 
machinery involved in the fission of buds is knocked out, buds connected to the plasma 
membrane appear. Additionally, the plasma membrane is depolymerized of the actin 
filament making a membrane mediated budding process relevant. Inspection of the 
membrane morphology reveals that the plasma membrane seems to be segmented 
into a free cap and an adhered segment, which is reassembled by the system we 
investigated. Strikingly buds appear only at the contact line. We therefore suspect that 
the budding process could be triggered due to segmentation and flow of membrane 
components between the two segments. Note that the free plasma membrane 
segment appears to be bigger than the volume filled by buds making it unlikely that 
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budding precedes the segmentation of the membrane. Consistent Zhao, Wu and 
Veatch 85 has shown partitioning of membrane components between specifically 
bound and unbound membrane segments in plasma membrane extracted vesicles 
(GPMVs) which are close to a critical point. The budding transition observed by us 
depends on the proximity to a critical point, indicating that cells might exploit this 
mechanism to tune their membrane composition to avoid unspecific budding but still 
allow for selective budding transitions. 

4.4 Conclusion 
The adhesion of multicomponent vesicles, that exhibit phase separation, show various 
interesting effects, which are potentially biological relevant. We observed that bilayers 
which within in the miscibility gap are robust in the membrane composition and hence 
robust against non-specific adhesive perturbations in the explored region of adhesion 
energies. Such a mechanism is plausible to support homeostasis of cells, as a cell 
cannot tolerate non-specific interactions to segment the membrane and lipid 
composition randomly. At the same time, lipid density fluctuations are necessary to 
establish local domains such as the immunological gap. We show that even if two 
membrane segments are of a lipid composition which does not favour budding, 
budding can occur at the contact line where lipids are mixed. Buds appear in the 
absence of protein machinery. We have proposed a simple mechanistic model, based 
on interleaflet coupling, for the observed transitions.  Interleaflet coupling, and hence 
also the kinetic trapping, diverge as the critical point is approached. The plasma 
membrane is thought to be tuned close to a critical point making such a mechanism 
feasible. When leaflets are free to adjust their composition, buds appear due to the 
generation of spontaneous curvature. The bistabilty induced by adhesion allows for 
compositional or temperature-triggered budding transitions. Kinetic trapping of 
membrane composition provides also a generic explanation why asymmetric adhesion 
to phase separated membranes is often observed to influence the phase state only 
close to a critical point. It would be interesting to study the proposed mechanism in 
more detail. 
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5 Specific adhesion by CD47- SIRPα complexes  
Cell adhesion molecules are vital for many biological processes and are a key player in 
cell signalling. While well-established methods are available to measure the binding 
affinity 𝐾𝑎,3𝑎 = [𝑅𝐿] [𝑅][𝐿]⁄ , where [R], [L] and [RL] are bulk concentrations of 
unbound receptor, ligands and their complexes, the in-sito situation is complicated by 
the fact that these proteins are bound to a membrane. Recent theoretical and model-
membrane studies predict strong modulation of the binding affinity, due to membrane 
fluctuations and cooperative binding effects, which can be captured by a two 
dimensional binding constant 𝑙 ∙ 𝐾2𝑎 = 𝐾3𝑎, where l is a characteristic length scale29. 
Fluorescence Recovery after Photobleaching (FRAP) and single molecule techniques 
have been employed to study two dimensional receptor-ligand binding in whole cell 
models43, 98, 99. While the obtained results are highly relevant to understand how low 
affinity complexes initiate signalling, accurate measurement in living cells suffer from 
the usual heterogeneity and active processes in biological systems. The binding affinity 
reported for TCR complexes was found to vary four orders of magnitude depending on 
the location of the membrane99. Adhesion complexes can be studied by reconstitution 
into biomimetic lipid bilayers22, however developing minimal models for native 
membrane proteins is challenging, because proteins need to be first purified, which 
often cleaves the membrane anchor, and then reconstituted into synthetic 
membranes. Hence, specific strategies are needed for each protein system.  
We used a new method, which relies on the extraction of plasma membrane vesicles 
from whole cell models. Such vesicles are also called Giant Plasma Membrane Vesicles 
(GPMVs)46.  GPMVs reconstitute a number of plasma membrane components but 
obtain a vesicle-like shape, reminiscent of pure lipid bilayers. Hence they reconstitute 
some of the compositional complexity of whole cells, but should be described by a few 
continuous parameters. We show that, GPMVs can be used to study the interaction of 
CD47 with its ligand, the signal regulatory protein SIRPα, which inhibits phagocytosis 
from macrophages100.  
CD47 was recently identified as a therapeutic target as it is enriched in tumour 
tissue101. High CD47 concentration preclude engulfment of macrophages and in-vivo 
tumour elimination102, however the mechanism by which CD47 is enriched is not clear. 
Tumour tissues have a heterogeneous microenvironment where key physiological 
parameters diverge. Because biological molecules are usually optimised in their 
function, i.e. binding affinity, in normal physiological conditions, the microenvironment 
is a important component to understand molecular mechanisms. We found that even a 
slight change from pH 7.4 to a mildly acidic pH of 6, which is in the pH range of tumour 
tissue, determines the outcome of phagocytosis of opsonized cells by macrophages in 
an in-vitro assay (Figure 5-1). We therefore used CD47 reconstituted in GPMVs to study 
the effects of an acidic environment on K2d. We have also characterized some 
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previously unknown parameters of GPMVs, such as bending rigidity and protein 
diffusion constant.  

 
Figure 5-1 - Enhanced uptake of opsonized A549 Cells under acidic conditions. Confocal images of the different 
experimental outcomes after image processing (Gaussian image filter and thresholding) Green: Macrophage, Red: 
A539 cell. Left: No eating, Middle: Partial engulfment Right: Complete engulfment. Top: Histogram of the 
different experimental outcomes in two conditions (pH6, pH7.4). For each macrophage the relative overlap 
between the green channel and the red channel was computed and normalized to the area of the macrophage. 

5.1 Methods 

5.1.1 Phagocytosis assay 
A549 Cells were opsonized with Human Red Blood Cell RBC Antibody (final 
concentration 250µg/5ml) for one hour at RT. Cells were washed and ladled with the 
dye PKH26 (Sigma-Aldrich) according to the manufacturers protocol. THP1 cells were 
left to adhere in standard cell 6-well culture dishes in RPMI/PMA media (initial 
concentration 4·105 cells per well) for 48 hours. A549 cells were then added to the 
wells and incubated at either pH 7.4 or pH 6. After 75 minutes wells were washed by 
trypsin and uneaten A549 cells were removed by trypsinization. THP-1 was labelled by 
incubation with CD411b APC Antibody (2ng/ml one hour at RT). Finally cells were fixed 
by incubation with 4% PFA. Imaging was performed by a 10x objective on Leica SP8 
system as described below. Images were processed by a Gaussian image filter, edges of 
cells were detected (ImageJ v1.50b), images thresholded to obtain binary images of 
cells. Overlap of the different channels was then calculated per cell. 
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5.1.2 Generation of HEK-CD47-GFP Cell Line, Cell culture and GPMV isolation  
HEK 293T cells were transduced with a lentivector encoding CD47-GFP and puromycin 
resistance transgenes. Lentiviral transduction was carried out over 72hrs with a MOI of 
5 and followed by puromycin selection (3μg/μl from gibco by life technologies) for 3 
weeks.  (Cells were transfected and supplied by Cory Alvey, UPenn). Cells were then 
cultured under standard condition in DMEM Media (w/o Phenol Red), 10% FBS and 1% 
Penicillin-Streptomycin and split every 2-3 days. Before experiments, cells were plated 
under identical conditions and cultured for 3 days until T25 culture wells were 90% 
confluent. In some cases, cells were labelled with the membrane dye DiIC18 by 
washing with 1ml PBS and subsequent incubation with 5 µL 0.5 mg/ml DiIC18 in 
ethanol for 10 minutes at 4°C. Unbound dye was washed away with PBS. GPMVs were 
isolated according to the protocol of by Sezgin et al46. HEK cells were incubated with 
2mM DTT, 25mM PFA at 37°C for 1 hour. For experiments at varying pH, the GPMV 
buffer was adjusted to the desired pH at the day of the experiment.  

5.1.3 Purification and absorption of SIRPα on glass slides 
The soluble extracellular domain of SIRPα was purified as previously described103. The 
resulting protein is tagged by GST and we will refer to the resulting SIRPαEx-GST as to 
“SIRPα” in the following. SIRPα was then incubated on cleaned glass slides (2x rising 
with ethanol and ultra-pure water or five minutes exposure to oxygen plasma yielded 
the same results) for one hour in PBS at RT, concentration 34nM. Unbound SIRPα was 
washed away and uncovered glass surface was blocked by incubation with 1% BSA, 
0.05% Tween-20 for one hour at RT. The coated glass slides where then washed in 
GPMV buffer at the desired pH and immediately covered with GPMV suspension. 

5.1.4 Antibody labelling of GPMV, RBC and SIRPα 
CD47 on GPMVs was labelled by incubation of B6H12 Alexa Fluor 647 Mouse Anti-
Human Antibody (BD Biosciencies) for one hour at RT according to the protocol of the 
manufacturer. RBCs were isolated from a healthy male individual, washed in PBS and 
incubated in the same conditions as the GPMVs with the antibody. In some 
experiments, SIRPα was labelled on the glass surface by incubating with rabbit anti-GST 
Alexa 488 (Invitrogen) at 20μg/ml for one hour at RT and subsequent washing. 

5.1.5 Confocal imaging, FRAP experiments and Image analysis 
Confocal images were obtained on a Leica SP8 system, dyes were excited using the 488 
and 638 laser lines and fluorescence was collected (495-600nm and 650-750nm). To 
avoid cross-talk between the channels, two-colour images were always obtained 
sequentially. FRAP experiments were performed on the same system. A circle of 1µm 
in diameter was bleached using the 488 laser and recovery was observed under normal 
imaging conditions for 60 frames and 0.2 frames per second. The data was corrected 
for bleaching by dividing the intensity obtained in the bleached spot by the intensity of 
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an unbleached area about 20µm away from the bleaching spot. The background level 
was subtracted as estimated from the first frame after bleaching. The data was 
subsequently fitted to the model described in Chapter 2.4 using the routine invlap104 
and nlinfit (MATLAB 2014a). To estimate the diffusion of free CD47, GPMVs were 
bleached on the upper pole and recovery curves were fitted using the model for free 
diffusion (Chapter 2.4). Fluorescent intensities were quantified either by a line profile 
on the vesicle equator (to obtain the correlation between GFP and AntiCD47) or a line 
profile on the (x,z) contour in the case of adhering vesicles, both lines were 1μm wide. 
(ImageJ version 1.47). We used the peak of the resulting intensity distribution as an 
indicator of dye concentration in the membrane. To compare the CD47 density 
between RBC and GPMVs we compared the maximum projection in the centre of a 
labelled RBC to the fluorescent intensity at the pole of GPMVs. 

5.1.6 K3d assay using Red Blood Cells (RBCs) 
Fresh RBCs were washed and incubated with SIRPα (final concentration 34nM) for one 
hour at RT in PBS adjusted to pH 7.4 or pH 6. GST was labelled as described before. 
RBCs were pelleted and unbound protein was washed away. RBCs were then imaged 
and the mean fluorescence in the centre of a RBC was measured in a circle of 6µm 
diameter.  

5.1.7 LUV preparation and Zeta potential measurements 
Charged PEGgylated SUVs were obtained by mixing 79/19/2 mol% DOPC, DOPS and 
PEG2000-PE (Avanti Polar Lipids) solvated in chloroform, additionally 0.5mol% of the 
fluorescent label NBD-PG was included. The chloroform was evaporated under low 
pressure at 60°C for one hour. The dried film was rehydrated in PBS Buffer to a final 
concentration of 2mg/ml, subsequent 10 freeze-thaw cycles and extruding through a 
100nm filter (Avestin Inc., Ottawa, Canada) yielded LUV of an average size of 
110nm±5nm, as measured by light scattering. Zeta potential was measured for 
PEGgylated SUVs and GPMVs by electrophoresis (ZetaSizer Nano ZS, Malvern). To 
adjust the pH samples were titrated by addition of concentrated HCl into the 800µl 
volume of the measurement cell.  
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5.2 Results and discussion 

5.2.1 Cd47 is reconstituted in GPMVs 

 
Figure 5-2 - Confocal image of isolated GPMVs. Left: GFP labelled CD47 Right: Membrane marker DiIC18. The 
arrow indicates a typical vesicle selected for experiments (no internal fluorescence). Scale bar 10µm 

It its known that GPMVs reconstitute a substantial number of membrane proteins47. 
Indeed, when GPMVs are isolated from HEK cells which express CD47-GFP, GPMVs 
appear fluorescent in the green channel (Figure 5-2). Some vesicles are filled by green 
fluorescence. While it is not clear what the exact nature of this effect is, it is thought 
that this is an artefact of the vesicle isolation. The following experiments are conducted 
on vesicles that appear dark on the inside, indicating that CD47 is bound to the 
membrane only. To understand if CD47 is properly orientated and if the GFP signal 
corresponds to the actual CD47 concentration, GPMVs were labelled by fluorescent 
anti-CD47. By confocal microscopy both fluorescent signals were quantified and results 
are shown in Figure 5-3. Good correlation is obtained, indicating that the GFP signal is 
indeed a good indicator of the CD47 concentration in GPMVs. Note that the 
distribution of different CD47 levels within one batch of GPMVs is presumably due to 
the natural heterogeneity of CD47 levels in cells105. This allowed us to investigate a 
range of CD47 concentrations. To obtain the real concentration from the fluorescent 
intensities, RBCs which naturally express CD47 (about 250 molecules/µm2 106) were 
labelled by the same anti-CD47 and incubated together with the GPMVs. This method 
enables us to estimate the absolute number of CD47 expressed on GPMVs by 
comparison of the fluorescent intensity. We found that, GPMVs exhbit an average 
concentration of about 200 CD47 molecules/µm2, corresponding to a fluorescent 
intensity of 40 a.u. at the pole of a GPMV (Figure 5-6 and Figure 5-8). As mentioned 
before, a number of membrane and transmembrane proteins are reconstituted in the 
GPMVs and we did not optimize the standard GPMV isolation protocol in any way to 
reconstitute membrane bound CD47. Hence, we can assume that the GPMV 
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membrane reconstitutes a lipid bilayer which is rather densely covered by different 
proteins. In the context of CD47 binding, it is instructive to think of stickers (CD47) and 
repeller molecules (all the other membrane bound components).  

 
Figure 5-3 - Upper Left: Anti-CD47 Immunostaining. Lower Left: GFP-CD47 Channel. Middle: Correlation between 
Anti-C47 and GFP signal indicate functional reconstitution of CD47. Each data point is an individual vesicle. Upper 
right: Incubation of red blood cells together with a GPMV to estimate the CD47 concentration in real units. Arrow 
indicates a RBC. Scale bar 10µm 

5.2.2 Adhesion of CD47 expressing GPMVs to SIRPα 
After we have established that CD47 is inserted into GPMVs and is properly oriented 
for binding, we questioned whether it can also bind its receptor SIRPα. We immobilized 
the extracellular domain of SIRPα on glass slides by physisorption. To check if SIRPα is 
absorbed in a homogenous layer, we incubated the glass slides with fluorescently 
labelled anti-GST. On the typical length scale of GPMVs, SIRPα appeared homogenous, 
with no visible domains or defects (Figure 5-4 left). The density of absorbed SIRPα was 
estimated by comparing the fluorescent intensity of anti-GST fluorescence to the GFP 
signal of the vesicles, we corrected for the different dyes by linear correction in exciting 
coefficient and quantum yield. We find that SIRPα concentration on the glass surface is 
20x times higher than the GFP signal. This indicates a SIRPα density of [R0] ≈4000 
molecules/µm2, which is consistent with E-selectin densities obtained by physisorption 
under similar conditions24. This is below the density of a SIRPα monolayer at maximal 
packing and we can expect that BSA, which is used for blocking uncovered glass 
surface, fills the gaps between individual SIRPα molecules.  
Individual GPMVs were left to sediment onto the coated cover glass by gravitational 
forces and imaged by confocal microscopy. Clearly SIRPα and CD47 bind as it can be 
seen by the vesicle shape (Figure 5-4 right). When the coverglass is only coated by BSA 
no adhesion is observed.  
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Figure 5-4 - Left: Anti-GST staining of SIRPα absorbed on a glass slide. The black region is a scratch with a pipette 
tip to estimate the background level. Scale bar 60µm Right: Confocal vertical cross section (x,z) of an adhering 
vesicle on a SIRPα coated slide (left) and a nonadhering vesicle sitting on a BSA coated glass slide (right). Scale 
bars 5µm  

We observed that the initial distribution of CD47 in the adhering membrane segment is 
not homogenous (Figure 5-5) exhibiting a ring of higher concentration in the vicinity of 
the rim of the adhesion zone, and equilibrates over duration of an hour to reach 
homogeneous distribution over the whole adhesion disc. This transient ring formation 
is qualitatively consistent with simulation results for a comparable system where 
adhesion competes to longer repeller molecules25. Because the SIRPα-cd47 complex is 
rather short (17 nm107) we can assume that repeller molecules that are “longer”, for 
example Integrin and glycoproteins, are excluded from the adhering membrane 
segment.  We did not further study this phenomenon but focused on equilibrated 
vesicles (>1h after adhesion).  

 
Figure 5-5 - Typical equilibration of the adhering membrane segment observed by epifluorescence (time increases 
from left to right). In the first minutes a bright ring appears in the rim of the adhering segment (middle). Over the 
time course of an hour the distribution becomes homogenous (right). Different vesicles are shown at each time 
point, the adhering segment is about 15µm in diameter 

Due to adhesion, GPMVs exhibit two membrane segments: The bound membrane in 
the vicinity of the SIRPα coated glass slide and the unbound cap. As reasoned above, 
these two segments should have rather different compositions. This can be quantified 
by measurement of fluorescent intensity of CD47-GFP in adhering and free membrane 
segments (Figure 5-6). As expected, CD47 is found to be enriched in the adhering 
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segment. In theory, one can extract the two dimensional binding constant from this 
data: 

𝐾2𝑎,𝑠𝑝𝜕 =
[𝑅𝐿]

[𝑅][𝐿]
≈
𝐾(𝐼𝑎𝑎ℎ − 𝐼𝑐𝑎𝑝)
𝐾𝐼𝑐𝑎𝑝[𝑅0]

 

Where brackets indicate surface concentrations of bound and free receptor and 
ligands, A is the proportionality factor between fluorescent intensity and real 
concentration and cancels out. We assumed that the concentration of free SIRPα stays 
virtually constant and is in excess ([R] ≈  [R0]>>[RL]). In practice, it proved to be difficult 
to obtain precise values of K2d,int, presumably because of the rather low concentration 
of CD47 and hence low GFP intensity. This leads to big errors in the intensity 
quantification. We therefore used FRAP to extract K2d which has been previously used 
to study receptor-binding kinetics in whole cell models43, 98. Here K2d is obtained by the 
dynamics of fluorescence recovery which depends on the binding and unbinding rates. 
 

 
Figure 5-6 - Quantification of bound and unbound CD47 by fluorescence intensity. Left: Individual data point from 
different vesicles under the same conditions. The line indicates a line profile which is used to extract the 
fluorescence intensity. Scale bar 5µm  

5.2.3 FRAP indicates cooperative enrichment of CD47 in the adhering membrane 
segment 

 
FRAP experiment on the unbound and bound membrane segments show two different 
timescales. In the unbound segment, CD47 fluorescence recovers on the timescale of 
seconds and we find a diffusion constant of Dcd47 ≈ 0.12 +/- 0.02 µm2/s. When CD47 is 
within the adhesion zone, recovery is about two orders of magnitude slower. Because 
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K3d of SIRPα-cd47 is about 8μM with koff in the order of s-1  108, we can expect that 
bound CD47 stochastically unbinds, diffuses in the adhering membrane segment and 
eventually rebinds to vacant SIRPα molecules. The underlying reaction-diffusion model 
(see Chapter 2.4) yields a satisfactory fit to our data (Figure 5-7). Because we can only 
roughly estimate the SIRPα concentration [R] we present the results of the fit 
normalized by [R]. From fitting our data, we obtain estimates for [R]kon, koff and 
[R]K2d,FRAP. Note that within the bleached spot there are only about 150 CD47 
molecules; hence in the first seconds of recovery only about a dozen GFP molecules 
contribute to the signal. The data is inherently noisy and we found that the recovered 
values for [R]kon and koff depended significantly on the starting values of the fitting 
routine. However, the ratio of these rates is robust, in other words [R]K2d,FRAP is 
obtained with higher degree of confidence. 

 
Figure 5-7 – FRAP recovery intensity time course and confocal images of a typical recovery. Left: Free membrane 
segment with cross section images above, the three curves represent different vesicles. Right: Bound membrane 
segment with top view images above. Fit for [R]kon≈4.32∙104 s-1,koff≈4.9 s-1.  Bleached spot is 1µm in diameter 

Figure 5-8 (left) shows the extracted [R]K2d,FRAP values for individual vesicles of different 
CD47-SIRPα concentration. A clear correlation between bound complexes and [R]K2d 
can be seen. If we assume [R]≈const, which is reasonable for our system with 
[R0]≈4000 SIRPα/μm2, this result is a clear indication that binding is cooperative. In the 
case of non-cooperative binding, no correlation would be seen. This is in line with a 
general theory of membrane bound receptor ligand pairs which predicts cooperative 
binding effects by the suppression of membrane fluctuations in the vicinity of bound 
complexes26, 29, 109. 
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Figure 5-8 - Left: [R] K2d,FRAP obtained by FRAP, each datapoint represents a single vesicle [RL] is obtained by 
subtracting the fluorescent intensity in the free segment from the intensity in the adhered segment. Right: Ratio 
of K2d and K3d measured at pH 7.4 to the respective values measured at pH 6. K2d values were obtained either by 
intensity measurements or FRAP. K3d is obtained by binding soluble SIRPα to RBCs.  

5.2.4 Acidic, tumour like, conditions lead to decrease of K2d 
We isolated GPMVs at pH 7.4 and pH 6. We again incubated GPMVs on SIRPα glass 
slides and measured K2d values in these two conditions. We find that K2d measured by 
fluorescent intensities and FRAP recovery consistently yields a reduction of K2d by a 
factor of two (Figure 5-8 right). This result leads us to ask, if reduction of K2d is due to 
the intrinsic binding affinity of the two proteins (K3d) or a true effect of the two 
dimensional confinement (reflected in K2d). To the best of our knowledge there are no 
studies on the pH effect on K3d for SIRPα-CD47. Therefore, we measured K3d in these 
two pH conditions by binding soluble SIRPα to RBCs. No significant difference in bound 
SIRPα was measured. This leads us to believe, that the reduction in K2d is at least in part 
due to the two dimensional confinement. 

5.3 Conclusion 
Membrane proteins reconstituted in GPMVs are suitable for assessing adhesion-related 
phenomena in cells. Even moderate changes in pH, compatible to those found in 
tumour tissue, were found to modulate K2d but not the commonly measured K3d. One 
can speculate that these results provide a possible mechanism for the enrichment of 
CD47 in tumour tissue. The reduced binding affinity could lead to preferential 
clearance of low-expressing CD47 cells in the tumours, leading to an increase in mean 
CD47 concentration. In the broader picture, this work highlights the importance of non-
specific interactions on the binding of receptor-ligand pairs. While cell signalling is due 
to highly specific receptor-ligand interactions, non-specific interactions are always at 
play. We have shown that pH can modulate the average membrane separation which 
has a strong effect on binding affinity of membrane bound complexes. 
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6 Summary and Outlook 
In this work three different models for membranes partitioned into two segments were 
studied. In the first part of the thesis a novel system to induce adhesion to planar 
substrates, in a reversible and controlled fashion, was described. Two features should 
be emphasized. We have seen, that only lipids of the outer leaflet “feel” the adhesive 
surface when membranes are made of lipids that are perfectly miscible. As lipids have a 
preference to one of the two membrane segments, this will lead invariably to the 
generation of asymmetry and spontaneous curvature in the membrane. In the next 
chapter we have seen, that adhesion induced compositional and morphological 
changes, depend on the phase state of the membrane. Most interestingly we have 
described a budding transition in the contact line between two membrane segments 
and discussed a possible mechanism due to dynamic lipid flows. Again this budding 
transition depends on the membrane phase state, opening the possibly to regulate 
budding transitions by active processes. In the last chapter we have shown that plasma 
derived vesicles can be used to study binding of proteins. This is advantageous, as 
proteins under interest are naturally reconstituted into GPMVs. The last chapter also 
links non-specific membrane interactions, studied in Chapters 3 and 4, to the adhesion 
due to specific adhesion complexes.  
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