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Abstract

The bacterium enterohemorrhagic Escherichia coli (EHEC) is one of the main
causes of food borne illness. The toxin of this bacteria is shiga toxin (STx) which
inhibits the protein biosynthesis of cells. Approaching the cells B-subunit of STx
(STxB) binds to the receptor lipid globotriaosyl ceramide (Gb3) which is heteroge-
neous distributed in the outer membrane of human cells. Such a cellular membrane is
itself very heterogeneous and has regions of higher and lower ordering which influences
Gb3 distribution. Furthermore, the cellular membrane is heterogeneously connected
either to the cytoskeleton in the inside or to the surfaces on the outside of the cell,
inducing different adhesional properties in the cell membrane (adhered membranes
and non-adhered membranes). As postulated in a theory of Lipowsky et al.[1] this is
assumed to influence ordering and lipid distribution in lipid membranes.
In this work, the phase distribution of the Gb3 is analyzed in biomimetic model

membranes as a function of the creamide backbone harboring different fatty acids.
Fatty acid labeled Gb3s showed unnatural phase preference of STxB Gb3 binding.
Fluorescently head group labeled Gb3s were investigated to study the influence of
different fatty acids in liquid ordered (lo)/liquid disordered (ld) phase-separated giant
unilamellar vesicles. Gb3s with the saturated fatty acid is preferentially distributed
in the lo phase, while the Gb3s with the unsaturated fatty acid prefer the ld phase.
An α-hydroxylation at the fatty acid had no effect of the distribution of Gb3. In
contrast different sphingomyelins (SMs) influence the partitioning of Gb3.
The influence of heterogeneous membrane adhesion to biomimic membranes was

analyzed using pore-spanning membranes (PSMs) on SiOx functionalized substrates.
The heterogeneous membrane adhesion influences the measured phase diagram. A
membrane composed of DOPC/SM/cholesterol (Chol) (1:1:2) is still phase-separated
with the ld phase in the solid supported PSM (s-PSM) and the lo phase in the
freestanding PSM (f-PSM). Phase diagrams of homogeneous membrane adhesion were
reported to have no phase separation at the same Chol content which verifies the
theory of Lipowsky et al.[1] for the analyzed lipid compositions.
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Abbreviations

2H-NMR deuterium nuclear magnetic resonance
AFM atomic force microscopy
ATTO488-DOPE ATTO488-1,2-dioleoyl-sn-glycero-3-phosphoethanolamin
ATTO488-DPPE ATTO488-1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamin
ATTO532-DOPE ATTO532-1,2-dioleoyl-sn-glycero-3-phosphoethanolamin
ATTO647N-DOPE ATTO647N-1,2-dioleoyl-sn-glycero-3-phosphoethanolamin
ATTO655-DOPE ATTO655-1,2-dioleoyl-sn-glycero-3-phosphoethanolamin
BODIPY boron-dipyrromethene
BODIPY 500/510-PC 2-(4,4-difluoro-5-octyl-4-bora-3a,4a-diaza-s-indacene-3-

pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine
BODIPY-Chol 23-(dipyrrometheneboron difluoride)-24-norcholesterol
BODIPY-PC 2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4adiaza-s-indacene-3-

pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine
BSA bovine serum albumin
cb-DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-cap-

biotinyl
Chol cholesterol
CLSM confocal laser scanning microscope
CPEO3 O-cholesteryl N -(8’-mercapto-3’,6’-dioxaoctyl)carbamate
CTx cholera toxin
CTxB B-subunit of cholera toxin
CVE covariance-based estimation
Cy3 cyanine dye 3
D diffusion coefficient
DiD-C18 Dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine per-

chlorate
DiI-C18 1,1’dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine per-

chlorate
DLPC 1,2-dilauroyl-sn-glycero-3-phosphatidylcholine
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DMPC 1,2-dimiristeoyl-sn-glycero-3-phosphatidylcholine
DOPC 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine
DOPE 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine
DPhPC 1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine
DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine
DPPE 1,2-dipalmitoyl-sn-glycero-3-phosphatidylethanolamine
DPPE-KK114 KK114-1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamin
DRM detergent restistant membrane
DSC differential scanning calorimetry
DSPE 1,2-stearoyl-sn-glycero-3-phosphatidylethanolamine
DSPE-KK114 KK114-1,2-distearoyl-sn-glycero-3-phosphoethanolamin
DSPE-PEG-KK114 KK114-PEG45-1,2-distearoyl-sn-glycero-3-phosphoethanol-

amin
Dy731-DOPE Dy731-PEG25-1,2-dioleoyl-sn-glycero-3-phosphoethanolam-

in
EHEC enterohemorrhagic Escherichia coli
FCS fluorescence correlation spectroscopy
f-PSM freestanding pore-spanning membrane
FRAP fluorescence recovery after photobleaching
FRET fluorescence resonance energy transfer
GalCer galactosylceramide
Gb3PH globotriaosyl ceramid phenyl-modified fatty acid
Gb3porc porcine erythrocytes globotriaosyl ceramide
Gb3TT globotriaosyl ceramid thienothienyl-modified fatty acid
Gb3 globotriaosyl ceramide
Gb3PEG13C24:0H BODIPY labeled lignoceroyl globotriaosyl ceramid with 13

PEG units
Gb3PEG13C24:0OH BODIPY labeled 2-R-hydroxyl-lignoceroyl globotriaosyl ce-

ramid with 13 PEG units
Gb3PEG13C24:1H BODIPY labeled lignoceroyl nervonoyl ceramid with 13 PEG

units
Gb3PEG13C24:1OH BODIPY labeled 2-R-hydroxyl-nervonoyl globotriaosyl ce-

ramid with 13 PEG units
Gb3PEG3C24:0H BODIPY labeled lignoceroyl globotriaosyl ceramid with 3

PEG units
Gb3PEG3C24:0OH BODIPY labeled 2-R-hydroxyl-lignoceroyl globotriaosyl ce-

ramid with 3 PEG units
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Gb3PEG3C24:1H BODIPY labeled lignoceroyl nervonoyl ceramid with 3 PEG
units

Gb3PEG3C24:1OH BODIPY labeled 2-R-hydroxyl-nervonoyl globotriaosyl ce-
ramid with 3 PEG units

GM1 pentasaccharide ganglioside
GNP gold nano particle
GPMV giant plasma-membrane vesicle
GUV giant unilamellar vesicle
HeLa cells cervical cancer cells from Henrietta Lacks[2]

HUS haemolytic uraemic syndrome
iSCAT interferometric scattering microscopy
ITO-slide Indium Tin Oxide coated slide
Kd dissociation constant
laser light amplification by stimulated emission of radiation
lβ gel like
ld liquid disordered
LED light-emitting diode
L-scan FCS line-scan fluorescence correlation spectroscopy
LMM linear mixed-effects model
lo liquid ordered
%lo liquid ordered phase distribution
LUV large unilamellar vesicle
MD molecular dynamics simulation
12MDD 12-mercapto-1-dodecanol
2ME 2-mercapto-1-ethanol
2ME-Au 2-mercapto-1-ethanol on gold
6MH 6-mercapto-1-hexanol
6MH-Au 6-mercapto-1-hexanol on gold
16MHD 16-mercapto-1-hexadecanol
16MHD-Au 16-mercapto-1-hexadecanol on gold
MLV multi-lamellar vesicle
8MO 8-mercapto-1-octanol
8MO-Au 8-mercapto-1-octanol on gold
11MUD 11-mercapto-1-undecanol
11MUD-Au 11-mercapto-1-undecanol on gold
N numbers of measurements
naphthopyrene naphtho[2,3-a]pyrene
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NBD 7-nitrobenz-2-oxa-1,3-diazol-4-yl
OT octan-1-thiol
OT-Au octan-1-thiol on gold
PBS phosphate-buffered saline
PC phosphatidylcholine
PE phosphatidylethanolamine
PEG polyethylene glycol
pHBMEC primary human blood microvascular endothelial cells
PIP phosphatidylinositolphosphate
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PS phosphatidylserine
PSF point spread function
p-Si3N4 plasma cleaned silicon nitride
PSM pore-spanning membrane
QI quantitative imaging
Rhod-DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine

rhodamine B sulfonyl)
SAM self-assembled monolayer
SEM scanning electron microscopy
Si3N4 silicon nitride
σ membrane tension
SiO silicon monooxide
SiO2 silicon dioxide
SiOx silicon oxide
SM sphingomyelin
SMC16:0 palmitoyl sphingomyelin
SMC18:0 stearoyl sphingomyelin
SMC20:0 arachidoyl sphingomyelin
SMC22:0 behenoyl sphingomyelin
SMC24:0 lignoceroyl sphingomyelin
SMC24:1 nervonoyl sphingomyelin
SMegg egg sphingomyelin
SMporc porcine brain sphingomyelin
SPR surface plasmon resonance
s-PSM solid supported pore-spanning membrane
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SPT single particle tracking
SSM solid supported membrane
STx shiga toxin
STxA A-subunit of shiga toxin
STxB B-subunit of shiga toxin
SUV small unilamellar vesicle
T temperature
TexasRed-DHPE sulforhodamine-1,2-dihexanoyl-sn-glycero-3-

phosphoethanolamine
TM transition temperature
Triton X-100 polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl

ether
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1. Introduction

1.1. Enterohemorrhagic Escherichia coli

Enterohemorrhagic Escherichia coli (EHEC) is a bacterial strain, which triggers
many outbreaks around the world, including industrialized nations.[3–6] This bacterial
strain was found in 1977 and the toxin was called vero toxin, a toxin that destroyed
the vero cells.[7] EHEC became prominent in the 1980s, namely with large scale
outbreaks in the United States (US) from the EHEC-strain O157:H7 in 1982.[8] In
1996, EHEC was prominent in Japan with 9451 infected people.[3] In 2006, there was
again a large outbreak in the US which involved 26 states.[9] Not only in the US and
Japan were EHEC outbreaks, but also in Europe, e.g. Sweden 2002[10] and Norway
2006[11] such outbreaks appeared.
In Germany, there were two outbreaks. The first appeared in 1995 in Bavaria,[12]

the second 2011 in northern Germany.[13–18] To recognize such outbreaks, a reporting
requirement for EHEC disease was introduced 1998 in Germany.[19] In the first years
(2001 to 2003) of the reporting system, around 1000 peoples in Germany yearly got
infected by EHEC.[19] In the last six years, more than 2000 people got infected by
EHEC per year (figure 1.1).[20]

Figure 1.1.: The reported cases of enterohemorrhagic Escherichia coli (EHEC) disease
in Germany from 2013 to 2018. The data was taken from the Robert Koch-Institut with
SurvStat@RKI 2.0 at 30.07.2019.[20]

1



1. Introduction

The effects of the disease caused by EHEC ranges from diarrhea,[21,22] bloody
diarrhea,[23–25] hemorrhagic colitis,[26–28] haemolytic uraemic syndrome (HUS)[17,29–33]

to the damages of the central nervous system.[30,34] Some patients even died from
EHEC infection due to multiple organ failure.[19]

The different symptoms could be explained by different bacterial strains.[35,36] The
different bacterial strains produce the same toxin, but different sub types due to a
different binding affinity to the cells. The toxin of EHEC is the protein shiga toxin
(STx) which is also the toxin from Shigella dysenteriae.[37]

The uptake of the EHEC happens via food, e.g. raw meat[4,38] or unwashed
vegetables.[39] Within the intestine, the bacteria produces STx.[40] The toxin acti-
vates the innate immunity. This results in a change of the cell morphology and in
a change of the intercellular tight junctions in the intestinal epithelial. The STx
can then cross the intestinal epithelial barrier into the blood stream.[40] Through the
blood stream, the STx is distributed into the whole body. The cell membrane of
different tissues in the human body has different amounts of globotriaosyl ceramide
(Gb3) which is the receptor lipid of STx in the outer membrane leaflet.[41–43] The
microvascular endothelial cells of the glomerular and brain have a high amount of
the receptor lipid Gb3 in the outer membrane leaflet.[44–47] This correlates with the
disease caused by EHEC, HUS damage of the kidney (glomerular cells) and damage
of the central nervous system. A topographical analysis of the distribution from Gb3
in a whole human body has not been done yet, but in a study with a whole weaned
piglet. The topographical analysis showed the highest amount of Gb3 in the intestine
and the lung.[48] The amounts of Gb3 in the tissues were ranked, the kidney cells are
only at rank 8 and the cells of the brain are at rank 21 of altogether 25 ranks.[48]

1.2. Shiga toxin

The toxin from EHEC is the STx which kills cells. To understand the mechanism
of the toxicity from EHEC, a deeper look at the structure and uptake of STx is
necessary. The STx is a AB5 toxin with one toxic A-subunit of STx (STxA) and
five binding subunits the B-subunits of STx (STxB) (figure 1.2 A).[49–52] The five
STxB form a pentameric ring (figure 1.2 B). The STxA binds with a α-helix into the
middle of the ring (figure 1.2 A).[51] The receptor lipid Gb3 has 15 binding sides in
the pentameric structure of STxB (figure 1.2 C).[50]

Cells which were incubated with STx and had Gb3 at the outer leaflet died, because
the STxA binds to the ribosomes and blocks the protein biosynthesis.[53] The STx
cannot diffuse through the membrane. The mechanism of the up take of STx into the

2



1.2. Shiga toxin

Figure 1.2.: The full protein shiga toxin (STx) is shown in A. The dark blue subunit is an
A-subunit of shiga toxin (STxA) and the pentamer structure underneath are five B-subunit
of shiga toxin (STxB) (PDB ID: 4M1U).[51] The pentamer structure of STxB is separately
shown from the membrane site in B (PDB ID: 1C48). The 15 globotriaosyl ceramide (Gb3)
bindings sites of the pentameter of STxB are visualized in C (PDB ID: 1BOS).[50]

cell is shown in (figure 1.3). The initiate step of the uptake of STx into the cell is the
binding of STxB to its receptor lipid Gb3 at the outer leaflet of the plasma membrane
which is a heterogeneous two-dimensional fluid of proteins and lipids and is explained
in the next chapter 1.3. The STx clusters on the membrane,[54] builds up membrane
invaginations[55] and endocytotic pits.[56,57] These endocytotic pits are absorbed by
the cells through clathrin-dependent[58,59] or clathin-independent endocytosis.[60,61]

In the early endosomes, the STx are directed towards the late endosomal traffic
route. The STx path to the endoplasmic reticulum goes from the late endosomes
through the trans-Golgi network into the endoplasmic reticulum. In the endoplasmic
reticulum, the membrane-associated endoprotease furin cuts the STx between the
amino acids Arg251-Met252 from the STxA and activates its toxicity.[62] In this step,
the translocation of STxA from the inside of the endoplasmatic reticulum into the
cytosol takes place as well.[63] In the cytosol, the activated STxA inhibits the protein
biosynthesis at the rRNA-N-glykosidase which kills the cells.[53,64]

An interesting fact is that cancer cells also have a high amount of Gb3 at the
outer membrane leaflet[65–67] and the usage of STx for the cancer therapy is under
research.[68–70] The nice STx uptake mechanism of a cell is perfect for transporting
therapeutic proteins into the ensoplasmic reticulum or directly into the cytosol.[69,71]

There are different approaches to design anti-cancer drugs with STxB. A linker residue
combined with a drug is chemically synthesized to the STxB pentamer.[72–74] The
design of fusion proteins was also evaluated. For that purpose, the toxic part of STxA
was substituted by a therapeutic protein.[75] Also, multi-lamellar vesicles (MLVs)
coated with STxB at the outer leaflet were used, with anti cancer drugs on the

3



1. Introduction

Figure 1.3.: Shiga toxin (STx) is taken up from the cell via binding to the cell membrane
and clusters. The clusters build endocytotic pits and are taken up into the early endosomes.
The STx is directed by the early entosomes to the retrograde traffic route over the Golgi
network into the endoplasmatic reticulum. There, the STxA is cut from the STx and is
translocated into the cytosol, where it inhibits the ribosomes.[62,64]

inside.[76] In all those cases, the drugs for the cancer cells are taken up from all cells
with Gb3 on the outer leaflet. In the cancer therapy, the STxB can be mutated to
have a better selection on the cell type and Gb3 concentrations.

The better understanding of the binding from STx to the cell membrane would help
to design better drugs against EHEC and to design a selective drug against cancer.
One important aspect is to know where the Gb3s are concentrated before STx binds
at the cell membrane.

4



1.3. Cell membranes and their properties

1.3. Cell membranes and their properties

The cell membrane is not only a homogeneous two dimensional fluid, which Singer
and Nilcolson suggested.[77] The plasma membrane of an eucaryotic cell has many dif-
ferent components which can be divided into two major groups, lipids and membrane
proteins. The lipid builds up the membrane matrix in which the membrane proteins
are incorporated. The membrane has many different lipids which are divided into
the subgroups glycerolipids, sterols and sphingolipids.[78,79] The glycerolipids as well
as the sphingolipids have different head groups. Very often, a phosphate is present
in the lipid head group called phopholipids, which can be either a glycerolipid or a
sphingolipid. The main lipid content are the phosphoglycerolipids, which are divided
into the different head groups, phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylinositolphosphate (PIP) and phosphatidylserine (PS). The glyc-
erolipids as well as the sphingolipids have different fatty acids.
The membrane has a huge amount of different lipids aggregated into a two di-

mensional fluid. The different lipids and different proteins cluster in different ways
and amounts which results in a heterogeneous membrane.[80–83] These clusters or do-
mains are called lipid rafts (figure 1.4).[80] Lipid rafts are defined as "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."[84] Three dif-
ferent lipid rafts are illustrated in figure 1.4. First, different proteins are activated
in the lipid raft which are inactive in the non-raft membrane (figure 1.4).[85,86] It
was reported that the actin network binds to a lipid raft.[87] The cell used the gly-
cosphingolipids for signaling processes and communications which are enriched in
such lipid rafts.[88] The last illustrated lipid raft contains the receptor lipid for STx
it is Gb3 and the STx binds to it.[64] It is not clear if the lipid rafts exist first, be-
fore the toxin bind, or if the lipid raft is created by the binding of the toxin. A
problem is that such lipid rafts are not visualized with the newest technical equip-
ment in eukaryotes.[89] Only indirect information from detergent restistant membrane
(DRM),[90] fluorescence resonance energy transfer (FRET)[91,92] and fluorescence cor-
relation spectroscopy (FCS)[93,94] measurements hints that such rafts exist. In bacte-
rial small domains of ∼40 nm in diameter were found.[95]

The heterogeneity of the lipid raft model was analyzed in model membrane systems
with the three major membrane lipids of eucaryotic cells, a low melting phospholipid
(POPC or DOPC), a high melting lipid (DPPC or sphingomyelin (SM)) and sterol
(cholesterol (Chol)).[97,98] These model membranes undergo phase separation in a wide
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1. Introduction

Figure 1.4.: A schematic drawing of the cell membrane with three different lipid rafts.
From left to right, the first lipid raft activates a channel protein,[85] with the second one
the actin is bound[87] and in the third one glycolipids are enriched and shiga toxin (STx)
binds to it.[88] The cell membrane has different lipid species such as cholesterol (Chol),
sphingomyelin (SM), phosphatidylcholine (PC), glycolipid as globotriaosyl ceramide (Gb3),
phosphatidylinositolphosphate (PIP), phosphatidylethanolamine (PE) and phosphatidylse-
rine (PS).[96]

region of the lipid compositions.[99] The lipid raft hypothesis is mimicked by such
phase-separated membranes. The two phases of the raft mimic model membranes
are the liquid ordered (lo) phase which is enriched in high melting lipids and sterols
and mimics the raft domains and the liquid disordered (ld) phase which is enriched
in low melting lipids and mimics the membrane matrix. The non-physiological lipid
DOPC is preferential used instead of POPC, because the domains are larger and
better visible with the fluorescent microscope.[97] The raft mimic model membranes
which represent the cell membranes and the phase distribution of the STx receptor
lipid will be analyzed. These data are an indication of the position from Gb3 in the
plasma membrane relative to the lipid raft theory.
The measurement of the raft like lipid composition can be accomplished on dif-

ferent membrane systems which can be the giant unilamellar vesicles (GUVs),[100]

adhered GUVs,[101] pore-spanning membranes (PSMs)[102] and solid supported mem-
branes (SSMs)[103] (figure 1.5). GUVs and SSMs mimic the cell membrane with the
same conditions for each membrane region (figure 1.5 A, D). The two different leaflets
can have different surroundings. In GUVs the buffer inside can be different from the
buffer outside of a GUV.[104,105] The different leaflets of the SSMs are distinguishable:
One is in contact with the surface of the support and the other leaflet is in contact
with the solution. SSMs are very easy to handle and the membrane is, in contrast
to the GUVs, two dimensional which is useful for microscopy studies (figure 1.5 D).
With the supported membrane, the SSMs mimic the membrane cell adhesion to a
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surfaces. The increase of water between support and the membrane of SSM makes
sure that the surface interaction has no influence of the properties from integral mem-
brane proteins.[106] Therefore polymer-supported membranes were developed which
increase the water film between the membrane and the substrates from few nm to
many nm.[107] This increase of the water layer also increases the activity of proteins
in the SSMs and brings it nearer to the membrane system of GUVs which mimic the
membrane part of a cell which has no contact. To combine the adhesion membrane
model (SSM) and the membrane model without any adhesion (GUV), the whole
cellular membrane is described, because the cellular membrane has parts with ad-
hesion and parts without. The cell membrane interacts not only with the surface
outside of the cell but it has also adhesion properties to the inside of the cell.[108] The
actin network stabilizes the plasma membrane and interacts strongly over actin bind-
ing proteins with the membrane.[109] This can be mimicked with membrane systems
which have different adhesion properties such as the adhered GUVs and the PSMs
(figure 1.5 B and C). Both membrane systems have an adhered area as in SSMs and in
both membrane systems there are lipid areas where the membrane is as free-standing
as in GUVs.[102,110] These membrane systems mimic the cell membranes with different
adhesion properties to a surface or to the actin network.[102]

Figure 1.5.: Different model membrane systems are giant unilamellar vesicles (GUVs) (A),
adhered GUVs (B), pore-spanning membranes (PSMs) (C) and solid supported membranes
(SSMs). The shown systems are schematically drawn with phase-separated membranes,
which contain DOPC/sphingomyelin (SM)/cholesterol (Chol). The liquid disordered (ld)
phase is enriched in DOPC and the liquid ordered (lo) phase is enriched in SM and Chol.
The substrates for the adhered GUVs, PSMs and SSMs are functionalized with two different
layers. The functionalization can differ for each system.

The actin network has an influence on the phase separation in membranes. Liu
et al. showed that the lo phase is co-localized with the actin network.[87] This can be
a rearrangement of lipids or that the phase diagram of such a lipid mixture changes
with different adhesion regions which are adhesion to the action network or not. A
phase diagram of PSMs was investigated which mimics such two different adhesion
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1. Introduction

regions for one membrane. This model system should clarify if cell adhesion also has
an influence on the raft building or if only the different lipid and protein components
do that. These influences have then also an effect on the distribution of Gb3 in
the plasma membrane. The distribution of the Gb3 was investigated with a raft
mimic membrane system in which fluorescently labeled Gb3s were incorporated. This
analysis was done in GUVs. The knowledge of the distribution of the Gb3 in plasma
membrane or plasma mimic membrane can help to understand the binding properties
of STxB to Gb3 so that different drugs against EHEC can be designed which changes
the Gb3 distribution in the plasma membrane and prevent the uptake of STx into the
cell.
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2. Scope of the thesis

The bacterium enterohemorrhagic Escherichia coli (EHEC) is one of the main
causes of food-borne illness around the world. The disease caused by EHEC ranges
from different diarrheas over hemorrhagic colitis and haemolytic uraemic syndrome
up to damage of the central nervous system, in some cases with lethal outcome. All
these different diseases are only triggered by the toxic protein shiga toxin (STx) which
inhibits the protein biosynthesis of eukaryotic cells. In a first step, while approach-
ing the cells, the B-subunit of STx (STxB) binds to the receptor lipid globotriaosyl
ceramide (Gb3) which is present in the outer membrane of human cells. The cellular
membrane is highly heterogeneous and has regions of various ordering. This might
lead to enrichment or depletion of Gb3 in certain areas.
One important finding is that the Gb3, the receptor for STx, is enriched in mem-

branes of cancer cell. A better understanding of the binding from STx to the cell
membrane would help to improve drug development against EHEC and open path-
ways for drugs to selectively target cancer cells. One important point is the knowledge
where Gb3s are concentrated before STx binds to the cell membrane. Quantification
of local Gb3 concentration in areas of different lipid order of biomimetic membranes is
one scope within this thesis. For the quantification giant unilamellar vesicles (GUVs)
and pore-spanning membranes (PSMs) are used which allow preparation of mem-
branes with high definition to identify the impact of membrane ordering to Gb3
enrichment.
The regions of various ordering in the cellular membrane can be affected by hetero-

geneous connections to either the cytoskeleton in the inside of the cell or to different
surfaces at the outside of the cell. A second scope of this thesis is to identify the
effects related to membrane-surface interactions (adhesion) to the organization of
membranes with regions of higher and lower ordering. This might also influence the
preferential distribution of Gb3 in lipid membranes.
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3. Materials and methods

3.1. Used materials

3.1.1. Matrix lipids

In this work, different lipids with different functions were used. The lipid compo-
sition of the analyzed membranes with an amount of at least of 94% are summarized
as matrix lipids and represent the three main compositions of mammalian lipids,
glycerolipids, sphingolipids and sterols.[78]

1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC)

Scheme 3.1.: The structure of 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC).

1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) is a non-natural glycerophos-
pholipid with two oleic acids in the hydrophobic part (Scheme 3.1). This phospholipid
is used in many model systems and has a low transition temperature (TM). The re-
ported TMs are −14 ◦C,[111] −16.5 ◦C,[112] −17.3 ◦C,[113] −18.3± 3.6 ◦C,[114] −18 ◦C,[115]

−19.1 ◦C,[116] −21 ◦C[117] and −22 ◦C.[118] The molecular weight of DOPC is
786.129 gmol−1 and the chemical formula is C44H84NO8P.

Cholesterol (Chol)

Cholesterol (Chol) is a sterol (scheme 3.2). Chol has a molecular weight of
386.35 gmol−1 and its chemical formula is C27H46O. It is present in mammalian
membranes and reduces the fluidity in the liquid-crystalline phase.[119] Chol increases
the fluidity for gel phase membranes. Sphingomyelin (SM) and Chol are the main
lipid parts in the lipid rafts.[84]
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Scheme 3.2.: The structure of cholesterol (Chol).

Sphingomyelin (SM)

Scheme 3.3.: The structure of lignoceroyl sphingomyelin (SMC24:0) is shown as an example
of sphingomyelin (SM) structure. The sphingosine structure is labeled in green. The
hydrophilic cholin-phosphate-ester group (blue) is connected with a phosphate-esters to
the sphingosine. The lignoceric acid (red) is connected via an amide bond to the 2 amine
group of the sphingosine.

Sphingomyelin (SM) has a sphingosine basic structure (figure 3.3 green). A cholin
group (figure 3.3 blue) is connected at the 1 hydroxyl-group of the spingosine by a
phosphate-ester. The fatty acid (figure 3.3, red) which is connected through a amide
bond to the 2 amine group of the sphingosine differs in each SM species. The shown
SMC24:0 has a lignoceric acid as a fatty acid. Porcine brain SM (SMporc) is a natural
SMs extraction and was used in this work. SMporc is a SM mixture with six known
different SM species (table 3.1).

Table 3.1.: The natural sphingomyelin (SM) extraction, porcine brain sphingomyelin
(SMporc), has different amounts of different SMs, which are listed here. The dif-
ferent extracted SMs are palmitoyl sphingomyelin (SMC16:0), stearoyl sphingomyelin
(SMC18:0), arachidoyl sphingomyelin (SMC20:0), behenoyl sphingomyelin (SMC22:0), ligno-
ceroyl sphingomyelin (SMC24:0) and nervonoyl sphingomyelin (SMC24:1) and an unknown
fraction.[120,121]

SMs SMC16:0 SMC18:0 SMC20:0 SMC22:0 SMC24:0 SMC24:1 Unknown
% 2 49 5 8 6 20 10

The synthetic SMs which were used in this work are palmitoyl SM (SMC16:0),
stearoyl SM (SMC18:0), arachidoyloyl SM (SMC20:0), behenoyl SM (SMC22:0) and
lignoceroyl SM (SMC24:0). At room temperature, all SMs are in the gel-phase. The
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TMs from the gel-phase to the liquid-crystalline phase for different SMs are listed
in table 3.2. For some SMs, there are reported gel to gel-phase TMs which are also
listed. SMs occur in mammalian cells and are contributed to the lipid raft theory.
The lipid rafts are enriched in SMs and Chol. In model membranes, SMs are enriched
in the liquid ordered (lo) phase when the membrane undergoes phase separation into
the liquid disordered (ld) and lo phase.

Table 3.2.: The different sphingomyelins (SMs) have different transition temperatures
(TMs). Some literature reported pre-TMs which are also listed and separated with a comma.
The various TMs from varying literature are separated with a semicolon. The different SMs
are porcine brain sphingomyelin (SMporc), palmitoyl sphingomyelin (SMC16:0), stearoyl
sphingomyelin (SMC18:0), arachidoyl sphingomyelin (SMC20:0), behenoyl sphingomyelin
(SMC22:0), lignoceroyl sphingomyelin (SMC24:0) and nervonoyl sphingomyelin (SMC24:1).

SMs List of reported transition temperatures[◦C]
SMporc 35–40;[120] 35.7± 5.8[122]
SMC16:0 40.2± 2.6;[122] 39.6;[123] 27.5, 40.4;[124–126] 41;[127] 30, 41;[128] 40.5;[129]

41.3;[130] 40.5;[131] 37.5;[132] 30.9, 41.7;[133] 41.5[134,135]
SMC18:0 44.9± 0.4;[122] 43.7;[123] 45;[127] 52.8;[130] 44.7;[131] 44.5;[132] 33.9, 44.7;[133]

44;[134] 33.4, 44.1[125,126]
SMC20:0 46.5;[122,127] 32.4, 44.6[125,126]
SMC22:0 31.7, 45.8;[124–126] 18.4, 46.9;[127] 44.5[122,132]
SMC24:0 40.0, 46.7;[124–126] 40, 47.5;[122,127] 42, 47;[128] 42.6, 48.6;[130] 37.6, 45.7;[136]

34.9, 44.2;[137] 47.1;[131] 39.5, 46.2;[138] 35.5;[132] 46.1;[133]
SMC24:1 18.0, 22.3, 27.4;[123] 14, 16, 23;[128] 26.2;[131] 27.5;[122,132] 24.1[133]

3.1.2. Membrane fluorescent probes

To visualize the lipid bilayer under a microscope, different fluorescent probes were
used. The used ld phase marker are all coupled to DOPE or 1,2-dipalmitoyl-sn-
glycero-3-phosphatidylethanolamine (DPPE). Different light amplifications by stim-
ulated emission of radiation (lasers) were used to excite the fluorophores.

ATTO488-DOPE

ATTO488-1,2-dioleoyl-sn-glycero-3-phosphoethanolamin (ATTO488-DOPE) is a
lipid coupled membrane fluorophore (scheme 3.4). The marked lipid is DOPE and
the fluorophore is ATTO488. The excitation maximum is at the wavelength 500 nm
and the emission maximum at the wavelength 520 nm. The excitation with the laser
line 488 nm is possible. This fluorophore is an ld phase marker. In this work, the
fluorophore was used to visualized membranes and phase-separated membranes.
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Scheme 3.4.: The structure of ATTO488-1,2-dioleoyl-sn-glycero-3-phosphoethanolamin
(ATTO488-DOPE). The ATTO488 fluorophore is connected to a DOPE lipid.

TexasRed-DHPE

Scheme 3.5.: The structure of sulforhodamine-1,2-dihexanoyl-sn-glycero-3-
phosphoethanolamine (TexasRed-DHPE). The sulforhodamine fluorophore is connected to
a DPPE lipid.

A ld phase marker fluorophore is the sulforhodamine-1,2-dihexanoyl-sn-glycero-
3-phosphoethanolamine (TexasRed-DHPE).[139,140] The sulforhodamine is connected
to a DPPE lipid (scheme 3.5). This fluorophore was used to label membranes and
phase-separated membranes. The diffusion constant of this fluorophore was deter-
mined with fluorescence correlation spectroscopy (FCS) in freestanding pore-spanning
membranes (f-PSMs) composed of the DOPC membrane. The excitation maximum
and emission maximum are 595 nm and 615 nm. The fluorophore was excited with
the laser wavelength 561 nm.

ATTO655-DOPE

ATTO655-1,2-dioleoyl-sn-glycero-3-phosphoethanolamin (ATTO655-DOPE) is a
lipid-coupled membrane fluorophore (scheme 3.6). The lipid is DOPE and the flu-
orophore is ATTO4655. The excitation maximum is at the wavelength 663 nm and

14



3.1. Used materials

Scheme 3.6.: The structure of ATTO655-1,2-dioleoyl-sn-glycero-3-phosphoethanolamin
(ATTO655-DOPE). The ATTO655 fluorophore is connected to a DOPE lipid.

the emission maximum is at the wavelength 680 nm. The excitation with the laser
line 633 nm is suitable and this fluorophore is an ld phase marker. In this work the
fluorophore was used to visualized membranes and to measure the diffusion constant
with FCS in DOPC f-PSMs.

Dy731-DOPE

Scheme 3.7.: The structure of Dy731-PEG25-1,2-dioleoyl-sn-glycero-3-phosphoethanolam-
in (Dy731-DOPE). The Dy731 fluorophore is connected via 25 polyethylene glycol (PEG)
units to a DOPE lipid.

Dy731-PEG25-1,2-dioleoyl-sn-glycero-3-phosphoethanolamin (Dy731-DOPE) is a
lipid coupled fluorophore (scheme 3.7). The fluorophore (Dy731) was connected to
a DOPE with 25 polyethylene glycol (PEG) units in between. This was done in
the group of Prof. Dr. Daniel B. Werz. The excitation wavelength is 732 nm and
the fluorophore emits by 763 nm. The phase preference of this fluorophore is the
ld phase.[141] This fluorophore was used in the phase distribution measurements of
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globotriaosyl ceramide (Gb3). It is possible to excite Dy731-DOPE with the laser
wavelength 633 nm.

Naphthopyrene

Scheme 3.8.: The structure of naphtho[2,3-a]pyrene (naphthopyrene).

The fluorophore naphtho[2,3-a]pyrene (naphthopyrene) has an excitation maximum
at 459 nm and an emission maximum at 495 nm. The structure of naphthopyrene is
planar and has 24 π electrons (scheme 3.8). The phase preference of naphthopyrene
is the lo phase.[139,140] In this work naphthopyrene was used to measure the diffusion
constant with FCS in the lo phase in the f-PSM. The excitation laser wavelength
amounted to 458 nm.

BODIPY-Chol

Scheme 3.9.: The structure of 23-(dipyrrometheneboron difluoride)-24-norcholesterol
(BODIPY-Chol).

23-(dipyrrometheneboron difluoride)-24-norcholesterol (BODIPY-Chol) is a Chol
derivative (scheme 3.9). The fluorophore BODIPY is connected to the 23’-C-atom
of Chol. The BODIPY-Chol has the phase preference of Chol and is an lo phase
marker.[140,142] The emission maximum is at the wavelength 506 nm and the maximum
of the excitation wavelength is at 499 nm. BODIPY-Chol was stimulated with the
laser line 488 nm. The BODIPY-Chol was used to visualized the lo phase in PSMs
and the diffusion constant was measured in the lo phase with FCS in f-PSMs.

3.1.3. Globotriaosyl ceramide

Globotriaosyl ceramide (Gb3) is the receptor lipid of shiga toxin (STx). The recep-
tor structure motive is the trisaccharide α-D-galactose-(1→4)-β-D-galactose-(1→4)-
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Scheme 3.10.: The structure of globotriaosyl ceramide (Gb3) has a sphingosine motive
(green). The head group of Gb3 consists of a trisaccheride which is α-D-galactose-(1→4)-β-
D-galactose-(1→4)-β-D-glucose (blue). The hydroxyl/aldehyde group from glucose 1 binds
to the sphingosine 1 hydroxyl group via an acetal bond. The Gb3 can vary in the fatty acid
(red) which is connected via an amide bond to the 2 amine group of the sphingosine. The
shown Gb3 has a lignoceroyl fatty acid.

β-D-glucose (figure 3.10 blue). This is connected to a sphingosine skeleton with an
acetal bond (figure 3.10 green). The fatty acid which is connected via an amide bond
to the 2 amine of the sphingosine can vary in the Gb3 like the SMs (figure 3.10 red).
A porcine erythrocytes Gb3 (Gb3porc) was used. The fatty acid mixture in the Gb3porc
is composed of 21% palmitic, 4% stearic, 2% oleic, 14% behenic, 1% tricosylic, 19%
lignoceric, 11% nervonic, 4% α-hydroxylated behenic, 5% α-hydroxylated lignoceric
and 17% α-hydroxylated nervonic acids.

Fatty acid labeled Gb3s

Two different Gb3s species with a labeled fatty acid were used in this work. The
Gb3 phenyl-modified fatty acid (Gb3PH) and Gb3 thienothienyl-modified fatty acid
(Gb3TT) were synthesized by the group of Prof. Dr. Daniel B. Werz.[141] Both
structures have an aromatic ring system, phenyl and thienothienyl respectively. The
π electron systems are expanded with conjugated double bonds. Five conjugated
double-bonds in a trans configuration were synthesized at the phenyl ring to increase
the wavelength of the absorption and emission. The carbon-chain between the phenyl
group and the acid group has 25 carbon atoms. The thienothienyl π electron sys-
tem was expanded with three conjugated double-bonds in direction to the carbon
acid and to the other direction with one double bond. All double bonds have the
trans-configuration. There are 14 carbon atoms between the carbon acid and the
thienothienyl ring system. The excitation wavelengths for the Gb3PH and Gb3TT
are from 330 to 366 nm and 369 to 391 nm respectively. The emission maxima are at
434 nm and 440 nm respectively.
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Scheme 3.11.: Structures of the two different fatty acid labeled globotriaosyl ceramides
(Gb3s). The structure of globotriaosyl ceramid phenyl-modified fatty acid (Gb3PH) is
shown at the top, the structure of globotriaosyl ceramid thienothienyl-modified fatty acid
(Gb3TT) below. Both fatty acids have a conjugated π electron system in the ring structure
and conjugated double bonds with them.

head group labeled Gb3s

The head group labeled Gb3s were synthesized by the group of Prof. Dr. Daniel
B. Werz (figure 3.12).[143] The group synthesized eight different head group labeled
Gb3s. The fluorophore which is connected over a PEG linker to the 2’-hydroxylgroup
of the β galactose was in all cases BODIPY. The linker length (n) differs from 3 to 13
units. The carbon chain of the fatty acid (m) in each case has 24 carbon atoms, but it
differs in the saturation (Δ) meaning the saturated fatty acid (Δ=0, scheme 3.12 top
structure) and mono-unsaturated fatty acid (Δ=1, scheme 3.12 bottom structure).
The α position (X) from the fatty acid is hydroxylated (OH) or not (H). In total, all
head group labeled Gb3s are abbreviated to Gb3PEGnCm:ΔX.

3.1.4. B-subunit of shiga toxin

The shiga toxin (STx) has six subunits, the A-subunit of STx (STxA) and a pen-
tameteric structure of five B-subunits of STx (STxB). Only the STxB binds to the
Gb3 and therefore only the STxB was used in this study. The STxB samples A and
C were purified by the working group of Prof. Dr. Winfried Römer (BIOSS an Insti-
tute of Biology II, Albert-Ludwigs University Freiburg) in 2013 and 2005.[144,145] The
STxB sample B was purified by the working group of Prof. Dr. Daniel Huster (Insti-
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Scheme 3.12.: The structures of the head group labeled globotriaosyl ceramides (Gb3s).
The fluorophore BODIPY is connected via a PEG linker with n units (3,13) to the 2’
hydroxylgroup of the β galactose. The fatty acid (Cm:Δ) varies in the saturated (C24:0)
top structure and mono-unsaturated (C24:1) bottom structure. The α position of the fatty
acid (X) is hydroxylated (OH) or not hydroxylated (H). In total, there are eight different
combination which are shorten to Gb3PEGnCm:ΔX.

tute for Medical Physics and Biophysics, Leipzig University) in 2017.[146] The STxB
was stored at −80 ◦C and was used in a phosphate-buffered saline (PBS) buffer. The
molecular weight of STxB is 7.7 kDa and it has 69 amino acids. The protein sequence
is:
TPDCVTGKVEYTKYNDDDTFTVKVGDKELFTNRWNLQSLLLSAQITGMTV
TIKTNACHNGGGFSEVIFR.[50]

3.2. Preparative methods
The used buffers are PBS or Tris. PBS consisted of KCl (2.7mm), NaCl (136mm),

KH2PO4 (1.5mm) and Na2HPO4 (8.1mm) and had a pH of 7.4. Tris consisted of
Tris (20mm), NaCl (100mm) and CaCl2 (1mm) and had a pH of 7.4

3.2.1. Preparation of vesicles

For this work, vesicles of different lipid compositions at different temperatures were
prepared. Vesicles with DOPC and a fluorescent lipid were incubated at 30 ◦C for
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preparation of multi-lamellar vesicle (MLV) and incubated at room temperature for
the preparation of large unilamellar vesicles (LUVs) and giant unilamellar vesicles
(GUVs). The preparation temperature of phase-separated and lo phase vesicles was
55 ◦C for all vesicle preparations. The phase-separated vesicles composed of DOPC/
SM/Chol/Gb3/ fluorescent lipid and the lo phase vesicles composed of SM/Chol/
fluorescent lipid.

Multi-lamellar vesicles

Multi-lamellar vesicles (MLVs) were prepared from a lipid film. 0.2–0.4mg of the
lipid-mixture were dissolved in 200 µL chloroform methanol solution (2:1) in a glass
tube. The solvent was removed under a nitrogen stream with the preparation tem-
perature of the lipid-mixture. The rest of the solvent was removed under reduced
pressure at this temperature. The dry lipid film was stored at 4 ◦C for later use.
The lipid film was hydrated with 500µL of buffer and incubated for 20min at the

preparation temperature. After this time the film was vortexed for 30 s and incubated
for 5min at the preparation temperature. This procedure was repeated 3 times and
the MLVs were used for the preparation of small unilamellar vesicles (SUVs) and
LUVs.

Small unilamellar vesicles

Small unilamellar vesicles (SUVs) were prepared from MLVs with ultrasonic treat-
ment. The MLVs solution was filled in an Eppendorf Tube and was placed in the
ultra sonifier at 60% power for 30min. The SUVs were used within one day after
preparation.

Large unilamellar vesicles

Large unilamellar vesicles (LUVs) were prepared from MLVs by extrusion. The
extruders were cleaned before use with 2 times ethanol, 2 times water and 2 times
buffer. The diameter of the LUVs was given by the pore diameter of the membrane
which was placed in the middle of the extrusion system. The MLV solution with
the lipid mixture DOPC and fluorescent lipid was loaded into a hamilton syringe
and pressed 31 times through the porous membrane. The LUV preparation, for the
phase-separated and lo phase lipid-mixtures, was carried out in a heating chamber at
55 ◦C. The extruder was heated up for 10min, before the MLV solution was filled in.
The solution was warmed up to 55 ◦C in the heating chamber for 10min and pressed
11 times through the membrane. The warm up and extrusion process was repeated
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3 times. After the extrusion, the LUV solution was filled in an Eppendorf Tube and
used within one day after preparation.

Giant unilamellar vesicles

Giant unilamellar vesicles (GUVs) were prepared via electroformation. In this
method, the lipid-mixture (0.1mg in chlorophorm and methanol) was spread onto
Indium Tin Oxide coated slides (ITO-slides) at the preparation temperature. The
solvent was removed under reduced pressure at this temperature for 3 to 18 h. The
ITO-slides were put together with a silicon ring in the middle so that a chamber
of 1.5mL was build and later filled up with a succrose solution (298mOsmol). The
GUVs were prepared by using a sinewave voltage (12Hz, 1.6Vpp), either 2.5 h or
overnight, at the preparation temperature. The GUV solution was stored in dark
Eppendorf Tubes up to three days at room temperature before being used.

3.2.2. Functionalization of porous substrates

For all experiments, porous substrates were obtained and used from Aquamarijn
Micro Filtration BV (Zutphen, Netherlands) with pore diameters of 1.2, 2.0, 3.0 and
5.0 µm. The top layer of the substrates was made out of Si3N4 and had a thickness
of 500 nm. The support structure was composed of Si with a thickness of 900 µm.

Mercaptoalcohol on gold

The porous substrates from Aquamarijn were cleaned with an argon-plasma. A thin
titanium layer was sputter-coated on top of the substrates (40mA, 60 s, 0.1mbar).
The titan is needed so that the gold stuck on the surface via an orthogonal evapo-
ration process (30 to 40 nm, 3× 10−6 to 6× 10−6mbar, 0.2 to 0.4 nm s−1). The gold
evaporated substrates were stored from 2h up to several days in a 1mm mercapto-
alcohol n-propanol solution. The used mercaptoalcohols were 2-mercapto-1-ethanol
(2ME), 6-mercapto-1-hexanol (6MH), 8-mercapto-1-octanol (8MO), 11-mercapto-1-
undecanol (11MUD) and 16-mercapto-1-hexadecanol (16MHD).

Plasma cleaned silicon nitride

The porous substrates were cleaned by using argon-plasma and then hydrophilised
by means of oxygen plasma. On the substrates, a gold layer was orthogonally evap-
orated (30 to 40 nm, 3× 10−6 to 6× 10−6mbar, 0.2 to 0.4 nm s−1). The orthogonal
evaporated gold substrates were incubated in a 0.5% 3-aminopropyltrimethoxysilane
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methanol solution for 2min to silanize the inner pore walls. After this the substrate
was rinsed with ethanol and incubated with a solution of methoxy PEG succinimidyl
carbonate (20mg) in 1.5mL ethanol for 5min, the substrate were rinsed again with
ethanol, dried under a nitrogen stream and stored in a petri dish. Before using the
substrates for the preparation of PSMs, the gold layer was removed with an adhesive
tape.[147]

Silicon oxide

The porous substrates were cleaned with ethanol and dried under a nitrogen stream.
The cleaned substrates were orthogonally evaporated with silicon monooxide (30 to
40 nm, 3× 10−6 to 6× 10−6mbar, 0.2 to 0.4 nm s−1). After evaporation, the sub-
strates were incubate for 1 h in water at 55 ◦C before usage.[148]

3.2.3. Preparation of pore-spanning membranes

The functionalized substrates were rinsed with ethanol, water and PBS. The wet
substrates were placed into the measuring chamber. For temperature-controlled mea-
surements, the chamber was made of copper and the substrate laid in a suitable gap.
The chamber for the FCS measurement was made of steel and the substrate was fixed
with a metal plate that was itself fixed on the side with a screw. The substrate in the
interferometric scattering microscopy (iSCAT) measurements was prepared in a petri
dish. The rest of the measurements were made in a petri dish and the substrate was
fixed with adhesive tape. The chamber was filled up with PBS. It was heated up to
55 ◦C for the temperature-controlled measurements, in the other case the preparation
took place at room temperature. 60–100 µL prepared GUV solution was sedimented
through a 5mL pipette tip filled with buffer over the substrate for 2min. After wait-
ing of 3–15min, the PSMs were ready and the chamber was rinsed with buffer to
remove the non-spreaded GUVs. For the iSCAT measurements, the prepared PSMs
were incubated with gold nano particle (GNP), diameter of 20 or 40 nm for 30min.
The prepared substrates for the iSCAT measurements were transferred into the PBS
filled iSCAT measurement chamber which had two gold stripes with a thickness of
200 nm. The substrates were also flipped for these measurements and set on top of
the gold stripes. A 200 nm water layer was then between the membrane and the
bottom of the iSCAT measurement chamber.[147]
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3.3. Biophysical methods

3.3.1. Fluorescence microscopy

A fluorescence microscope is a normal microscope only that the excitation light is
not detected. A fluorophore absorb the excitation light and emitted light with higher
wavelength which is explained by the Stokes shift. The emitted light is collected
and filtered to be sure that no reflective light will be measured by the fluorescence
microscope.

The wavelength of the excitation light can be adjusted by an optical filter and
a white light source (mercury vapour lamp) or a light source which has a smaller
wavelength spectrum, such as light-emitting diodes (LEDs) or lasers. The filtered
excitation light was focused with an objective into the sample. The fluorophore
absorb the light and emitted light with higher wavelength which was collected by the
same objective and detected by a camera, photodiode or photomultiplier.

Confocal laser scanning microscope

A confocal laser scanning microscope (CLSM) works with lasers as excitation light
source. The laser is scanned over the probe with two movable mirrors, pointwise
excitation. The emitted light passes a pinhole to set the confocality of the system
and is detected with a photomultiplier tube. In this work three different CLSMs were
used. The CLSM from OLYMPUS was used for the fatty acid Gb3 phase distribution
study and the phase separation on PSMs study. Two different CLSMs from ZEISS
(LSM 710, LSM 880) were used for the head group labeled Gb3 phase distribution
study. The LSM 880 was also used for the FCS measurements.

Fluorescence correlation spectroscopy

To measure fluorescence correlation spectroscopy (FCS), a CLSM can be used.
Only one point spread function (PSF) is measured over the time. The PSF intensity
(I(x, y, z)) is an ellipsoid with the short half axis ω1 in x- and y-directions and ω2 in
the z-direction as long half axis

I(x, y, z) = I0 exp
(
−2(x2 + y2)

ω2
1

− 2z2

ω2
2

)
. (3.1)
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Theory

The intensity (I(t)) at time (t) of the PSF is compared to the intensity (I(t+ τ))
with the lag time (τ). The auto-correlation (G(τ)) is calculated on the two different
intensities by changing the lag time.[149]

G(τ) = 〈I(t+ τ) · I(t)〉
〈I(t+ τ)〉 · 〈I(t)〉 (3.2)

The mean intensities (〈I()〉) of the two different intensity time traces are the same:

〈I(t+ τ)〉 = 〈I(t)〉. (3.3)

With this, the auto-correlation function is reduced to:

G(τ) = 〈I(t+ τ) · I(t)〉
〈I(t)〉2 . (3.4)

The FCS curves are calculated by the intensity fluctuations (δI(t)) and not by the
absolute intensity. The fluctuation is calculated by the difference of the mean intensity
from the intensity time trace.

δI(t) = I(t)− 〈I(t)〉 (3.5)

The intensity fluctuation in the auto-correlation results in

G(τ) = 〈(〈I(t)〉+ δI(t+ τ)) · (〈I(t)〉+ δI(t))〉
〈I(t)〉2 , (3.6)

and the factorizing of this resulted function gives

G(τ) = 〈〈I(t)〉〈I(t)〉+ 〈I(t)〉 · 〈δI(t+ τ)〉+ 〈I(t)〉 · 〈δI(t)〉+ δI(t+ τ) · δI(t)〉
〈I(t)〉2 .

(3.7)

The equation 3.7 is reduced by the fact that the mean values of the fluctuation are
zero.

G(τ) = 1 + 〈δI(t+ τ) · δI(t)〉
〈I(t)〉2 (3.8)

The 3D-diffusion auto-correlation function is generated from the intensity profile
of the PSF (equation 3.1) and by the assumption that the intensity fluctuation is
only affected by the diffusion of particles. The 3D-diffusion auto-correlation function
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is

G(τ) = 1 + γ

N

(
1

1 + τ/τd

)(
1

1 + (ω1/ω2)2 (τ/τd)

)0.5

, (3.9)

with γ as a correction factor for the intensity profile in the focus[150] and the fit to a
measured auto-correlation function resulted in the diffusion time (τd).[149,151,152]

The diffusion from lipids in membranes takes only place in 2D and not 3D, so
the 3D auto-correlation is reduced by reducing the PSF from an ellipsoid to a plane
orthogonal to the optical axis.[150]

G(τ) = 1 + γ

N

(
1

1 + τ/τd

)
. (3.10)

The diffusion constant (D) of the lipids is calculated from the 2D-diffusion time
(τd) with

τd = ω2
1

4D. (3.11)

This equation is only correct if the PSF is known and if the membrane is in the
mid-plane of the PSF. Then the short half axis of the PSF (ω1) is equal to the radius
of the cylinder. To overcome this specification, Z-scan FCS can be performed. Z-scan
FCS uses the fact that the diffusion time depends quadraticaly on the Z-position of
the PSF.[150]

τd(∆z) = ω2
1

4D

(
1 + λ2

0∆z2

π2n2ω4
1

)
(3.12)

The diffusion constant (D) and the short half axis of the PSF (ω1) can now be
calculated from a quadratic fit of the different calculated diffusion times (τd) at dif-
ferent Z-positions (∆z = z − z0). z0 is equal to the minimum of the fitting curve.
The laser wavelength (λ0) and the reflective index of the solution (n) is set up.[150]

The short half axis of the PSF (ω1) can also be controlled by the numbers of diffusion
particles in dependency of the Z-position with the averaged concentration of diffusion
fluorescent molecules (c).

N(∆z) = πcω2
1

(
1 + λ2

0∆z2

π2n2ω4
1

)
(3.13)

The measurement and calculation of the diffusion coefficient with FCS

The auto-correlation function at different Z-positions are measured and the equa-
tion 3.12 can be fit with different diffusion times and different Z-positions.
The use of an upright fluorescence microscope has the disadvantage that the me-

chanical focus drift cannot be corrected by a stabilized focus which measures the
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reflection beam of a second laser at the cover slide. The mechanical focus drift must
be inhibited. This was done by using a metal measurement chamber.
To increase the reliability of the measurement, the auto-correlation was measured

five times for 2min at each Z-position. The fit of the 2D auto-correlation function
(equation 3.10) is weighted with the errors of the lag time (σ(τ))

σ(τ) =

√√√√√ 1
L(L− 1)

L∑
l=1

(
Gl(τ)−Gl(∞)
Gl(0)−Gl(∞) −

1
L

L∑
l=1

Gl(τ)−Gl(∞)
Gl(0)−Gl(∞)

)2

. (3.14)

L describes the number of measurements at the same position with the index (l).
Gl(∞) and Gl(0) are estimated by averaging of long and short delay times respec-
tively.[150] This calculated error is used to get a precisely fitted 2D-diffusion auto-
correlation with the χ2 method[153]

χ2
Autocorrelation =

∑
i

(
G(τi)−G(τi)

σ(τi)

)2

. (3.15)

The χ2 evaluation is also used for the Z-scan FCS fit (equation 3.12) with the error
of the auto-correlations fit (χ2

Autocorrelation) at the different Z-positions (∆z).

χ2
Z-scan FCS =

∑
i

(
τd(∆zi)− τd(∆zi)
χ2
Autocorrelation(∆zi)

)2

(3.16)

The diffusion constant (D) is calculated from the Z-scan FCS fit (equation 3.12).

3.3.2. Interferometric scattering microscopy

Interferometric scattering microscopy (iSCAT) was used to determine the diffu-
sion constants from the f-PSM and solid supported PSM (s-PSM) on the 6MH
on gold (6MH-Au) and plasma cleaned silicon nitride (p-Si3N4) functionalized sub-
strates. The measurements were performed by Dr. Susann Spindler in the group
of Prof. Dr. Vahid Sandoghdar (Max Planck Institute for the Science of Light,
Erlangen). The analyzed lipids (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
cap-biotinyl (cb-DOPE)) were labeled with GNPs. The lipid GNP connection was
over a biotin streptavidin binding. Light was reflected not only by the GNP but also
from the cover slide and the porous substrate. The reflected light from the GNP
interferes with the reflected light from the substrate or cover slip. The light intensity
was measured with a camera. The position of the GNP was shown by a 2D-Gausion
curve in the light intensity images. This was fitted and the position of the GNPs were
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connected to a trajectory. The diffusion constant was calculated with the covariance-
based estimation (CVE), this had the advantage that the fitting errors of the GNP
position were considered.[154]

Preparation of the iSCAT measurement

The PSMs were prepared as previous described (section 3.2.3), with PBS in a petri
dish. The prepared PSMs were incubated with the 20 or 40 nm GNPs for 30min.
Then the substrate was transferred to the measured chamber, filled with PBS. This
camber had two gold spacers with a thickness of ∼200 nm. The flipped substrate were
placed, so that between the membrane and the cover slide a buffer film of 200 nm were.
Thus substrates were measured at a home build inverse microscope in Erlangen.[147]

The membrane patch were found with the microscope and the ATTO532-1,2-dioleoyl-
sn-glycero-3-phosphoethanolamin (ATTO532-DOPE) fluorophore. The length of one
video was 5 s by a frame rate of 1 kHz.

3.3.3. Atomic force microscopy

An atomic force microscopy (AFM) uses a cantilever to detect height differences
in the nm regime or forces in the pN regime. A cantilever can be described with
Hooke’s law

F = k∆x. (3.17)

The measured force (F ) is proportional to the cantilever stiffness (k) and the deflec-
tion of the cantilever (x).[149] The deflection of the cantilever is in the sub nm regime.
The accuracy of the small deflections from the cantilever is achieved by reflecting a
laser beam from the backside of the cantilever onto a 4-quadrant diode.
AFM can be used for surface topography images or force measurements. The quan-

titative imaging (QI) mode was used in this work to measure a surface topography
from the PSMs. The principle of this mode is to measure a force distance curve up
to the maximum force setting and than retract the cantilever to a set distance length
at each pixel. The advantage of this mode is that shear forces which can be set to
scanning the probe are minimized, because the cantilever indents the probe only from
the top and not from the side.

Measurement of membrane tension

The membrane tension of PSMs was measured by AFM. PSMs were prepared,
as previously described (section 3.2.3), with PBS in a petri dish and fixed with an
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adhesive tape. The center of the microscope images and the center of the topographic
images were aligned by using a home-build calibration cross. A membrane patch was
found with the fluorescence microscope and a QI topography image was taken with
the AFM of the patch. f-PSMs were identified in the QI images. At the center of the
f-PSMs, new force indentation curves were taken, to calculate the membrane tension.
The membrane tension of the f-PSM was extracted from the force indentation

curves by fitting
F = 2πRσz

u′(R)√
1 + u′(R)2

. (3.18)

The measured force F depends on the radius of the f-PSM (R). The membrane
surface geometry (u(R)) is calculated from the indentation depth (z). The membrane
tension (σ) is extracted from

σz = σ +KA
∆A
A0

. (3.19)

The increased membrane area (∆A/A0) multiplied with the area compressibility mod-
ulus (KA) affected the σ upon the indentation. This fitting neglects the bending of
the membrane, because the pore radius is greater than the membrane thickness by a
factor of >100.[155]

3.3.4. Surface plasmon resonance

Surface plasmon resonance (SPR) is used in many applications in order to analyze
molecular interactions. In this work, the dissociation constant (K d) of STxB Gb3
was measured with SPR. To measure the binding, the receptor molecule (Gb3) is
fixed to a sensor surface. The binding partner (STxB) is rinsed over the surface. The
change of refractive index near the surface is time-dependently detected and reflects
the binding of STxB to Gb3.
The refractive index near the surface is detected via the surface plasmon resonance

frequencies. The surface plasmon are stimulated by a total reflected laser beam in
a certain angle to the optical axis. By changing the angle of the laser beam the
intensity of the surface plasmon changes and the reflective light of the laser varied.
At the specific angle which represents the surface plasmon resonance frequencies the
reflective light is at a minimum. The change of the reflective index near the surface
changes the surface plasmon resonance frequencies, which changes the angle of the
minimum from the reflected laser light. This change in the angle was measured time
dependent.[149]
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The SPR experiment

40 nm gold coated SPR chips were incubated in a 1mm octanthiol solution over
night to generate a hydrophobic self-assembled monolayer (SAM). A SPR chip was
set up into the system and the measurement chambers were rinsed with buffer. The
system had two different channels, the analytic and control channel. To avoid sys-
tematical errors like temperature fluctuation, the reflective units from both channels
were measured and subtracted ∆RU , fist correction.

SUVs with the lipid composition DOPC/Gb3porc (95:5) were rinsed only over the
analytic channel for 30min. The reflective index changed by spreading the SUVs on
the functionalized SPR chips which is seen by the increase of the ∆RU in figure 3.1 A
starting at the injection 1. The control SUVs composed of DOPC were rinsed over-
both channels, the analytic channel and the control channel, for 30min. The possible
spreading of the SUVs is seen by a decrease of the ∆RU , because the reflective index
of the control channel changes due to the fact that the vesicles spread to the sur-
face (figure 3.1 A, 2). To remove multi lamellar membrane stacks, a 50mm NaOH
solution was rinsed over both channels five times for 2min (figure 3.1 A, 3-7). After
removing the multi lamellar membrane stacks, the surface of the SPR chip is full of
a membrane monolayer. In the analytic channel, the receptor lipid was incorporated
into the membrane on the surface. In the control channel, a DOPC membrane was
spread on the surface.

Figure 3.1.: A complete surface plasmon resonance (SPR) measurement with the different
injection (1-7 and P0-6). The reflective index of the analytic channel was corrected by the
control channel (∆RU) and plotted again the time. The complete measurement is shown
in A) with the insertion of the analytic vesicles (1), the control vesicles (2) and five steps
of rinsing with NaOH (3-7). The addition of different protein concentration (P0-6) starting
with a control, adding only buffer (P0). In B, a zoom into the protein addition is shown
and the cumulative analysis is illustrated by the horizontal black line and the magenta lines
in the different protein additions, the differences are the measured values.
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The measurement starts with a control, only buffer was rinsed over the prepared
membrane with the same settings as protein injection, to see the influence of the
injection (figure 3.1, P0). Different protein concentrations were rinsed afterwards
over the membrane, starting with the lowest one (figure 3.1, P1-P6).
The analysis of the dissociation constant can be done with the second correction

method. The buffer injection will be substracted from each protein injection and
plotted together. For this analysis, it must be clear that the protein will fully take off
from the surface, but this is not the case for STxB Gb3 binding. To overcome the not
100% take off of the protein, the SPR time trace was cumulatively analyzed. The
values before the first protein injection were the reference ∆RU (figure 3.1 B, black
broken line). The difference from the reference ∆RU to the ∆RU at the end of each
protein measurement (figure 3.1 B, cyan line in P1-P6) is the reflecticity change and
can be fitted with the protein concentrations to a Langmuir adsorption isotherm

Rrel = Rrel,maxc(STxB)
K d + c(STxB) (3.20)

in order to calculate the dissociation constant (K d). To compare different measure-
ments, the relative reflectivity change was calculated by normalizing to a protein
concentration of 300 nm, Rrel = 1.

3.4. Data evaluation

3.4.1. Phase distribution in GUVs

In this work, the phase preference of fluorescently labeled Gb3s was measured and
analyzed (results in chapter 4.2.2 and 4.2.3). Phase-separated GUVs were prepared
as described in chapter 3.2.1. 60–100µL of prepared GUV solution was sedimented
through a 5mL pipette tip filled with PBS into a bovine serum albumin (BSA)
passivated petri dish for 2min. Afterwards, GUVs were measured with the CLSM. A
Z-stack was measured from the GUVs and two fluorophores are recorded in separated
channels. One channel represents the fluorescence intensity of the labeled Gb3s and
the second channel shows the fluorescence intensity of the ld phase marker (Dy731-
DOPE).[141]

The analysis of the labeled Gb3 distribution in phase-separated GUVs was done
with a custom written Matlab script. The measured Z-stacks were measured at
different CLSMs with different data structures. These data structures were aligned
so that there was no need to rewrite the Matlab script for the different CLSMs.
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Figure 3.2.: Confocal images of a phase-separated GUV composed of DOPC/SMporc/
Chol/Gb3PEG13C24:0H/Dy731-DOPE (39:39:20:1:1). A) Dy731-DOPE fluorescence (red);
B) Gb3PEG13C24:0H fluorescence (green). The yellow lines indicate where the fluorescence
intensity profiles (bottom images) have been obtained. From the intensity profiles, liquid
ordered phase distribution (%lo) = 0.682 was calculated for Gb3PEG13C24:0H. C) Histogram
and corresponding violin plot obtained from 60 GUVs with 2525 individual analyzed profile
lines with the composition as in A. The red solid line indicates the median value, the red
star the mean value. Scale bar 10 µm.

To achieve an unbiased data evaluation, the profile lines of each GUV slide from
the GUV stacks was set manually only in the phase marker channel (Dy731-DOPE,
figure 3.2 A) Every profile line crosses the GUV twice. One time in the lo phase and
the second time in the ld phase, and it crosses the center of the GUV to overcome
polarization effects (figure 3.2, yellow line). These profile lines were analyzed in both
channels of the same GUV slide (figure 3.2 A and B). The intensity (I(d)) of the
profile line was fitted against the position (d) of the profile line with a two-peak
Gaussian fit, each peak for one membrane crossing.

I(d) = a1exp

(d− b1

c

)2
+ a2exp

(d− b2

c

)2
+ e (3.21)

The fit parameter a1, a2 describes the amplitude or maximum intensity of the peaks,
b1, b2 the position of the peaks, c the peak width which is equal for both peaks, because
the membrane thickness around the GUV is the same. e describes the background
intensity. The peak with the maximum intensity from the Dy731-DOPE profile rep-
resents the ld phase peak. This was used to select the phases in the analyzed labeled
Gb3 intensity profile in order to calculate the lo phase distribution (%lo). The ratio
between I(lo) and the total intensity of both phases allows the determination of the
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proportion of labeled Gb3.
%lo = I(lo)

I(lo) + I(ld) (3.22)

This analysis was done for several GUVs. The preparation was also done on dif-
ferent preparation days. To see the distribution of the %lo, the data was plotted
in a histogram and for a better comparison it was also plotted as a violin plot (fig-
ure 3.2 C).
For the statistical analysis of the labeled Gb3s (chapter A.7), a linear mixed-effects

model (LMM) was fitted to the whole %lo data

%lo = Xβ + Zu+ ε, (3.23)

in order to evaluate the effects of the different chemical properties of the labeled
Gb3s. The effects of the measured %lo of a phase-separated GUV are listed in the
vectors of fixed effects β and the random effects u. The fixed effects describe the
effect of the different chemical properties from the labeled Gb3 such as the different
fatty acids, to the %lo. The random effects describe systematic distributions such as
the influence of the GUVs population from each day to the %lo or the distribution of
the %lo in one GUV. The description to which group the measured data belongs is
listed in the coefficient matrix of the fixed effect X and random effect Z. At least, a
vector of random error (ε) was added.
Equation 3.23 was solved with the maximum likelihood estimation which optimizes

the equation in the way that the different random effects as well as the random error
are normally distributed with a mean value of zero. The results and the different
LMM equations are summarized in chapter A.7.

3.4.2. Phase separation on PSMs

In this thesis, phase separation of PSMs was measured and analyzed in dependence
of temperature and lipid mixture. The results of this study can be seen in chapter 5.2.
The lipid mixture varied in the Chol content from 0 to 50mol% in a DOPC/SM
1:1 matrix. The measurement was performed with a CLSM within a temperature-
control chamber.[156] The prepared PSMs (chapter 3.2.3) on top of a silicon oxide
(SiOx) functionalized substrate were heated and cooled between 25 and 55 ◦C. One
measurement series was done on one membrane patch, either heated or cooled. The
series consists of several images taken at certain temperatures. Different series were
measured on one substrate with the same Chol concentration in the GUV solution.
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The taken images are composed of two different channels. The channels display
the intensity of the phase markers BODIPY-Chol and TexasRed-DHPE. There are
two possibilities of phase separations located in the PSM within the measured phase
diagram (figure 3.3). Firstly, the PSM phase-separated into the gel like (lβ)/ld phase
at low temperature and, at high temperature, it is homogeneous in the ld phase.
Secondly, at low temperature, the phase separation is between the lo/ld phase. The
phase separation was analyzed by eye for each series, comparing the images with the
illustration in figure 3.3.

Figure 3.3.: The two different phase separations are illustrated with the different
intensities of the two different fluorophores sulforhodamine-1,2-dihexanoyl-sn-glycero-3-
phosphoethanolamine (TexasRed-DHPE) (red, upper line) and 23-(dipyrrometheneboron
difluoride)-24-norcholesterol (BODIPY-Chol) (green, bottom lines) in the pore-spanning
membranes (PSMs). The membrane is phase separated at temperature lower than the
transition temperature (TM) in the gel like (lβ)/liquid disordered (ld) or liquid ordered
(lo)/ld phase separation. At higher temperature than the TM the PSM is homogeneous in
the ld phase.

In the measurements and the illustration, the channel of TexasRed-DHPE is not
influenced by the type of phase separation. It represents the ld phase, which is at
lower temperature as the transition temperature (TM) always in the s-PSM and at
higher temperature homogeneously distributed in the PSM. Therefore, this channel
was used to identify the TM of each series.
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In the first step, each fluorescence micrograph from all the temperature series
and lipid compositions was separately analyzed to extract the intensity ratio of the
f-PSM to the s-PSM. This was done with a custom designed Matlab-script. The
analysis of the image sequence was performed in random order to avoid systematical
errors from the user. The fluorescently micrograph analysis is schematically shown
in scheme 3.13.

The two channels of the fluorescence micrograph show the fluorescence intensity
of BODIPY-Chol and TexasRed-DHPE (scheme 3.13). To divide the fluorescence
micrograph into the pore and rim regions, the channels were merged and smoothed
with a median filter. The pore localization in the merged fluorescence micrograph was
automated. Pores were not always identified as a circular object. Unidentified pores
were extrapolated with the conditions of hexagonal pore orientation and equidistant
spacing between the pores (scheme 3.13). As a control of the algorithm, the result was
checked by visual judgment. If the calculated pore mask did not fit into the merged
image (bad alignment), some pore centers had to be set manually, while the rest were
extrapolated (scheme 3.13). The well aligned pore mask was used to separate the
regions of the pores and the rim. The membrane areas (f-PSM and s-PSM) in both
regions were found by threshold analysis. For that, an intensity histogram of the pore
region or the rim region was created in order to have a decision guide for the threshold
setting. Each pixel with an intensity above the threshold belongs to the membrane
area, whereas each pixel with an intensity below the threshold belongs to the non
membrane region, the so-called background. The generation of the f-PSM mask was
shape constrained, because pores can only be completely spanned by membrane or
not. This condition was realized with a filling parameter. If the amount of pixels
which were higher than the threshold was greater than the filling parameter, the
whole pore was included in the f-PSM mask, and if not the whole pore was included
in the background mask. The mean intensity (I) of the TexasRed-DHPE channel was
read out for the different areas by using these masks (f-PSM, Background, s-PSM).
Afterwards, the intensity ratio

If-PSM
Is-PSM

= If-PSM − IBackground
Is-PSM − IBackground

. (3.24)

was calculated from the mean intensities of the TexasRed-DHPE channel.

The calculated intensity ratio of one series were plotted against the temperature
(T ) from the measured temperature ramp (figure 3.14). The TM is the tuning point
of a sigmoidal curve,[104] which was fit with
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Scheme 3.13.: The process chart for the image intensity calculation. The two channels
of the fluorescence image were merged to calculate the pore mask. The pore and rim
regions were extracted and separately analyzed to get the masks of the membrane areas
(freestanding pore-spanning membrane (f-PSM), solid supported pore-spanning membrane
(s-PSM)). The non membrane areas were collected and assigned to the background. These
masks were utilized to gain the mean fluorescent intensities of the specific regions from the
TexasRed-DHPE fluorescence image (If-PSM, IBackground and Is-PSM).
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If-PSM
Is-PSM

(T ) = Iend + Istart − Iend
1 + exp

(
T−TM

dT

) . (3.25)

The width of the transition (dT ) describes the transition temperature range. The
intensity ratio at low temperature is described through Istart and the intensity ratio
at high temperature is Iend.

Scheme 3.14.: A schematically illustration of how to get the transition temperature
(TM) of a temperature series form pore-spanning membranes (PSMs). The intensity ratio
If-PSM/Is-PSM is plotted against the temperature. The turning point is the TM. The intensity
ratio of the PSMs at three temperatures is illustrated above as fluorescence micrograph.

The measured TM values of all samples with equal Chol concentration were aver-
aged and plotted against the Chol concentration, as phase diagram.
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4. Labeled globotriaosyl ceramides
(Gb3s) and their phase behavior in
phase-separated membranes

In this thesis, the phase preference of the receptor lipid globotriaosyl ceramide
(Gb3) was analyzed before shiga toxin (STx) binding. This aspect was investigated
using phase-separated giant unilamellar vesicles (GUVs) and fluorescently labeled
Gb3s. The B-subunit of STx (STxB) binds the natural Gb3 in the liquid ordered (lo)
phase of phase-separated membranes.[54] Furthermore, the STxB binding preference
was tested for the fluorescently labeled Gb3s. Gb3s in cell membranes differ in fatty
acid length, saturation and α-hydroxylation. Different fatty acids were analyzed to
observe the influence of the fatty acids on the phase preference of the Gb3s and the
binding preferences of STxB.
At first, different STxBs samples were analyzed with respect to the binding prop-

erties to Gb3. Afterwards, the phase preference of the different fluorescently labeled
Gb3s was investigated. Fluorescent properties of each fluorophore were measured
with the fluorimeter. Then the phase behavior of the different labeled Gb3s was an-
alyzed, starting with the fatty acid labeled Gb3s and ending with the study of the
head group labeled Gb3s.

4.1. Binding studies of STxB to its receptor lipid Gb3
Three different STxB samples1 were available to analyze the phase preference of

Gb3 after STxB binding. The STxB binding to Gb3 and their purity was analyzed.
The data from the STxB sample B were published in: Bosse M., Sibold J., Scheidt
H. A., Patalag L. J., Kettelhoit K., Ries A., Werz D. B., Steinem C. & Huster D.
Shiga Toxin Binding Alters Lipid Packing and Domain Structure of Gb3-Containing

1The STxB samples A and C were purified by the group of Prof. Dr. Winfried Römer and B by
the group of Prof. Dr. Daniel Huster (chapter 3.1.4)
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Membranes: A Solid-State NMR Study. Phys. Chem. Chem. Phys. 21, 15630–
15638 (2019).
The purity of three different STxB samples was analyzed with a 16% Schägger

gel using two protein marker rows (Marker 1 ultra low range marker and Marker 2
PageRuler™ ) and three different STxB preparations (figure 4.1). Both markers
showed an exponential correlation from the molecular weight to the migration dis-
tance (seen as line, because the molecular weight is logarithmic plotted).

Figure 4.1.: A 16% Schägger gel with the three different B-subunits of shiga toxin (STxB)
samples (A, B and C). To clarify the mass of the STxB two different protein markers were
used: Marker 1 ultra low range marker and Marker 2 PageRuler™. In red the protein
bands of STxB are highlighted and in green the cluster of STxB. Beside the gel, the relative
migration distances of the protein markers (Marker 1 black and Marker 2 grey) were plotted
against the protein weights, showed in a logarithm scale. The two protein bands are also
incorporated into the plot and the molecular weight of STxB (red dot) and the doubled
weight (green dot) are marked.

The 16% Schägger gel shows that the protein bands with the highest intensities in
all three samples (A, B and C) is marked in red (figure 4.1). The migration distance
was plotted as red line and the calculated molecular weight of STxB (7.7 kDa)[50] as
red dot in the relative distance weight plot (figure 4.1). The molecular weight of
STxB and the migration distance were in good agreement to the protein markers.
These bands were assigned to STxB. In all three STxB samples, a second protein
band was visible marked in green (figure 4.1). The migration distance was plotted
as a green line in the distance weight plot. The molecular weight of the STxB dimer
(15.4 kDa) was plotted as a green dot, which seemed to be in good agreement with
the protein markers. However, the green marked bands were referred as STxB dimer.
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4.1. Binding studies of STxB to its receptor lipid Gb3

The different protein samples showed distinct amounts of impurities. The isolation
A revealed one additional band with a molecular weight higher than 70 kDa. The
STxB purification B showed several weak protein bands greater than 10 kDa being
presumably impurities. STxB isolation (C) has seven weak bands between 18 and
70 kDa.
The STxB binding to Gb3 was studied with adsorption isotherm measurements,

performed by surface plasmon resonance (SPR) spectroscopy. A lipid monolayer
composed of DOPC/porcine erythrocytes Gb3 (Gb3porc) (95:5) was spread on a hy-
drophobic (octan-1-thiol on gold (OT-Au)) functionalized SPR chip and the binding
of different STxB concentrations were measured (R, detailed experiment set up in
chapter 3.3.4). The data was normalized according to 300 nm STxB (Rreal) to allow
a comparison of different experiments. The dissociation constant (K d) is extracted
by fitting the Langmuir adsorption isotherm

Rreal = Rreal max · c(STxB)
c(STxB) + Kd

(4.1)

to the data (figure 4.2). The concentration of STxB (c(STxB)) is the monomer
concentration. The K d values for the different STxB samples are listed in (table 4.1).
The K d values range from 13 to 35 nm (figure 4.2, table 4.1) which reflects a high

binding affinity for all three STxB samples. In figure 4.2 D, the fits of all three STxB
samples are compared. The STxB sample B has the highest affinity to the receptor
lipid which is represented in the lowest K d value of 12.9± 3.2 nm. The STxB sample
A and C have K d values of 17.4± 2.5 and 34.7± 5.6 nm respectively. The binding
affinity of the STxB samples A and B are comparable. The sample C showed a two
times lower binding affinity to Gb3.

Table 4.1.: Dissociation constants (Kd) for the different STxB samples. The errors are the
standard deviation calculated from the fit. The number of repeated adsorption isotherms
are also listed.

STxB sample K d [nm] number of scans
A 17.4± 2.5 4
B 12.9± 3.2 2
C 34.7± 5.6 3

K d values for the STxB binding to cells are typically in the nm regime.[52,157–159]

Schütte et al. measured STxB Gb3s binding affinities with a similar system using
defined Gb3-species with different fatty acids in contrast to Gb3 mixture (Gb3porc)
used in the experiments presented here. Their K d values were in the range of 40 to
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Figure 4.2.: Adsorption isotherm of three different B-subunit of shiga toxin (STxB) sam-
ples (A, B and C) bound to membranes composed of DOPC/Gb3porc (95:5). Langmuir
adsorption isotherm (solid line) were fitted to the data and the dissociation constant is
summarized in table 4.1. The fitted Langmuir adsorption isotherms are compared in D.

70 nm.[160] In an other binding study, performed by Head et al., the binding of STxB
to Gb3 in microtiter wells was measured.
All three STxB samples show high binding affinities to Gb3, comparable to values

found in literature. To enhance comparability, the STxB sample C was used in further
experiments because this purification had the largest yield.

4.2. Analysis of the phase preference of labeled Gb3s

STxB binding was studied at cellular membranes as well as biomimetic model
systems.[157,162] The cellular membrane is very heterogeneous in terms of lipid com-
position and membrane structure. In the last two decades, nanoscaled domains dif-
fering in lipid composition with a higher order packing density have been discussed
as functional units called lipid rafts. To mimic such domain structures, biomimetic
models utilize lipid mixtures which phase separate in a lo, raft-like domains, and a
liquid disordered (ld) phase. In studies using GUVs, the Gb3s showed preferential
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binding of STxB to the lo phase in lipid mixture consisting of DOPC/sphingomyelin
(SM)/cholesterol (Chol)/Gb3porc (40:35:20:5).[54] From this observation, it can be
concluded that Gb3 is enriched in the lo phase after binding.[160,162] However, it is
not clear, where Gb3 is located in phase-separated membranes before STxB bind-
ing. To get information about the phase distribution of Gb3 before STxB binding,
fluorescently labeled Gb3s were synthesized in the group of Prof. Dr. Daniel B.
Werz (TU Braunschweig, Institut für Organische Chemie, Braunschweig (Germany),
scheme A.1). Their phase preference was investigated in phase-separated GUVs. One
solution was the design of fluorescently labeled fatty acids with pentaene or hexaene
moieties which are connected to the Gb3 (figure 3.11). These results are published in:
Patalag L. J., Sibold J., Schütte O. M., Steinem C. & Werz D. B. Gb3 Glycosph-
ingolipids with Fluorescent Oligoene Fatty Acids: Synthesis and Phase Behavior in
Model Membranes. ChemBioChem 18, 2171–2178 (2017). The second solution was
to connect the fluorophore to the second sugar of the Gb3 with a polyethylene glycol
(PEG) linker in between (figure 3.12). These results are submitted as: Sibold J.,
Kettelhoit K., Vuong L., Liu F., Werz D. B. & Steinem C. Synthesis of Head Group
Labeled Gb3 Glycosphingolipids and Their Distribution in Phase-Separated Giant
Unilamellar Vesicles. Angew. Chem. Int. Ed. 58, 17805–17813 (2019). In this
study, the fluorescent properties of the Gb3s derivates were determined as well as
their preferential phase distribution in biomimetic membranes.

4.2.1. Fluorescent properties of labeled Gb3s

The fluorescently labeled Gb3s used in this work are divided in two categories, fatty
acid labeled Gb3s and head group labeled Gb3s (scheme A.1). Two different fatty acid
labeled Gb3s, the Gb3 phenyl-modified fatty acid (Gb3PH) and Gb3 thienothienyl-
modified fatty acid (Gb3TT) (scheme 3.11), were analyzed. Additionally, eight dif-
ferent head group labeled Gb3s were used (scheme 3.12). All the eight different head
group labeled Gb3s had a BODIPY as fluorophore and Gb3PEG13C24:0H was ex-
emplary analyzed. Absorption and emission spectra were measured by fluorimetry
to determine the fluorescent properties of the Gb3s. Therefore, GUVs composed of
DOPC/Gb3 (99:1) were prepared for all Gb3 derivates. The amount of lipids in the
analyzing solution was 16 µm, determined by the phosphor concentration of the GUV
solution.
The excitation spectra of the fatty acid labeled Gb3s were measured at an emission

wavelength of 465 nm (figure 4.3 A and B, red line). Gb3PH showed two maxima at
347 and 366 nm and a shoulder at 330 nm (figure 4.3 A, red line). Gb3TT showed
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two peaks at 369 and 391 nm (figure 4.3 B red line). The excitation spectra of the
head group labeled Gb3 were measured at the emission wavelength of 580 nm. The
excitation range of BODIPY is from 460 to 520 nm with a maximum at 506 nm
(figure 4.3 C red line).

Figure 4.3.: Excitation (red) and emission (green) spectra of labeled globotriaosyl ce-
ramides (Gb3s) in GUVs composed of DOPC/Gb3 (99:1). The lipid concentration in the
cuvette was set to 16 µm. The fluorescence excitation spectra were measured from λ= 300
to 430 nm, with λem = 465 nm for Gb3PH (A) and Gb3TT (B) and from λ= 450 to 540 nm,
with λem = 580 nm for Gb3PEG13C24:0H (C). Fluorescence emission was excited at A)
λex =348 nm, recorded from λ= 360 to 650 nm, B) λex =391 nm, recorded from λ= 400 to
650 nm and C) λex =488 nm, recorded from λ= 500 to 650 nm.

The emission spectrum of Gb3PH was measured with excitation at 348 nm, result-
ing in a broad range from 400 to 600 nm with two peaks at 434 and 458 nm and a
shoulder at 410 nm (figure 4.3 A green line). The intensity maximum is at 434 nm.
The excitation wavelength for the emission spectrum Gb3TT was 391 nm. The emis-
sion of Gb3TT showed a broad range from 400 to 600 nm, with a maximum around
450 nm (figure 4.3 B green line). The exemplarily measured head group labeled Gb3
was excited at 488 nm and showed a peak from 500 to 570 nm with a maximum at
514 nm (figure 4.3 C green line).
The excitation spectra of the fatty acid labeled Gb3s show typical bands for the

vibrational resolution of polyene chromophores.[163] The excitation spectra as well as
the emission spectra of the fatty acid labeled Gb3s are red shifted compared to the
excitation and emission spectra of sphingosine-like chain containing a pentaene[164]

which is a result of the addition from the ring structures. The red shift of the Gb3TT
compared to Gb3PH is a result of the thiophene group instead of the phenyl ring.
The excitation and emission spectra of the BODIPY in the head group labeled

Gb3s is similar to other BODIPY labeled lipids found elsewhere.[165–172]

To measure the phase distribution of the labeled Gb3s, the different phases in the
phase-separated GUVs were marked. There are many different phase markers and
the best phase markers exist for the ld phase.[139,140]
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4.2. Analysis of the phase preference of labeled Gb3s

The aim of this work is to quantitatively measure the distribution of Gb3 in the
lipid phases and STxB binding by fluorescence microscopy. Quantitative analysis for
the phase preference of the Gb3s can only be obtained from fluorescence images if no
significant fluorescence resonance energy transfer (FRET) between the labeled Gb3s
and the ld marker exists. This ensures that the measured fluorescence intensities
fully reassemble the Gb3 distribution. A FRET effect is detectable in the emission
spectrum as an emission of the acceptor fluorophore (ld marker) by excitation of the
donor fluorophore (Gb3s). This is possible if the emission spectrum of the donor
fluorophore overlaps with the excitation spectrum of the acceptor fluorophore. To
control this, the donor fluorophore was excited and the emission spectrum of the
GUVs which contains the two fluorophores was measured.
The two different ld phase marker, TexasRed-DHPE and Dy731-DOPE, were an-

alyzed regarding possible FRET effects with the fatty acid labeled Gb3s and the
BODIPY used for the head group labeled derivates. The analysis was performed in
GUVs composed of DOPC/Gb3/ld marker (98:1:1). The lipid concentration in the
cuvette was 16 µm, determined by the phosphor concentration of the GUV solution.
The emission spectra of the six different GUV solutions were measured by means of
fluorimeter.
The excitation wavelengths for the emission spectra are 348, 391 and 488 nm for

Gb3PH, Gb3TT and Gb3PEG13C24:0H, respectively (figure 4.4). The emission spectra
of the three labeled Gb3s without a ld phase marker were plotted as reference in the
diagrams (figure 4.4 green). In blue, the emission spectra of the Gb3s and TexasRed-
DHPE are shown. All three Gb3s showed a FRET with TexasRed-DHPE at 610 nm.
The efficiency of the FRET is higher than 50% for all labeled Gb3-species. The FRET
effect of the labeled Gb3s and the second ld marker, Dy731-DOPE, is shown in red
in figure 4.4. These emission spectra overlapped nicely with the emission spectra
without a ld marker. As the emission of Dy731-DOPE at 760 nm is very low, this
part of the emission spectrum is zoomed in (upper right corner figure 4.4). The FRET
efficiency was determined as <3% (figure 4.4 A, B) for the fatty acid labeled Gb3s
and <0.5% for the head group labeled Gb3 (figure 4.4 C). These effects are very low
and have a minor influence for the determination of quantitative information from
fluorescence signal of the Gb3s.
Other effects which might influence the quantitative evaluation of the fluorescence

from Gb3 are possible quenching effects from salts or even self-quenching of the flu-
orophores. Quenching reduces the measured intensity of the fluorophores and there-
fore, it would lead to errors when determining quantitative information from fluores-
cence images. The self-quenching effect depends on the distance between two fluo-
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Figure 4.4.: Fluorescence spectra of A) Gb3PH (λex =348 nm), B) Gb3TT (λex =391 nm)
and C) Gb3PEG13C24:0H (λex =488 nm). Green lines: fluorescence spectra obtained from
GUVs composed of DOPC/Gb3 (99:1); blue lines: fluorescence spectra obtained from GUVs
composed of DOPC/Gb3/TexasRed-DHPE (98:1:1); red lines: fluorescence spectra ob-
tained from GUVs composed of DOPC/Gb3/Dy731-DOPE (98:1:1). The lipid concentra-
tion in the cuvette was set to 16µm.

rophore molecules and therefore, it is directly connected to the fluorophore concen-
tration in the lipid mixture. GUVs with varying fluorophore concentration (DOPC/
Gb3 (1-x:x)) were prepared and studied using fluorimetry. The measured excitation
intensity of the GUV solution (F) was compared with the emission intensity of the
same solution after lysis of the GUVs using Triton X-100 (1mm, lipid solution, F0).
Lysis leads to a homogeneous distribution of the lipid material in the solution and
fluorophore-fluorophore distance is drastically increased.[173] To make sure that the
distance in the lipid solution is large enough, a low lipid concentration of 16µm in
the cuvette was used for the self-quenching experiments (figure 4.5).

Figure 4.5.: Self-quenching effect of labeled globotriaosyl ceramide (Gb3). The fluores-
cence intensity of GUVs (DOPC/Gb3 (1-x:x)) was recorded before (F) and after Triton
X-100 addition (F0). The excitation wavelengths of the different Gb3s were 348, 391 and
488 nm for Gb3PH (A), Gb3TT (B) and Gb3PEG13C24:0H (C), respectively. The Gb3
concentration in the GUVs of Gb3PEG13C24:0H was measured with adsorptions spectra.

In figure 4.5, the self-quenching effects of Gb3s labeled with three different flu-
orophores are shown. The normalized fluorescence intensity (F/F0) decreases with
increasing labeled Gb3 proportion in the GUVs showing, a self-quenching effect. The
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self-quenching effect theoretically shows an exponential course that was adjusted (red
line).[173]

To allow comparison of different experiments, the absolute concentration of Gb3
in the cuvette is important to be known and is typically measured by absorption
measurements (UV/Vis). Because the absorbance of the fatty acid labeled Gb3s is
very weak, the overall signal intensity was too low to allow the determination of Gb3
concentration in the GUVs by absorption measurements. Instead, the concentrations
in the GUVs were approximated by the amount of the fatty acid labeled Gb3s used
for the preparation of the GUVs.

For low Gb3 concentrations, the relative fluorescence intensity of the fatty acid
labeled Gb3 is above one (figure 4.5 A and B), indicating either a dequenching effect
of the fluorophores or a quenching effect of Triton X-100 to the fatty acid labeled
Gb3s. The used concentrations are in a regime where self-quenching does not play
a role,[173] making an interaction between Triton X-100 and fatty acid labeled Gb3
more probable.

The determination of the concentration of head group labeled Gb3 in GUVs was
performed by UV/Vis. The self-quenching measurement of Gb3PEG13C24:0H, as an
example of the head group labeled Gb3s, is shown in figure 4.5 C. The relative fluores-
cence intensity of the BODIPY head group labeled Gb3 were not above one, proving
that no quenching effects of Triton X-100 to the fluorophore exist.

To avoid self-quenching effects of the fluorophore within the measurements head
group labeled Gb3 was used in low amounts of 1mol% of Gb3 to ensure no artifacts
were present in the calculation of the phase distribution of the Gb3 species.

Measurements at 1mol% fatty acid labeled Gb3 in GUVs were not executable, due
to the very low signal-to-noise ratio resulting from the low absorption properties.
Therefore, concentration of these Gb3 species was increased to 5mol%, allowing to
detect phase distributions of the fatty acid labeled Gb3s. As shown in figure 4.5 A and
B, this is a compromise as it represents the lowest possible concentration considering
the signal detection, but measurements are influenced by self-quenching effects.

For the quantitative measurements, the measurement parameter for the following
phase distribution of Gb3 studies was chosen: The fatty acid labeled Gb3s was in-
corporated in phase-separated GUVs with 5mol% and the head group labeled Gb3,
with the better signal to noise ratio, with 1mol%.
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4.2.2. Preference of fatty acid labeled Gb3s in phase-separated
GUVs

The phase preference of the two fatty acid labeled Gb3s (Gb3PH and Gb3TT,
scheme 3.11) was analyzed in model membrane systems. The Gb3s were included in
GUVs composed of DOPC/SMporc/Chol/Gb3/Dy731-DOPE (39:35:20:5:1). Images
of GUVs were recorded along the Z-axis for both fluorophores, the fatty acid labeled
Gb3 and the ld marker, Dy731-DOPE. From each slide of these Z-stacks, two profile
lines were analyzed to calculate the lo phase distribution (%lo) as described in sec-
tion 3.4.1 (figure 3.2). The results from the different line scans were shown as violin
plots for each of the Gb3-species (figure 4.6).
As shown in figure 4.6, Gb3PH is nearly homogeneously distributed in the lo/ld

phase-separated membrane with a %lo of 0.45. On the other hand, nearly one quar-
ter of the Gb3TT is present in the lo phase (%lo=0.24, figure 4.6, table 4.2). The
distribution width of the two fatty acid labeled Gb3s differs by a factor of 2. The
standard deviation of Gb3PH is with 0.22 double as high as for Gb3TT, this can be
an artefact of the self-quenshing from the fluorophores.

Figure 4.6.: Liquid ordered phase distribution (%lo) of the dif-
ferent fatty acid labeled globotriaosyl ceramides (Gb3s) in GUVs
composed of DOPC/SMporc/Chol/Gb3/Dy731-DOPE (39:35:20:
5:1) visualized as violin plots. The mean values are given as stars
and the medians are represented with a stroke. The number of
profile lines as well as the mean and the standard deviation are
listed in table 4.2.

The fatty acid labeled Gb3s are preferentially located in the ld phase, in contrast to
native Gb3s which are found in the detergent restistant membranes (DRMs) from pri-
mary human blood microvascular endothelial cells (pHBMEC).[47] A DRM extraction
was done by Legros et al. to distinguish between the raft domains (DRM fraction,
mimic as lo phase) and fluid membrane (non-DRM fraction, mimic as ld phase).[174–176]

It has been shown, that the modification of sphingolipids with bulky fatty acids (as
BODIPY or NBD) changes the phase preference of the lipid from lo phase to the ld
phase.[139,142,177,178] The bulky element in the fatty acid is excluded from the lo phase,
because it disturbs the membrane order of the lo phase.[140] Both fatty acid labeled
Gb3s have a bulky structures in the modified chains (scheme 3.11). This might be
the reason for the ld phase preference. This explanation is supported by the find-
ings, that the Gb3TT is more soluble in the ld phase as Gb3PH (%lo=0.24± 0.10
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to 0.45± 0.22). The fatty acid of Gb3PH has a phenyl group and a long fatty acid.
The fatty acid of Gb3TT has a thienothienyl ring system which are two rings and a
branched chain end which also increases the sterics of the fatty acid.

Table 4.2.: Mean values of the liquid ordered phase distribution (%lo) for the different
fatty acid labeled Gb3s without (-) and with (+) B-subunit of shiga toxin (STxB) (300 nm).
The data are shown as m±sd (N ); m: mean value, sd: standard deviation, N : numbers of
analyzed profile lines.

%lo (N ) Gb3PH Gb3TT
-STxB 0.45± 0.22 (2175) 0.24± 0.10 (2003)
+STxB 0.41± 0.21 (2103) 0.24± 0.11 (2329)

Upon binding of STxB, a reorganization within the lipid membrane might be hap-
pening and the preferred phase of the Gb3s might change to the lo phase because
the STxB binds the natural Gb3 in the lo phase.[54,160,162] To study this, GUVs were
analyzed in the same way as described before, in presence of 300 nm STxB in the
GUV solution. These Gb3 distributions were compared with GUVs which were not
incubated with STxB (figure 4.7, table 4.2). The violin plots of the %lo of the Gb3
without STxB (-STxB) looks similar to the violin plots with STxB for both fatty
acid labeled Gb3s. The distribution of both fatty acid labeled Gb3s did not change
significantly (figure 4.7, table 4.2 and A.4).

Figure 4.7.: Violin plots of liquid ordered phase distribution (%lo) from different fatty acid
labeled Gb3s before (-STxB) and after binding of STxB (+STxB, 300 nm). The measurement
was done with GUVs composed of DOPC/SMporc/Chol/Gb3/Dy731-DOPE (39:35:20:5:1).
In A, the %lo of Gb3PH and in B, the %lo of Gb3TT are compared to the binding of STxB.
The mean values are given as stars and the medians are represented with a stroke. The
number of analyzed profile lines as well as the mean and the standard deviation is listed in
table 4.2.

The binding of STxB to phase-separated GUVs with fatty acid labeled Gb3s did
not change the phase distribution of the Gb3s. There are two possible interpretations
for this result: First, the STxB did not bind to the Gb3s and second, the STxB
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binds to the ld phase and the binding did not shift the phase distribution of the fatty
acid labeled Gb3s. To check the binding of STxB to the ld phase, the phase-separated
GUVs with the fatty acid labeled Gb3s were incubated with 300 nm Cy3 labeled STxB
(figure 4.8). The intensity images and the radial profile of STxB is co-localized with
the intensity of Dy731-DOPE (figure 4.8). This observation suggests that the binding
of STxB to fatty acid labeled Gb3 is located in the ld phase.

Figure 4.8.: Confocal fluorescence image of phase-separated GUVs composed of DOPC/
SMporc/Chol/Gb3/Dy731-DOPE (39:35:20:5:1) with 300 nm Cy3 labeled STxB in solution.
The fluorescence image from the STxB is shown in blue and from the phase marker Dy731-
DOPE is shown in red. Underneath the circular profile of the GUV intensity of both
fluorophores is plotted, starting at twelve o’clock and going clockwise. A) represents a
GUV with Gb3PH and B) Gb3TT. Scale bar 10µm.

Using natural[54,55] and synthetic unlabeled Gb3s,[160,162] STxB binds to the lo phase
which is not in agreement with the fatty acid labeled Gb3s. A similar phenomena was
reported in studies with B-subunit of cholera toxin (CTxB) which binds to its fatty
acid labeled receptor pentasaccharide ganglioside (GM1).[142,177,179,180] While CTxB is
known to bind to GM1 in the lo phase, the fatty acid labeled GM1 binding to CTxB
was observed in the ld phase.[142,181,182] The change in the fatty acid from an alkyl
to a bulky ring system changed the packing density of Gb3. The phase preference
of the receptor is the ld phase and therefore protein binding also takes place in the
ld phase. From this observation, it can be concluded that the phase preference and
distribution of the fatty acid labeled Gb3s does not represent the phase preference
and distribution of the natural Gb3s.
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4.2.3. Preference of head group labeled Gb3s in phase-separated
GUVs

The fatty acid labeled Gb3 derivatives are preferentially distributed in the ld phase
and bind STxB in the ld phase in contrast to natural Gb3s which are typically bound
by STxB in the lo phase.[54,55] To mimic the natural situation head group labeled
derivatives were synthesized. The head group of Gb3 consists of a trisaccharide
which is only partially involved in the binding of STxB to Gb3.[50,183,184] The 2’-
hydroxyl-group of the β-galactose of the Gb3 head group does not contribute to
the process of STxB binding as shown by crystal structure analysis[50] and binding
studies of trisaccarides.[183,184] To ensure the head group labeled derivatives mimic the
situation found in cellular systems in terms of phase preference and STxB binding,
the uninvolved hydroxyl group was used to connect the fluorophore BODIPY via a
PEG linker to the Gb3 (scheme 3.12). Unlike natural Gb3 which are a mixture of 16
to 24 carbon atoms in the alkyl chains, the fatty acid of the head group labeled Gb3s
is based on the C24 fatty acid. C24 was chosen, because they are a major part of the
Gb3s in erythrocytes,[185] HeLa cells[186] and HEp-2 cells.[187] . In addition, natural
Gb3s show α-hydroxylation. The group of Prof. Dr. Daniel B. Werz synthesized
head group labeled Gb3s with different fatty acids to enable the investigation of the
influence of the fatty acid saturation and hydroxylation on the phase distribution.
In total, eight different head group labeled Gb3s, with three chemical modifications
were synthesized. To encode the information of the chemical structure of the Gb3 the
following abbreviation is used: Gb3PEGnC24:ΔX (scheme 3.12). The linker length of
the PEG linker (n) was chosen to be 3 and 13 units. At position 15 of the fatty acid
(C24:Δ), a double bond was introduced to check the effect of unsaturated fatty acids
(C24:1) compared to saturate fatty acids (C24:0). The α-hydroxylation (x) was set
to non-hydroxylized (H) or hydroxylized (OH) fatty acids. Phase preference of the
head group labeled Gb3s was measured according to the methodology and techniques
already described for the fatty acid labeled Gb3s (chapter 3.4.1). GUVs composed
of DOPC/SM/Chol/Gb3/Dy731-DOPE (39:39:20:1:1) were used. An overview of the
results from these eight different head group labeled Gb3s is shown in table 4.3. In the
following section, different aspects of the chemical modifications and their influence
on the phase preference are discussed in detail.

Linker length

Surprisingly, the size of the linker attached to the head group of a lipid alters the
phase behavior of the fluorescently labeled lipid dramatically.[188,189]
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Table 4.3.: Mean values of the liquid ordered phase distribution (%lo) for the different
head group labeled Gb3s in GUVs composed of DOPC/SMporc/Chol/Gb3/Dy731-DOPE
(39:39:20:1:1). The errors are the standard deviation of the mean. N in brackets is the
number of analyzed profile lines. The number (No.) references the Gb3-species in table 4.4.

%lo (N) No.
Gb3PEG3C24:0H 0.41± 0.07 (2516) 1
Gb3PEG3C24:0OH 0.42± 0.08 (2273) 2
Gb3PEG3C24:1H 0.32± 0.07 (2351) 3
Gb3PEG3C24:1OH 0.27± 0.06 (2701) 4
Gb3PEG13C24:0H 0.74± 0.07 (2525) 5
Gb3PEG13C24:0OH 0.71± 0.05 (3064) 6
Gb3PEG13C24:1H 0.47± 0.15 (1654) 7
Gb3PEG13C24:1OH 0.50± 0.08 (2377) 8

Gb3s with saturated non-hydroxylated chains showed a clear ld phase preference
when a PEG3 linker was present (%lo=0.41± 0.07, table 4.3) and a strong lo phase
preference when PEG13 was used linker (%lo=0.74± 0.07, (figure 4.9 A, table 4.3).
The difference of 0.33± 0.14 showed a significant change in the phase preference
between these derivatives (table 4.4 ΔPEG first row). In the same manner, saturated
and hydroxylated fatty acid derivatives (figure 4.9 B) show an increase of 0.29± 0.13
in the %lo if the linker length was changed from 3 to 13 PEG units (table 4.4 ΔPEG
second row). The effect of PEG linker to the phase preference is also present if
unsaturated fatty acids were used without or with hydroxylation (figure 4.9 C and
D, table 4.4 ΔPEG last two rows). In conclusion, there is an average increase in the
%lo of 0.25 from the short to the long PEG linker, independent of further chemical
modifications. The influence of the linker length to the phase preference of the head
group labeled Gb3s was also analyzed with a linear mixed-effects model (LMM) to
check on statistical significance (chapter A.7.2). The LMM analyzed all eight data-
sets of the eight different head group labeled Gb3s at once. The LMM results in
a significant influence of the PEG linker on the phase distribution from the head
group labeled Gb3s. The PEG13 derivatives are preferentially located by the value of
0.27± 0.03 in the lo phase, as their correspondent Gb3-species with a PEG3 linker
(table A.5).

The head group labeled Gb3s with the longer linker length are preferentially lo-
cated in the lo phase. A similar observation was done by Honigmann et al..[188] They
reported on a fluorophore that was connected either directly to the lipid DSPE or
connected via a PEG-linker with 45 ethylene glycol units to the lipid. The fluorophore
was reconstituted into supported lipid membranes composed of DPhPC/DPPC/Chol.
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4.2. Analysis of the phase preference of labeled Gb3s

Figure 4.9.: Violin plots of the liquid ordered phase distribution (%lo) of different head
group labeled globotriaosyl ceramide (Gb3), which compare the different PEG linker length
short (PEG3) to long (PEG13). The residue of the Gb3 structure is in A Gb3C24:0H, in
B Gb3C24:0OH, in C Gb3C24:1H and in D Gb3C24:1OH. The GUV is composed of DOPC/
SMporc/Chol/Gb3/Dy731-DOPE (39:39:20:1:1). The star represents the mean value. The
median is given by the stroke. The mean values with their standard deviation are listed
with the number of measurements in table 4.3.

Table 4.4.: Differences in the mean values dependent on the functional group. The numbers
are explained in table 4.3 and shorten the Gb3 species. ΔPEG =%lo(PEG13)-%lo(PEG3);
ΔC24 = %lo(C24:0)-%lo(C24:1); ΔOH = %lo(H)-%lo(OH).

ΔPEG ΔC24 ΔOH
5-1 0.33± 0.14 5-7 0.27± 0.22 5-6 0.03± 0.13
6-2 0.29± 0.13 6-8 0.21± 0.13 7-8 −0.03± 0.23
7-3 0.15± 0.22 1-3 0.09± 0.14 1-2 −0.01± 0.15
8-4 0.23± 0.14 2-4 0.15± 0.14 3-4 0.05± 0.13

A fluorescence analysis of the partition clearly showed that the fluorescent lipid lack-
ing the PEG-linker was preferentially localized in the ld phase, while that with the
PEG-linker partitioned into the lo phase.[188] The phase preference of fluorescently
marked lipids was systematically analyzed by changing the PEG linker length, from
3 to 15 units, between the fluorophore and lipid.[189,190] The used lipids for labeling
are expected to be localized into the lo phase, of coexisting lo/ld phase-separated
membranes.[189,190] It was found that marked lipids are located in the ld phase, if only
3 PEG units as linker were used, while, in contrast, the use of 15 PEG units as linker
changes the phase preference of the labeled lipid to the lo phase. With PEG linker
lengths of 5 and 10, they showed systematically the correlation between the increase
of the PEG linker length and an increase of the lo phase preference from the labeled
lipid.[189,190]

This observation is explained by a model from Klymchenko et al..[140] The fluo-
rophore connected to the lipid is partially hydrophobic and might be also bulky. The
fluorophore changes the packing parameter of the lipid, because it increases the head
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4. Phase behavior of globotriaosyl ceramide (Gb3)

group size of the labeled lipid. If the distance from the fluorophore to the lipid was
increased by a PEG linker, the influence of the fluorophore to the packing density of
the lipid can be weaker, up to being not relevant at all.[140]

In our study, a 13-unit long linker decoupled the fluorophore from the membrane
interface with the result that Gb3PEG13C24:0H which is expected to at least prefer-
entially partition into the lo phase indeed has a lo distribution of almost 0.75. From
these results, it can be conclude that the Gb3 species with PEG13 are better suited to
report on the natural partition of Gb3 than those with PEG3. Thus, the experiments
in which the influence of unsaturation and hydroxylation of the fatty acid of Gb3 is
compared are all performed with the PEG13 species. The corresponding results with
the PEG3 linker are plotted for the completeness in figures 4.10, 4.11 and 4.12 and
are listed in tables 4.4 and 4.5.

Fatty acid saturation

The influence of fatty acid saturation on the partition behavior of Gb3 was investi-
gated (figure 4.10). The results show that introducing a fatty acid with a cis-double
bond redistributes the Gb3 sphingolipid in the ld phase which can be rationalized
by the increased space requirement of the Gb3 species with the C24:1 fatty acid.
The differences between the lo distribution of Gb3PEG13C24:0H/Gb3PEG13C24:1H
and Gb3PEG13C24:0OH/Gb3PEG13C24:1OH harboring the PEG13 linker are signifi-
cant and range between 0.21± 0.13 to 0.27± 0.22, respectively (table 4.4, ΔC24).
The influence of saturation of the fatty acid on the phase preference was also statis-
tically analyzed using the LMM. The analysis was done only for long linker length,
these are obviously the better biological mimic model. Gb3s with saturated fatty
acids are highly present in the lo phase than the Gb3s with the unsaturated fatty
acid (0.24± 0.04, table A.6).
The influence of the fatty acid on the lipid packing of glycosphongolipids with dif-

ferent saturated fatty acid was checked by Stefaniu et al. using a Langmuir–Blodgett
technique.[191] The glycosphongolipids with the unsaturated fatty acid have 2% higher
molecular area than the glycosphingolipids with the saturated fatty acid. The sur-
prisingly small differences in area per lipid is explained by the strong head group
interaction, which suppresses the effect of the unsaturated fatty acid,[191] as these
measurements were performed at a surface pressure of 30mNm−1 which reflects the
packing density of lipid bilayers.[192]

A bilayer study which contains glycosphingolipids with the fatty acids C18:0 and
C18:1 was analyzed with deuterium nuclear magnetic resonance (2H-NMR).[193] The
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4.2. Analysis of the phase preference of labeled Gb3s

Figure 4.10.: The liquid ordered phase distribution (%lo) of head group labeled globotriao-
syl ceramide (Gb3). The saturated fatty acid (C24:0) were compared to the unsaturated fatty
acid (C24:1) of the Gb3-species. The Gb3 residue in A is Gb3PEG13H, in B Gb3PEG13OH,
in C Gb3PEG3H and in D Gb3PEG3OH. The GUV composition was DOPC/SMporc/Chol/
Gb3/Dy731-DOPE (39:39:20:1:1). The violin plots include the mean value as star and the
median as stroke. The mean values with their standard deviation are listed with the number
of measurements in table 4.3.

advantage of the 2H-NMR study is that the ordering parameter is directly measurable
and it shows that an unsaturated fatty acid connected to a glycoshingolipid has a
less order parameter compared to the saturated fatty acid species. This indicates
that unsaturated fatty acids are less incorporated into lo phases in lo/ld membranes,
because the lo phase consists of the ordered lipids.[194]

Björkqvist et al.[128] analyzed the transition temperature (TM) of glycosphingolipids
in bilayers by differential scanning calorimetry (DSC) measurements and by aniso-
tropy measurements. The structures contain either saturated fatty acid (C24:0) or
unsaturated fatty acid (C24:1). In all cases, the saturated system has a ∼20K higher
TM compared to the unsaturated one.[128] The differences in the TM for the SMC24:0

and SMC24:1 are also ∼20K (table 3.2).[128,131–133] The reduced TM indicates lower
packing density which results in less incorporation into the lo phase. The incorpora-
tion of SMC24:1 into the lo phase was measured by the property to create a lo phase in
DOPC/SM/Chol membranes.[195] While SMC24:0 showed phase-separated membrane
systems using this lipid mixture, the SMC24:1 resulted in a homogeneous membrane.
This proves directly that the saturated fatty acid prefers the lo phase in comparison
to the unsaturated fatty acid.

The effect of fatty acid saturation was also found by doing lipid extraction studies
of pHBMEC.[46] DRM extraction was done to distinguish between the raft domains
(DRM fraction) and fluid membrane (non-DRM fraction).[174–176] The Gb3s were ex-
tracted from pHBMEC, the Gb3s with the saturated fatty acids C24:0 were enriched in
the DRM fraction and the Gb3s with the unsaturated fatty acids C24:1 were enriched
in the non-DRM fraction[46] which is in agreement with the study in this thesis.
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α-Hydroxylation

In nature, there is a great amount of α-hydroxylated fatty acids among the Gb3s.[185]

The influence of the hydroxylation in the fatty acids from the Gb3s is shown in
figure 4.11. No significant differences were found when non-hydroxylated Gb3s are
compared to hydroxylated Gb3s (table 4.4 ΔOH). The analysis of the LMM to the
hydroxylation results in no significant differences between the head-group labeled
Gb3s (0.01± 0.03 p-Value=0.67, table A.5).

Figure 4.11.: The liquid ordered phase distribution (%lo) of the different head group la-
beled Gb3-species are compared to their hydroxylation in α position at the fatty acid in violin
plots. The lipid composition of the GUVs was DOPC/SMporc/Chol/Gb3/Dy731-DOPE (39:
39:20:1:1). The Gb3 structures Gb3PEG13C24:0 (A), Gb3PEG13C24:1 (B), Gb3PEG3C24:0
(C) and Gb3PEG3C24:1 (D) are plotted respectively. The mean values are given by a star
and the median values are given as a stroke. The mean values with their standard deviation
are listed with the number of measurements in table 4.3.

The influence ofα-hydroxylation to the area per lipid was analyzed using galac-
tosylceramide (GalCer)C24:0 at an air water interface.[191] Stefaniu et al. found that
the α-hydroxylated GalCer-species decrease the area per lipid with higher surface
pressure. The influence of the surface pressure on the area per lipid from the hy-
droxylated species is a result of changing their fatty acid tilt angle depending on the
surface pressure. In contrast, the non-hydroxylated GalCer has a constant area per
lipid and a constant tilt angle during the change of the surface pressure. At a surface
pressure of 30mNm−1 which reflects the packing density of a bilayer,[192] both lipids
have the same area per lipid.[191] Therefore, no differences in lipid packing behavior
are present which explains the finding that hydroxylation has no influence on the
phase distribution of the lo/ld phase.
Morrow et al. measured the difference of the hydroxylation in α position at the

fatty acid C18:0 from glycosphingolipids in POPC/Chol membranes with the 2H-
NMR. They reported that the ordering parameter showed no differences for the α-
hydroxylated and non-hydroxylated C18 at the glycosphingolipid.[193] The orientation
of the sugar head group was also the same for both glycosphingolipids.[196] This is
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in line with the observation that the hydroxyl-group did not significantly alter the
partition of the Gb3-species in phase-separated GUVs.

However, even if the partitioning of Gb3 in the lo phase is similar for the non-
hydroxylated and hydroxylated species, Schütte et al. found that the 2-OH group
influences the fraction of lo phase in phase-separated supported lipid bilayers.[162] In
case of the hydroxylated C24:0 fatty acid, the lo fraction is lower compared to the
non hydroxylated species.[162] Ekholm et al. showed that the 2-OH group increases
the hydration in the membrane interface and decreases the affinity of a sphingolipid
for sterols.[197] The same was found by Lingwood et al.[198] and Yahi et al.[199] and
implies that the recruitment of Chol into the lo phase by hydroxylated Gb3 is reduced
compared to the non-hydroxylated species leading to a smaller lo fraction.

Influence of the sphingomyelin fatty acid

The studies of the influence from chemical differences on the head group labeled
Gb3s were done with a nature extraction of SM, the SMporc. This SM is a mixture of
different SMs, which are listed in table 3.1. The phase behavior of ternary mixtures
are influenced by the lipids. The exchange of the sphingomyelin in a ternary lipid
mixture from a SM mixture to a defined SM is known to alter the phase separation
behavior.[200] Five different SM species with a saturated fatty acid varying in length
were chosen, namely palmitoyl SM (SMC16:0), stearoyl SM (SMC18:0), arachidoyloyl
SM (SMC20:0), behenoyl SM (SMC22:0) and lignoceroyl SM (SMC24:0).

For each of the eight different head group labeled Gb3-species, a %lo distribution
was measured with each of the five different SMs (figure 4.12, table 4.5). Comparing
the four Gb3-species with the PEG13 linker (figure 4.12 A, B, C, D, table 4.5 first
four rows) the %lo increases with the length of the SMs. From SMC16:0 to SMC18:0

there is a slide increase in the %lo with the saturated fatty acid (figure 4.12 A and
B) and with the unsaturated fatty acid there is nearly no increase (figure 4.12 C and
D). The strongest increase in %lo is found comparing SMC18:0 to SMC20:0. From
SMC20:0 over SMC22:0 to SMC24:0 there is only a minor or no increase in %lo for the
Gb3s with the PEG13 linker. The %lo data from the head group labeled Gb3s with
PEG13 linker was statistically analyzed with LMM. The influence of the fatty acid
length from the SMs to the %lo of the Gb3 shows three groups, which significantly
differ. The data of the SMC20:0, SMC22:0 and SMC24:0 showed no differences to each
other. They differs significantly to the SMC16:0 and SMC18:0. The measured %lo
with the SMC16:0 differs from the SMC18:0 (table A.8).
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Figure 4.12.: The liquid ordered phase distribution (%lo) was measured for all
eight different head group labeled Gb3s Gb3PEG13C24:0H (A), Gb3PEG13C24:0OH (B),
Gb3PEG13C24:1H (C), Gb3PEG13C24:1OH (D), Gb3PEG3C24:0H (E), Gb3PEG3C24:0OH
(F), Gb3PEG3C24:1H (G) and Gb3PEG3C24:1OH (H) with different sphingomyelins
(SMs). The different SMs are palmitoyl sphingomyelin (SMC16:0), stearoyl sphingomyelin
(SMC18:0), arachidoyl sphingomyelin (SMC20:0), behenoyl sphingomyelin (SMC22:0) and
lignoceroyl sphingomyelin (SMC24:0) in the GUV lipid composition DOPC/SM/Chol/Gb3/
Dy731-DOPE (39:39:20:1:1). The mean values of each distribution are represented in the
violin plots by a star and and median by a stroke. The mean values with their standard
deviation are listed with the number of measurements in table 4.5.
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Table 4.5.: Mean values of the liquid ordered phase distribution (%lo) for the different head
group labeled Gb3s with different sphingomyelins (SMs) in GUVs composed of DOPC/SM/
Chol/Gb3/Dy731-DOPE (39:39:20:1:1). The SMs are palmitoyl sphingomyelin (SMC16:0),
stearoyl sphingomyelin (SMC18:0), arachidoyl sphingomyelin (SMC20:0), behenoyl sphin-
gomyelin (SMC22:0) and lignoceroyl sphingomyelin (SMC24:0). The errors are presented as
standard deviation and the numbers of analyzed profile lines are in brackets.

%lo (N) SMC16:0 SMC18:0 SMC20:0 SMC22:0 SMC24:0

Gb3PEG13C24:0H 0.41± 0.11 0.55± 0.17 0.74± 0.05 0.74± 0.09 0.79± 0.09
(2392) (2986) (2397) (2077) (1707)

Gb3PEG13C24:0OH 0.45± 0.10 0.59± 0.14 0.71± 0.05 0.72± 0.07 0.77± 0.07
(3232) (3396) (2414) (2893) (2509)

Gb3PEG13C24:1H 0.24± 0.10 0.28± 0.12 0.54± 0.11 0.45± 0.15 0.57± 0.12
(2035) (1845) (2482) (2759) (1730)

Gb3PEG13C24:1OH 0.35± 0.06 0.34± 0.08 0.46± 0.08 0.51± 0.09 0.50± 0.10
(1814) (2465) (2648) (2266) (2491)

Gb3PEG3C24:0H 0.12± 0.06 0.14± 0.07 0.37± 0.07 0.36± 0.06 0.42± 0.13
(1890) (1539) (2188) (2363) (1695)

Gb3PEG3C24:0OH 0.12± 0.07 0.12± 0.07 0.36± 0.09 0.36± 0.09 0.33± 0.10
(2769) (2549) (2907) (2155) (2431)

Gb3PEG3C24:1H 0.05± 0.04 0.05± 0.03 0.20± 0.08 0.20± 0.07 0.10± 0.06
(2384) (2413) (2227) (2259) (2505)

Gb3PEG3C24:1OH 0.19± 0.12 0.09± 0.04 0.32± 0.09 0.20± 0.09 0.20± 0.06
(3086) (1768) (1988) (2685) (1828)

The general trend, that the head group labeled Gb3s are more incorporated in
the lo phase, if the fatty acid length of the SMs increases can be explained by the
higher order of the SMs with increasing fatty acid length. The gel-liquid phase TM

increases with the fatty acid length from the SMs (table 3.2).[201] The higher order
of the SMs with increasing the fatty acid length was also measured at the air-water
interface.[131,202]

The strong increase of the %lo from SMC18:0 to SMC20:0 is not described by the
higher order of the SMs by increasing the fatty acid length. The increase of the fatty
acid length in the SM increases the asymmetric chain lengths.[125] Bilayers of lipids
with such asymmetric chain lengths tent to interdigitate into the other leaflet.[126] This
effect increases with higher asymmetry between the chains.[124,203] The influence of the
fatty acid length from SMs to the interdigitation was measured with X-Ray scattering
in the gel-phase.[137,204] The interdigitation was also observed for pure SMs with the
fatty acids C20:0, C22:0 and C24:0 in liquid crystalline phases.[205,206] The SMs with
the long fatty acids interdigitate also in membranes with different lipid compositions
which was shown by computer simulations.[207] The fatty acid mismatch of the head
group labeled Gb3 species is comparable to the fatty acid mismatch found in SMC24:0.

57



4. Phase behavior of globotriaosyl ceramide (Gb3)

This explains why Gb3s prefers interdigitated membrane areas which are present in
membranes with SMs with fatty acids longer than or equal to C20:0.
The incorporation of Gb3s into the lo phase can also be an effect of the Chol content

in the lo phase. It is known that Chol is better soluble in the SMs as in phosphatidyl-
choline (PC) membranes.[134,202,208] Chol is best soluble in SMC16:0.[134,208] If the Chol
content in the lo phase would have a greater influence as the SM-species, the %lo from
the SMC16:0 is expected to be dramatically different from the residual chain lengths.
Following the data in table 4.5, this is not the case, so the interaction of Gb3 to Chol
appears to be less important than the interaction of Gb3 to SM for phase distribution
of head group labeled Gb3s.

Binding of STxB

To check whether head group labeled Gb3s are representing the natural Gb3s in
terms of phase behavior after STxB binding, Cy3 fluorescently marked STxB was used
to perform binding studies. The Gb3-species with the α-hydroxylated fatty acids were
not analyzed, because the phase preference is identical to the phase preference of the
Gb3-species with the non-hydroxylated fatty acids.
GUVs consisting of DOPC/SMporc/Chol/Gb3/Dy731-DOPE (39:35:20:5:1) were in-

cubated with 500 nm STxB Cy3 and afterwards imaged via confocal laser scanning
microscope (CLSM). The quantitative analysis of the phase reference of head group
labeled Gb3s was not possible, since for STxB binding, concentrations of Gb3 in self-
quenching amounts was necessary. The images are shown in figure 4.13. Using the
fluorescence intensity of STxB Cy3 (blue) and the ld fluorescent marker Dy731-DOPE
(red), the localization of the STxB Gb3 binding was investigated. Underneath each
fluorescent image, the circular intensity profile of the GUV is plotted for a better
comparison of the intensity information. Figure 4.13 A shows the Gb3PEG13C24:0H
which has the highest preference for the lo phase, before STxB binds. The circular
profile shows a decrease in the Dy731-DOPE intensity and at the same position an
increase in the STxB Cy3 intensity. This means that both fluorophores are anti cor-
related and are located in different phases. While Dy731-DOPE marks the ld phase,
it is clear visible that the STxB binds into the lo phase.
The change of the fatty acid from the saturated to the unsaturated one of the head

group labeled Gb3 changes the phase preference of the STxB binding. Since, the un-
saturated Gb3 does incorporate into the lo phase (0.47), it is of interest how the distri-
bution changes upon STxB binding. The circular profile line in figure 4.13 B shows a
correlation between fluorescence intensities of STxB Cy3 and Dy731-DOPE. This cor-
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Figure 4.13.: Confocal images of phase-separated GUV composed of DOPC/SMporc/Chol/
Gb3/Dy731-DOPE (39:35:20:5:1) in a 500 nm STxB Cy3 solution. The different head group
labeled Gb3s were Gb3PEG13C24:0H (A), Gb3PEG13C24:1H (B), Gb3PEG3C24:0H (C) and
Gb3PEG3C24:1H (D). The labeled STxB is blue-colored and the Dy731-DOPE is shown in
red. Under the fluorescent images, the normalized circular profile of the GUV from these
two fluorophores are shown starting at twelve o’clock and going clockwise round the GUV,
symbolized as a white arrow in A. The scale bars represent 5 µm.
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relation of the two fluorophores indicates that the STxB binding to Gb3PEG13C24:1H
takes place in the ld phase.

Using unsaturated fatty acid derivates of Gb3, the STxB Gb3 binding occurs a
higher amount in the ld phase (figure 4.13 B and D). While before STxB bind-
ing the Gb3PEG13C24:1H is distributed nearly 1:1 between lo and ld phase (%lo =
0.47± 0.15). The STxB binds the Gb3 to ∼0.33 in the lo phase. This indicated de-
crease is still in the measured errors. Schütte et al. found out that STxB binds Gb3
with the unsaturated fatty acid C24:1 only in the lo phase,[162] which is in contrast to
our study with the Gb3PEG13C24:1H.

STxB Gb3 binding can be altered depending on the saturation state of the alkyl
chains of the Gb3, when a long PEG linker is used. A preference of STxB to the
lo phase was found when saturated fatty acid were used and to the ld phase when
unsaturated fatty acid was used.

The Gb3PEG13C24:0H is located before the STxB binding in the lo phase with
0.74± 0.07 and the STxB Gb3 binding is to ∼0.75 in the lo phase, indicated by the
STxB intensity. This indicates no recruitment of the Gb3 through STxB which is in
line with Schütte et al..[162] They found that the lo area did not increase on solid
supported membranes (SSMs) composed of DOPC/SMporc/Chol/Gb3 (40:35:20:5), if
the STxB binds to the Gb3 with a C24:0 fatty acid.[162]

To check the possibility that STxB recruits Gb3 into the lo phase, STxB Cy3 binding
experiments were done with GUVs, containing Gb3-species with short PEG3 linker
which means that the Gb3 prefers the ld phase before STxB binding (figure 4.9).
STxB binds the Gb3PEG3C24:0H in the lo phase, as indicated by the anti correlation
in the circular profile of figure 4.13 C. The change of the fatty acid from the saturated
to the unsaturated of the Gb3-species with the short PEG linker changes the phase
preference of the STxB binding from the lo to the ld phase which is shown in the
correlation of the two fluorophores in the circular profile in figure 4.13 D. The phase
preference of STxB binding to the Gb3PEG3C24:0H was found to be ∼0.7. This indi-
cates a high recruitment of the Gb3s into the lo phase, because the Gb3PEG3C24:0H
location is only up to 0.41± 0.07 in the lo phase before STxB binding. This recruit-
ment of Gb3 into the lo phase was precisely analyzed on pore-spanning membranes
(PSMs)[209] and in HeLa cells.[145] In HeLa cells, Falguières et al. analyzed the amount
of Gb3 in the DRM before and after the STxB binding, which increases.[145]
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4.3. Conclusion of phase behavior of Gb3

The bacterium enterohemorrhagic Escherichia coli (EHEC) is one of the main
causes of food borne illness also present in industrial countries. The toxin of this
bacteria is shiga toxin (STx) which inhibits the protein biosynthesis of eucaryotic
cells. In a first step of approaching the cells, the B-subunit of STx (STxB) binds
to the receptor lipid globotriaosyl ceramide (Gb3). This receptor lipid is in different
amounts present in the outer membrane of human cells. The cellular membrane is
very heterogeneous and has regions of higher and lower ordering. It is known that
binding of STx to the membrane takes place in a more ordered membrane structure.
To get a better knowledge about the distribution of the Gb3 in the membrane before
and after STxB binding, phase behavior of fluorescently labeled Gb3s was analyzed
in biomimetic model membranes.
The phase distribution behavior of fluorescently labeled Gb3 was studied in phase-

separated giant unilamellar vesicles (GUVs) composed of DOPC/SMporc/cholesterol
(Chol). Two different labeling strategies were used: fatty acid labeled Gb3 and head
group labeled Gb3. Two different fatty acid labeled Gb3s were analyzed: Gb3 phenyl-
modified fatty acid (Gb3PH) and Gb3 thienothienyl-modified fatty acid (Gb3TT).
Gb3PH was found to be nearly homogeneous distributed in the liquid ordered (lo)/
liquid disordered (ld) phase-separated membrane before and after STxB binding.
Gb3TT is only present at a partition of 0.24 in the lo phase before and after STxB
binding. STxB showed preferred binding to the ld phase. This is in contradiction to
the phase distribution of natural Gb3 STxB binding.[54] Thus tail labeled Gb3-species
are not suitable representations for the natural Gb3s.
A second strategy to label Gb3 is at the head group. The fluorophore BODIPY was

connected with a polyethylene glycol (PEG) linker directly to the trisaccharide. This
also allowed to vary the fatty acid of the labeled Gb3s. The major part of the Gb3s
in erythrcytes,[185] HeLa cells[186] and HEp-2 cells[187] have a fatty acid length of 24
carbon atoms which was used in this thesis. The head group label allowed to study
the effects of saturation and α-hydroxylation of the chains on the phase distribution
behavior before STxB binding.
First, it was found that changing the linker length from 3 to 13 PEG units changes

the phase preference from ld to lo phase. Since the interaction between the membrane
and the fluorophore decreases with increasing linker length, a longer linker is more
suitable to represent the natural Gb3 behavior. Gb3-species with the unsaturated
fatty acid preferred the ld phase compared to the Gb3-species with the saturated
fatty acid. Hydroxylation had no influence on the phase preference of the Gb3s.
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Furthermore, the influence of the lipid mixture on the phase preference of Gb3 was
investigated. Five different sphingomyelins (SMs) were chosen to study the phase
preference of Gb3. With increasing SM chain length, solubility of Gb3 in the lo phase
is also increasing.
Concerning STxB binding to Gb3, STxB binds to head group labeled Gb3, but a

quantitative analysis was not possible, since for STxB binding concentrations of Gb3
in self quenching amounts were necessary prohibiting a quantitative analysis. The
phase preference of STxB binding to head group labeled Gb3 ranges from the ld phase
to the lo phase. Head group labeled Gb3s are more suitable representations for the
natural Gb3s than fatty acid labeled Gb3s.
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The cellular membrane is build up with different lipids and proteins and deter-
mines the shape of cells. The lipid raft theory says that there are different lipid
order in the cellular membrane which are mimicked with the model of liquid ordered
(lo)/liquid disordered (ld) phase-separated membranes.One important aspect in de-
termining the shape of cells is the strength of the interactions between the membrane
and cytoskeleton as well as between membrane and substrate. Examples of these
are cell-cell junctions,[108] glycolipid domain adhesion,[210,211] neuronal synapses[212]

or the cytoskeleton.[87,213] These interactions have in common, that the membrane is
in an adhesive interaction with other structures and that these interactions strongly
influence cellular shape, membrane properties like composition and mechanical sta-
bility. To mimic such a heterogeneously adhered membrane, a system with different
membrane adhesion properties is required. Pore-spanning membranes (PSMs) are a
suitable system to mimic different adhesion states and their influence on lipid mem-
branes. In these models lipid membranes are spanned over nano- to micrometer large
cavities, dividing the membrane into free-standing (non adhered) and solid supported
(adhered) membrane areas (figure 5.1).

Figure 5.1.: The pore-spanning membrane (PSM) is generated on an orthogonal function-
alized porous substrate. PSMs have two different membrane areas with different properties.
Freestanding PSMs (f-PSMs) are spanned over the cavities. Solid supported PSMs (s-PSMs)
are adhered to the functionalized surface.

With the PSMs, properties of membranes like membrane tension and lipid diffusion
as well as their interplay can be studied to gain insights into their importance and
effects in cellular systems.
The membrane tension strongly depends on the surface functionalization of the

substrates.[214] Therefore, different functionalization strategies were performed and
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the membrane tension was measured by means of atomic force microscopy (AFM) in-
dentation experiments.[155] These tensions were compared with the membrane tension
of cells which ranges from 0.01 to 0.15mNm−1.[215,216]

In most common functionalization strategies a gold layer close to the membrane
is included. The fluorescence emission is quenched on the s-PSM.[217–219] In this
thesis, different functionalization strategies were studied regarding their fluorescence
information. The silicon oxide (SiOx) functionalization allows to analyze lo/ld phase-
separated membranes not only in the f-PSM, but also in the s-PSM. The influence of
the two adhesion regimes were analyzed to the phase transition of the different lipid
phases depending on the cholesterol (Chol) content.
Moreover, diffusion is an important aspect of different lipid species in the cell mem-

brane. The diffusion constant of different lipids was measured in the PSM with in-
terferometric scattering microscopy (iSCAT) or fluorescence correlation spectroscopy
(FCS).

5.1. Different functionalization strategies and their
effects on pore-spanning membranes (PSMs)

Various functionalization strategies were used to generate the PSMs. The function-
alizations were mercaptoalcohols on gold, plasma cleaned silicon nitride (p-Si3N4) or
SiOx. The SiOx functionalization was published in: Teske N., Sibold J., Schumacher
J., Teiwes N. K., Gleisner M., Mey I. & Steinem C. Continuous Pore-Spanning Lipid
Bilayers On Silicon Oxide-Coated Porous Substrates. Langmuir 33, 14175–14183
(2017). The measurements of the lipid diffusion by iSCAT and of membrane tensions
in f-PSMs on 6-mercapto-1-hexanol on gold (6MH-Au) and p-Si3N4 functionalized
substrates were published in: Spindler S., Sibold J., Gholami Mahmoodabadi R.,
Steinem C. & Sandoghdar V. High-Speed Microscopy of Diffusion in Pore-Spanning
Lipid Membranes. Nano Lett. 18, 5262–5271 (2018).
Crucial for all functionalization methods is that the functionalization is only on

the top of the porous substrates which were achieved with a orthogonal evaporation
process. The orthogonal evaporation generated a cut off of functionalization at the
pore border which is essential, because the membrane sheet, prepared by rupturing
giant unilamellar vesicles (GUVs), can suspend over the pores. In contrast, if the
cylindrical pore walls were also functionalized, the membrane typically adheres to
the cylindrical pore walls and ruptures, instead of creating PSMs. Depending on the
functionalization, different materials were used for the evaporation. An orthogonal
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gold layer was evaporated on the substrates for the mercaptoalcohols on gold and the
p-Si3N4 functionalization (chapter 3.2.2). Silicon monooxide (SiO) was orthogonally
evaporated on the substrates to generate the SiOx functionalization (chapter 3.2.2).
The orthogonality of the evaporation for the two different evaporation processes

was proven using scanning electron microscopy (SEM). The evaporated gold or SiO
on top of the substrates was homogeneous (figure 5.2 A and C). A cross section of the
orthogonal evaporated substrate shows the gold as well as the SiOx layer exclusively
on top of the substrate (figure 5.2 B and D). Small gold or SiOx deposits become
discernible also at the inner parts of the cylindrical pore walls. A homogeneous and
continuous surface coverage with only small deposits of the material inside the pores
is required to induce GUV spreading to form PSMs.[214]

Figure 5.2.: The orthogonal evaporation of gold on porous substrates is shown in A and
B. In C and D the evaporation of SiO is shown. A and C are top views which shows the
homogeneity of both evaporation processes. B and D are cross sections which shows small
clusters of the evaporation material in the pores. Scale bars 1 µm.

The gold and SiO evaporation processes resulted in a homogeneously covered layer
on top of the substrates. Just small deposits were observed at the inner pore walls,
indicating a successful functionalization to generate PSMs on the porous substrates.

5.1.1. Visualization of pore-spanning membranes (PSMs)

The silicon oxide surface was directly used to generate PSMs by spreading GUVs.
The plasma cleaned silicon nitride surface was used to generate PSMs by spreading
GUVs, after the cylindrical pore walls was passivated with polyethylene glycol (PEG).
After successful physisorption of gold on the surface, chemisorption of thiols like
mercaptoalcolhols was necessary to establish a surface vesicles can spread on.
A schematic illustration of the three different functionalization is shown in figure 5.3

(top row). All three surface functionalizations resulted in a hydrophilic surface which
is covered with hydoxyl-groups. In detail, the surface of 6MH-Au is full of hydroxyl-
groups from the 6MH. The functionalization p-Si3N4 and SiOx resulted in a surface
with silicon hydroxyl-groups.[148,220,221]
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Figure 5.3.: Pore-spanning membranes (PSMs) on three different functionalizations A)
6MH-Au, B) p-Si3N4 and C) SiOx. In the top row, schematic cross sections of the different
functionalizations are shown. In the middle, fluorescence micrographs of PSMs composed
of DOPC doped with ATTO488-DOPE on the different functionalizations are shown. From
each fluorescent micrograph a profile line was taken at the red line and the intensity profile
is plotted underneath. Scale bar 5µm.

PSMs were generated by spreading of ATTO488-DOPE doped DOPC GUVs on the
different functionalizations (figure 5.3 middle row). As expected, the different surface
functionalizations influence the fluorescent information on s-PSM. While the f-PSMs
are visible on the 6MH-Au functionalization as bright round spots only minor to no
fluorescence information on the rims can be gathered (figure 5.3 A). Bright spots on
the s-PSM were attributed to adhered, non-spread vesicles. The fluorescence intensity
difference between a non-membrane spanned pore, representing the background fluo-
rescence, s-PSM and f-PSM is shown in the cross section. The fluorescence intensity
of the s-PSM is only 5% of the intensity measured on the f-PSM. This proves that
no information on the s-PSM can be obtained with this system. Quenching of the
fluorescence in the s-PSM is happening due to the short distance between membrane
and gold surface.[217–219,222,223] Even if the 6MH builds a layer in between, this layer
is only ∼1 nm thick[224] and the fluorophores are still in the quenching distance.

A fluorescent micrograph of a PSM with the p-Si3N4 functionalization is shown
in figure 5.3 B. Again the f-PSM is detectable as bright round areas with 5µm in
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diameter. In contrast to the 6MH-Au functionalization, the intensity of the s-PSM
compared to the f-PSM intensity reaches nearly 15%, as visualized by the intensity
in the cross section (figure 5.3 B). Comparable to the 6MH-Au functionalization,
adhered vesicles are visible as bright spots on the membrane.
The last analyzed functionalization strategy to the visualization of the PSM is the

SiOx functionalization. A membrane patch was measured, as shown in figure 5.3 C.
As described for the functionalizations 6MH-Au and p-Si3N4, the f-PSM is detected
as round areas of high fluorescence intensity. The s-PSM reaches a fluorescence
intensity of 30% compared to the f-PSM, showing that this functionalization offers the
best possibilities to gather fluorescence information on the s-PSM. A silicon dioxide
surface has ideally no quenching,[217] but dependent on the evaporation techniques,
full oxidation of the SiOx surface was not possible.[225] SiOx as a semiconductor still
has distance dependent quenching properties,[226–228] but the highest amount of visible
fluorescence on the pore rims compared to the other analyzed functionalizations.
SiOx functionalized surfaces were used to study the phase separation on PSMs, es-

pecially on s-PSM (figure 5.4 and 5.5). Phase-separated GUVs composed of DOPC/
SMporc/Chol/porcine erythrocytes globotriaosyl ceramide (Gb3porc)/BODIPY-Chol/
TexasRed-DHPE (39.5:35:19.5:5:0.5:0.5) were spread at room temperature to gener-
ate phase-separated PSMs (chapter 3.2.3). In figure 5.4 A and C the fluorescence
intensity of BODIPY-Chol, which is a marker for the lo phase,[142,229] is shown as
green color while in red the ld phase is visualized by TexasRed-DHPE (figure 5.4 B
and C).[139,140] An intensity profile line of the corrected and normalized fluorescence
intensities (I/Imax) is extracted which includes different f-PSMs (figure 5.4, white).
Some f-PSMs are completely composed of lo phase (green, 0–11 µm), some completely
of ld phase (red, 14.5–16µm) and some consists of a small lo phase surrounded by
the ld phase (11–14.5µm, figure 5.4). The line scans (yellow lines in figure 5.4) de-
rived from the s-PSMs show an area mainly enriched by lo phase in BODIPY-Chol,
simultaneously excluding the ld phase marker TexasRed-DHPE leading to I/Imax=0
at d=2–6 µm. The lo phase in the s-PSM is indicated within the white surrounded
region in the fluorescence micrographs.
The merged fluorescence image (figure 5.4 C) and profile lines from the two flu-

orescence intensities BODIPY-Chol (green) and TexasRed-DHPE (red) prove the
complete phase separation of lo and ld phases in PSMs (figure 5.4 C). When BODIPY-
Chol gives a high signal in either image or profile line, no signal from TexasRed-DHPE
is detectable and vice versa.
Comparable phase-separated f-PSMs were also described by Schütte et al..[230]They

used the 6MH-Au functionalization and were only able to detect the different phase

67



5. Pore-spanning membranes (PSMs)

Figure 5.4.: Fluorescent images of phase-separated pore-spanning membrane (PSM)
composed of DOPC/SMporc/Chol/Gb3porc/BODIPY-Chol/TexasRed-DHPE (39.5:35:19.5:
5:0.5:0.5). Fluorescence of BODIPY-Chol, labeling the liquid ordered (lo) phase is shown
in green (A, C) and the fluorescence of TexasRed-DHPE, labeling the liquid disordered (ld)
phase is shown in red (B, C). In C, a merged fluorescent image is shown to better visual-
ize the fluorescence intensity differences of both channels. The corresponding yellow lines
show the fluorescence intensity profiles of the solid supported pore-spanning membranes
(s-PSMs) for the green and red channels, and the white line shows the fluorescence inten-
sity profiles of the freestanding pore-spanning membranes (f-PSMs) for the green and red
channels. The white area in the fluorescence images highlights the lo phase in the s-PSM.
Scale bar 5µm.
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separations in the f-PSM which are: f-PSM was full in ld phase or lo phase as well as
phase-separated f-PSM. The use of SiOx extended the information to the description
of phase separation in the s-PSM. Phase separation in PSMs was also measured by
Sumitomo et al..[231] They visualized only phase separation in the s-PSM and the
f-PSM in the ld phase.
To investigate the possibilities to detect protein binding to PSMs, GUVs composed

of DOPC/SMporc/Chol/Gb3porc/ATTO488-DPPE (39.9:35:20:5:0.1) were spread, gen-
erating PSMs on the SiOx functionalized porous substrates. The PSMs were incu-
bated with 300 nm Cy3 labeled B-subunit of shiga toxin (STxB), which is expected
to bind Gb3. An exemplary image of these PSMs and the bound proteins is shown in
figure 5.5. The fluorescence intensity of the ld phase marker, ATTO488-DPPE,[140]

is shown in green (figure 5.5 A and C). Interestingly, fluorescence intensity from the
ld phase marker in the f-PSM is only visible near to the border of the f-PSMs. This
is analyzed in more detail using intensity profile lines taken from different f-PSMs
(figure 5.5 white line). In these profile lines, the intensity is highest at the border of
the f-PSM and decreases in the middle of the f-PSM as well as on the s-PSM. While
a reduction of fluorescence intensity from f-PSM to s-PSM is expected on the SiOx

quenching effect described earlier, the decrease within the f-PSM seems to gather the
ld phase on the outer borders of the f-PSM while the middle of the pores comprises
of lo phase. ld phase fluorescence intensity on the s-PSM is very heterogeneous which
is shown in the profile line (figure 5.5 yellow line), small areas of low intensity give a
strong hint to the existence of lo phase domains on the s-PSM.
The fluorescence intensity of Cy3 labeled STxB is shown in red (figure 5.5 B and

C). The bright round areas in the fluorescence micrograph shows that the STxB
binds in the f-PSM (figure 5.5 B and C). This is also seen in the white profile line
(figure 5.5 B and C). The merged image of the two channels (figure 5.5 C) shows
one spot without any intensity of both channels, this is a non-membrane spanned
pore and also detectable in the range from 3.9 to 4.8µm in the f-PSM profile line
(figure 5.5 C, white). Protein intensity is not co-localized with the ld phase in the
s-PSM, which is shown in the profile line (figure 5.5 C, yellow) where the fluorescence
of the ld phase marker decreases from 0.8 to 1.3µm and from 2.8 to 3.2 µm and the
STxB fluorescence was detectable.
The analysis of STxB Cy3 on phase-separated PSMs showed that the STxB Gb3

binding takes place to the lo phase in the f-PSM and s-PSM. This was also observed in
GUVs[54] and on solid supported membranes (SSMs).[162] The lo/ld phase separation
with no incubation of STxB shows large areas of ld phases in the s-PSM (figure 5.4).
The incubation of STxB on such a system changes the morphology of the ld phase
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Figure 5.5.: Fluorescence images of phase-separated pore-spanning membrane (PSM) com-
posed of DOPC/SMporc/Chol/Gb3porc/ATTO488-DPPE (39.9:35:20:5:0.1) incubated with
Cy3 labeled STxB (300mm, 1 h). Fluorescence of ATTO488-DPPE, labeling the liquid
disordered (ld) phase is shown in green (A, C) and the fluorescence of Cy3 STxB is shown
in red (B, C). Corresponding intensity profiles along the yellow line (solid supported pore-
spanning membrane (s-PSM)) and along the white line (freestanding pore-spanning mem-
brane (f-PSM)) are plotted below. Scale bar 2 µm.
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on the s-PSM. The ld phase on the s-PSM was separated by small lo domains. This
can be a hint that the STxB recruits the Gb3 into the lo phase.[55,162]

In this section three different functionalization strategies were analyzed. The pos-
sibility to generate PSMs and to detect s-PSM were investigated. The detection of
membrane fluorophores in s-PSM is not possible with the 6MH-Au functionaliza-
tion, because gold quenches the fluorophore. The fluorescence intensity of s-PSM
on p-Si3N4 functionalized substrates is high enough to distinguish between s-PSM
and background. The SiOx has the best signal-to-noise ratio of s-PSM fluorescence
intensity. This enabled to detect phase-separated PSMs. The phase separation was
not only visible in the f-PSM, but also in the s-PSM. As described in literature STx
is expected to bind exclusively to the lo phase[162] which was also found for the model
of PSMs. STx binds to the s-PSMs as well as the f-PSMs in co-localization with the
lo phase in both regions.

5.1.2. Membrane tension modulation of pore-spanning
membranes (PSMs)

Besides fluorescence intensity, PSMs membrane tension on different surface func-
tionalization was analyzed. Tension was measured by AFM indentation experiments
for all mentioned surface functionalizations. The generation of different functional-
izations and the generation of PSMs were described in chapter 3.2.2 and 3.2.3. Using
correlative fluorescence microscopy, membrane patches were imaged and afterwards
investigated by AFM. A topography image of a patch was done in quantitative imag-
ing (QI) mode. In the center of the f-PSM, force-distance curves were measured.
Following chapter 3.3.3, the tension of the membranes was derived.
According to Kuhlmann et al., membrane tension of the f-PSM is mainly deter-

mined by adhesion of the s-PSM. Lower adhesion is expected to lead to lower mem-
brane tension.[214] Different functionalizations were investigated to check for the in-
fluence of chain length of chemisorbed mercaptoalcohols, plasma cleaned Si3N4 and
SiO evaporation to the surface hydrophobicity.
To evaluate the influence of chemisorbed thiols, especially the chain length dif-

ference of the mercaptoalcohols, GUVs composed of DOPC doped with ATTO488-
DPPE were spread on several functionalizations. The functionalizations are chemisor-
bed 2-mercapto-1-ethanol (2ME), 6MH, 8-mercapto-1-octanol (8MO), 11-mercapto-
1-undecanol (11MUD) and 16-mercapto-1-hexadecanol (16MHD) on gold. The length
of the thiols is assumed to influence the packing density on the surface and therefore
directly influences the hydrophilicity which could resulted in a higher adhesion. The
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results of the membrane tension measurements with the different mercaptoalcohols
gold functionalizations are shown in figure 5.6 and table 5.1. As seen in figure 5.6,
there is no direct correlation of length and tension, but different functionalization
agents can influence the tension up to a factor of nearly 4. From substrate function-
alization 2ME on gold (2ME-Au) (1.6± 1.1mNm−1) to 6MH-Au (0.6± 0.4mNm−1)
membrane tension decreases but increases drastically using 8MO on gold (8MO-
Au) (3.2± 0.9mNm−1). Over 11MUD on gold (11MUD-Au) (2.1± 1.4mNm−1) to
16MHD on gold (16MHD-Au) (1.0± 0.4mNm−1) the tension is again decreased. The
increase of membrane tension from 6MH-Au to 8MO-Au substrate functionalization
interrupts the systematical decrease of membrane tension to the length of the mercap-
toalcohols and the membrane tension has no dependency on the chain length from
the mercaptoalcohols. The analysis of different membrane tensions was also done
with a linear mixed-effects model (LMM), and the differences of membrane tension
are not significant (table A.9).

Figure 5.6.: The membrane tension (σ) measured on gold mercaptoalcohol function-
alizations. The lipid composition was DOPC/ATTO488-DPPE (99.5:0.5). The surface
functionalizations were 2-mercapto-1-ethanol on gold (2ME-Au), 6-mercapto-1-hexanol on
gold (6MH-Au), 8-mercapto-1-octanol on gold (8MO-Au), 11-mercapto-1-undecanol on gold
(11MUD-Au) and 16-mercapto-1-hexadecanol on gold (16MHD-Au). The stroke indicates
the median value in the violin plot and the cross the mean value.

If the chain length has no systematic influence on membrane tension, it seems
that the surface density of the mercaptoalcohols is not chain length-dependent. The
conformation of chemisorbed 2ME depends on thiol concentration.[232] A high solution
concentration results in more trans conformations of the Au−S−C−C chains which
has a higher packing density.[232] Kudelski described that at concentrations higher
than 1mm, the ratio of the conformations at the surface did not change which means
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Table 5.1.: The membrane tension (σ) of the f-PSM composed of DOPC/ATTO488-DPPE
(99.5:0.5) was measured on different functionalizations. The lipid composition of the lo
phase on SiOx functionalized substrate was SMporc/Chol/ATTO655-DOPE (59.5:39.5:1).
The mean value and the standard derivation as the numbers of measurements (N ) were
listed. The analyze method is described in chapter 3.3.3.

functionalization σ [mNm−1] N
2ME-Au 1.6± 1.1 251
6MH-Au 0.6± 0.4 65
8MO-Au 3.2± 0.9 98

11MUD-Au 2.1± 1.4 79
16MHD-Au 1.0± 0.4 353
p-Si3N4 1.6± 0.5 77
SiOx 10.5± 4.3 310

SiOx lo 6.7± 4.0 59

that the surface is packed to a maximum.[232] In this thesis, the preparation of gold
thiol functionalizations was done with a thiol concentration of 1mm. A high density
packing was also found in electrochemical studies. Liu et al. analyzed the chemical
conductance of gold to ferrocene by increasing the distance of the two materials.
The distance was increased using chemisorped mercaptoalcohols with varying chain
lengths from 6MH over 8MO and 11MUD to 12-mercapto-1-dodecanol (12MDD).[233]

The electron transfer rate decreased with the elongation of the distance which proves
that the mercaptoalcohol density on the gold surface is not dependent on the alkyl
length of the mercaptoalcohol. Following this argument, the lateral tension should
be the same for all mercaptoalcohols, since all are hydroxy-terminated which should
result in equal surface properties. The deviations of the measurements are greater
than the differences. It is not possible to find a reason for the differences of the
membrane tension with the different mercaptoalcohol gold functionalizations. The
high distribution can be an artefact of surface roughness or mobility of the functional
groups.

Membrane tensions of different thiol gold functionalized substrates were mea-
sured and reported (summarized in table A.2). The membrane tension of DOPC
membranes on 2ME-Au functionalization was measured of 1.018± 0.014mNm−1[234]

which is in good agreement with the values found in this work on 2ME-Au with a
DOPC bilayer of 1.6± 1.1mNm−1. The membrane tension with 6MH-Au function-
alization was measured by Kuhlmann et al. with a membrane composed of DPhPC
(1.4± 0.1mNm−1).[214] The range of the measured membrane tension from DOPC
includes also the membrane tension value of DPhPC.

73



5. Pore-spanning membranes (PSMs)

Furthermore, membrane tension of PSMs prepared on p-Si3N4 and SiOx surfaces
was determined. Measured membrane tensions from these functionalizations are
listed in table 5.1 and are illustrated as violin plots in figure 5.7. The membrane
tension of the f-PSM on the p-Si3N4 functionalized substrates (1.6± 0.5mNm−1)
was in the same range as that with 2ME-Au functionalization (1.6± 1.1mNm−1).
The membrane tension with SiOx functionalization is more than three times higher
than the highest and 18 times higher than the lowest tension found on chemisorped
thiol functionalized substrates.

Figure 5.7.: The membrane tension (σ) measured on gold mercaptoalcohol functionaliza-
tions. The lipid composition was DOPC/membrane marker (99.5:0.5) and for the lo phase
measurement SMporc/Chol/membrane marker (59.5:39.5:1). The surface functionalizations
were plasma cleaned silicon nitride (p-Si3N4) and silicon oxide (SiOx). The stroke indicates
the median value in the violin plot and the cross the mean value.

Mey et al. used a porous glass and measured the membrane tension of it.[235] The
membrane tension was 0.15± 0.05mNm−1 with a DPhPC membrane.[235] This value
is 70 times smaller than the membrane tension with the SiOx functionalization and
the membrane lipid DOPC (10.5± 4.3mNm−1) and it is 10 times smaller than the
membrane tension with the p-Si3N4 functionalization (1.6± 0.5mNm−1). It was
concluded that the surface interaction of the SiOx and p-Si3N4 functionalizations to
the s-PSM are stronger as the surface interaction in the study measured by Mey
et al..[235]

As the membrane rupture tension of DOPC is at ∼10mNm−1,[236,237] the f-PSMs
on SiOx functionalized substrates were assumed to be in a critical state due to huge
lateral tension. However, during the measurements, the f-PSMs were stable. The
incorporation of Chol is known to stabilize the membrane,[119] as it was shown that
the rupture tension increases to ∼19mNm−1 for membranes containing 50mol%
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Chol.[237] The measurement of phase-separated membranes with the lipid composi-
tion of DOPC/sphingomyelin (SM)/Chol therefore were expected to be less prone to
rupture during the experiments compared to pure DOPC membranes.
The SiOx functionalization has the advantage that the phase separation of lo/ld

phase-separated membranes is visible in the f-PSM and s-PSM (figure 5.4). The
interplay of tension and lipid composition is of great interest, therefore membrane
tension of the two phases were also measured on SiOx functionalized substrates. The
two different membrane phases were modeled by different membrane compositions.
DOPC/membrane marker (99.5:0.5) was used to mimic the ld phase and SMporc/
Chol/ATTO655-DOPE (59.5:39.5:1) for the lo phase.[238] The ld phase had a mem-
brane tension of 10.5± 4.3mNm−1 and the lo phase 6.7± 4.0mNm−1 (figure 5.7,
table 5.1). The membrane tension of the ld and lo phase are not distinct within the
errors of the measurement, as also seen in the statistical analysis (table A.9).
The lo phase, high ordered structure, is expected to show higher membrane ten-

sion on SiOx functionalized substrates compared to ld phase, low ordered structure,
because membranes of DOPC PSMs shows lower membrane tensions compared to
membranes with a higher ordering like DOPC/Chol.[119,234] Such an effect was also
measured with POPC membranes (table A.2).[239]

The deviation of the expected result to the obtained results in this work can be
explained taking the surface geometry and membrane surface interaction into account.
The strength of the surface membrane interaction is not only a factor of surface
hydrophobicity, but also roughness,[240] as known from wetting phenomena. Different
studies were done with ld and lo phases on curved surfaces. In all studies, the ld
phase is present in areas with the higher curvature compared to the lo phase.[241–243]

The lo phase is associated with less curved areas, because it has a higher bending
stiffness as the ld phase and prefers flat surfaces.[243–254]

The surface roughness of SiOx functionalized substrates was determined to be
0.49± 0.03 nm.[148] The differences of the expected and measured membrane ten-
sions on SiOx functionalized substrates with lo and ld mimicking membranes can be
explained by surface interactions. The lo mimicking membrane has a lower adhesion,
as it is not able to follow surface topography due to high bending energies needed to
do so, while ld membranes exhibit a low bending energy and therefore gain higher
adhesional energies. The measured membrane tensions on SiOx functionalization are
too widely spread to confirm or refute this assumption.
A comparison of membrane tension from different surface functionalizations shows,

that membrane tension is affected by functionalization. Gold mercaptoalcohol and
p-Si3N4 have nearly the same membrane tensions, only SiOx has higher membrane
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tension by a factor of 7; this is close to the rupture tension of DOPC. Surface rough-
ness can have an influence on membrane tension. If membrane is stiffer than the
surface interaction can decrease, and the membrane tension also decreases. The
physiological cell membrane tension of 0.01 to 0.15mNm−1[215,216] could not be be
reached with the different functionalizations. The membrane tension in f-PSMs is
up to 70 times higher as the overall membrane tension of cells. Despite this big
difference, the model system PSM is still more cell-similar than many other model
systems, due to the different adhesion areas.

5.1.3. Diffusion in pore-spanning membranes (PSMs)

Interferometric scattering microscopy (iSCAT)

As lipid rafts are transient lipid containing structures, diffusion of lipids is a major
parameter to study the existence and properties of lipid rafts. The lipid diffusion
is a property of each biomimetic membrane system influenced by artificial factors
like membrane tension, contact to solid supports, and lipid composition. There-
fore, for every surface functionalization, also lipid diffusion was characterized. Since
fluorescence-based techniques are not available to quantify the diffusion coefficient
of the lipids in the s-PSM, for the mercaptoalcohol gold functionalization due to
quenching, interferometric scattering microscopy (iSCAT) measurements were used
(chapter 3.3.2). iSCAT is a single particle tracking (SPT) method in which a gold
nano particle (GNP) is coupled via streptavidin biotinyl to 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-cap-biotinyl (cb-DOPE) and its movement is recorded us-
ing interference. A time series was recorded for 5 s with a temporal resolution of
1 kHz. From the trajectories of the GNP, the diffusion coefficient was determined
using covariance-based estimation.[154,255] This measurement was conducted with two
different functionalized surfaces, 6MH-Au and p-Si3N4.
Three different GNP paths were observed during iSCAT measurements. First, the

GNP diffusion was only detected on the s-PSM (figure 5.8 A). Second, the GNP
diffused on both membrane areas, the s-PSM and f-PSM (figure 5.8 B). Third, the
GNP diffusion was only detectable on the f-PSM (figure 5.8 C).
The GNP diffused freely on both, the f-PSM and s-PSM. The diffusion coefficient

from the GNP was determined separately on both parts of the PSM system and is
summarized in table 5.2 and figure 5.9. Comparing the diffusion on the f-PSM for
both functionalizations (figure 5.9 A), the motion of the GNP on f-PSMs prepared
on p-Si3N4 functionalized substrates was faster (2.6± 1.0µm2 s−1) than on 6MH-Au
functionalized substrates (1.8± 0.7µm2 s−1, figure 5.9 A, table 5.2).
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Figure 5.8.: Raw iSCAT images from videos recorded at 1 kHz for 5 s overlaid with tra-
jectories of 40 nm GNPs attached to cb-DOPE lipids diffusing in a DOPC membrane on
a p-Si3N4 functionalized substrate. A) Trajectory of a GNP on the s-PSM. B) Trajectory
of a GNP moving on the s-PSM, crossing over to the f-PSM and return to the s-PSM. C)
Trajectory of a GNP trapped in the f-PSM. The color code shows the time evolution in
each case. Scale bar 2µm

Table 5.2.: The diffusion coefficient (D) were measured on different functionalized
substrates to generate PSMs composed of DOPC/cb-DOPE/ATTO532-DOPE (98.8:1:
0.2). The surface functionalizations were plasma cleaned silicon nitride (p-Si3N4) and 6-
mercapto-1-hexanol on gold (6MH-Au). The diffusion coefficient was measured with inter-
ferometric scattering microscopy (iSCAT) and from gold nano particles (GNPs), which are
covered with streptavidin and connected via streptavidin biotinyl bond to the cb-DOPE
in the membrane. The different freestanding pore-spanning membrane (f-PSM) and solid
supported pore-spanning membrane (s-PSM) were analyzed separately. The mean values
and the standard deviations were listed with the number of taken trajectories (N ).

System / Surface D [µm2 s−1] N
f-PSM / p-Si3N4 2.6± 1.0 28
s-PSM / p-Si3N4 0.8± 0.5 745
f-PSM / 6MH-Au 1.8± 0.7 89
s-PSM / 6MH-Au 1.9± 0.7 279

The differences in f-PSM diffusion constants are explained by the difference in mem-
brane tension of the two different functionalizations. The membrane tension of f-PSM
with 6MH-Au functionalized substrates is 0.6± 0.4mNm−1, which is a factor of 3
lower than found for the p-Si3N4 functionalized substrates 1.6± 0.5mNm−1. The dif-
fusion constant increases from 6MH-Au functionalized substrates with 1.8± 0.5µm2 s−1

to p-Si3N4 functionalized substrates with 2.6± 1.0µm2 s−1. This dependency of
membrane tension on diffusion was also shown in molecular dynamics simulations
(MDs)[256,257] and was also measured using FCS on GUVs, using micro pipette as-
piration to tune the GUV tension.[258] Interestingly, bulk methods like fluorescence
recovery after photobleaching (FRAP) on GUVs and the micro pipette aspiration did
not enable to measure the increase found in single lipid diffusion studies.[259]
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Figure 5.9.: The diffusion coefficient (D) measured with interferometric scattering mi-
croscopy (iSCAT) on the pore-spanning membranes (PSMs) composed of DOPC/cb-
DOPE/ATTO532-DOPE (98.8:1:0.2). The substrates were functionalized with plasma
cleaned silicon nitride (p-Si3N4) or 6-mercapto-1-hexanol on gold (6MH-Au). The diffusion
coefficient of the freestanding pore-spanning membrane (f-PSM) (A) and solid supported
pore-spanning membrane (s-PSM) (B) are compared to the different functionalizations.
Some particles were observed in the f-PSM and s-PSM and from these particles the dif-
fusion ratio (Df-PSM/Ds-PSM) were plotted in C (N (p-Si3N4)=16; N (6MH-Au)=21). The
numbers and mean values are listed in table 5.2.

The GNPs on the s-PSM with the p-Si3N4 functionalization were slower than the
GNPs on the s-PSM with the 6MH-Au functionalization (figure 5.9 B, table 5.2). The
substrate membrane interaction decreases the lipid diffusion. The iSCAT measure-
ments of DOPC membranes supported on glass and or in GUVs show the influence
of the membrane support. Hsieh et al. measured the diffusion coefficient on SSM to
0.22µm2 s−1[260] which has an high membrane adhesion, and Spindler et al. measured
the diffusion coefficient on GUVs without any adhesion to 4.88µm2 s−1.[261] Diaz et al.
showed with protein diffusion directly on glass (0.3± 0.1 µm2 s−1, high adhesion) or
with a PEG cushions between the bilayer and the glass surface (3.5± 0.4µm2 s−1,
low adhesion) that different membrane surface adhesions had a comparable influence
on the diffusion coefficient.[106] This indicates that the membrane substrate inter-
action was stronger when the substrate was functionalized with p-Si3N4 compared
to the 6MH-Au functionalization. The stronger substrate membrane interaction
was also shown by measurements of the membrane tension on these systems (ta-
ble 5.1). High adhesion of the s-PSM is expected to result in a high lateral tension
of the f-PSM and vice versa (p-Si3N4 functionalization: σ = 1.6± 0.5mNm−1 and
D = 0.8± 0.5µm2 s−1; 6MH-Au functionalization: σ = 0.6± 0.4mNm−1 and D =
1.9± 0.7µm2 s−1).

A direct comparison of the GNP diffusion connected to the f-PSM and s-PSM
was done using particles which were observed on both regions in one experiment
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(figure 5.9 C). The resulting diffusion ratio (Df-PSM/Ds-PSM) describes the factor of
how much faster the GNP is on the f-PSM compared to s-PSM. The diffusion ratio on
the p-Si3N4 functionalized substrates showed different accumulations and ranged from
1 to 6. In contrast to the strong difference between f-PSM and s-PSM, the diffusion
ratio of GNPs from membranes prepared on 6MH-Au functionalized surfaces is one.
Indicating that the GNP diffusion constant of f-PSM and s-PSM is the same.

With iSCAT, only diffusion in the top leaflet is detectable, which might explain
the diffusion constant ratio of one for the 6MH-Au System, when interaction between
membrane and surface is mainly influencing the bottom leaflet. A disadvantage of
the iSCAT measurements were the unknown connection points from the GNP to the
membrane. The GNP is coated with streptavidin which had four binding sides to
biotin and two bindings each on the opposite side. So each streptavidin is able to bind
two biotin labeled lipids and the GNP is coated with more than one streptavidin. In
these results the GNP is able to bind several biotin labeled lipids. Liao et al. analyzed
different sizes of GNP to evaluate the influence of the unknown GNP membrane
binding points.[262] The smaller GNPs were faster than the greater ones (table A.1)
which indicates an influence of the binding sites or size of the GNPs to the diffusion
constant.

Fluorescence correlation spectroscopy (FCS)

To investigate the diffusion within both leaflets and ensure only single lipid dif-
fusion is measured, Z-scan FCS measurements were performed (chapter 3.3.1). The
measurements were done on SiOx functionalized substrates, because they had the
advantage that lo/ld phase-separated PSMs were detectable in the f-PSM and s-PSM
(figure 5.4). To be able to distinguish between these phases with Z-scan FCS, dif-
ferent lipid composition were used to mimic the ld and lo phase. The ld phase was
mimicked with a DOPC/ATTO488-DOPE (99.5:0.5) membrane and the lo phase
was mimicked with a SMporc/Chol/ATTO655-DOPE (59.5:39.5:1) membrane. The
fluorophores for the Z-scan FCS measurements were added in low concentrations
(1× 10−3–1× 10−5mol%). The fluorophores which were used to measure the diffu-
sion in the ld phase were ATTO655-DOPE or TexasRed-DHPE and for the lo phase
BODIPY-Chol or naphtho[2,3-a]pyrene (naphthopyrene).[140] The resulting diffusion
coefficients are listed in table 5.3 and visualized in figure 5.10. The measurements
demonstrate, that ATTO655-DOPE and TexasRed-DHPE had the same diffusion
constants in the f-PSM (figure 5.10 A).
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Figure 5.10.: The diffusion coefficient (D) measured with Z-scan fluorescence correlation
spectroscopy (Z-scan FCS) on the freestanding pore-spanning membrane (f-PSM). The
substrates were functionalized with SiOx. In A) the lipid composition of the membrane was
DOPC/ATTO488-DOPE (99.5:0.5) doped with the Z-scan FCS fluorophores ATTO655-
DOPE or TexasRed-DHPE and in B) SMporc/Chol/ATTO655-DOPE (59.5:39.5:1) doped
with the Z-scan FCS fluorophores BODIPY-Chol or naphthopyrene.

The measurement of the diffusion constants in the f-PSM with lo phase mimick-
ing membrane was done with BODIPY-Chol and naphthopyrene (figure 5.10 B).
The diffusion of BODIPY-Chol (0.78± 0.05µm2 s−1) was faster than the diffusion of
naphthopyrene (0.57± 0.07µm2 s−1), but both diffusion coefficients were compared
with the lipids in the ld phase by a factor of 13 to 20 slower, which still allows for
qualitative interpretations.
The diffusion coefficient of different phase-separated membranes were measured

and reported in previous literature (table A.1). The diffusion coefficient of phase-
separated GUVs composed of DOPC/SMporc/Chol (2:2:1) was 6.1µm2 s−1 in the ld
phase which was slower by a factor of 20 in the lo phase (0.3 µm2 s−1) measured with
Z-scan FCS.[263] A second example with non-adhered membranes (GUVs) composed
of DOPC/SMC18:0/Chol (1:1:1) was measured with FCS. The diffusion was faster by
a factor of 20 in the ld phase compared to the diffusion in the lo phase. (5.15 µm2 s−1

ld and 0.255 µm2 s−1 lo phase).[264] The difference in the diffusion coefficient of the lo
and ld phase in the f-PSM is in agreement with previous literature.
The diffusion coefficient of DOPC f-PSM mimicking the ld phase (∼11.8µm2 s−1)

is higher than the diffusion coefficient measured in DOPC GUVs. Different FCS
measurements were reported in DOPC GUVs with diffusion coefficients from 6.3 to
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Table 5.3.: Diffusion coefficients (D) were measured with Z-scan fluorescence correlation
spectroscopy (Z-scan FCS) in the freestanding pore-spanning membrane (f-PSM) composed
of DOPC/ATTO488-DOPE (99.5:0.5) for the liquid disordered (ld) phase and SMporc/
Chol/ATTO655-DOPE (59.5:39.5:1) for the lo phase on silicon oxide (SiOx) functionalized
substrates. The different FCS fluorophores were added in 1× 10−3 to 1× 10−5mol%. The
mean values and the standard deviations were listed with the number of measured f-PSM
trajectories (N ).

Phase Fluorophore D [µm2 s−1] N
ld ATTO655-DOPE 11.2± 0.9 3
ld TexasRed-DHPE 12.4± 1.1 6
lo BODIPY-Chol 0.78± 0.05 4
lo naphthopyrene 0.57± 0.07 6

8.5 µm2 s−1 (table A.1).[170,264–266] However, as stated before this can be explained by
the increased membrane tension of f-PSM compared to GUVs.[256–258] The membrane
tension of GUVs can be assumed to be zero and the membrane tension of the f-PSM
composed of DOPC on SiOx functionalized substrates was 10.5mNm−1 (table 5.1).

The diffusion coefficient of the f-PSM composed of DOPC/POPE/POPS/Chol (5:
2:1:2) was measured by Schwenen et al. with FCS and 6MH-Au functionalized sub-
strates, which were found to be ∼7.55 µm2 s−1.[267] The diffusion coefficient found by
Schwenen et al. is roughly lower by a factor of 1.5 than the diffusion coefficient mea-
sured on f-PSM composed of DOPC on SiOx functionalized substrates. As described
in literature, Chol has an influence on the diffusion constant within the membranes.
The increase of the Chol content from 20 to 66mol% in a DOPC GUVs reduced the
diffusion coefficient by a factor of 2, which was measured with FCS.[264] Schwenen
et al. used 20mol% Chol which was expected to decrease lipid diffusion compared to
the membrane systems used in this thesis.

In contrast to the literature, the comparison of FCS measurements of Schwenen
et al. with the iSCAT measurements in the f-PSM on the 6MH-Au functionalized
substrates (FCS = ∼7.55µm2 s−1,[267] iSCAT = 1.8µm2 s−1), shows that measure-
ments without Chol had a lower diffusion compared to measurements executed on
Chol rich membranes in f-PSMs. The measurements were performed with two dif-
ferent techniques. The comparison of the two techniques on the same measurement
system (DOPC GUVs), resulted in diffusion coefficients of 4.88µm2 s−1[261] (iSCAT)
and of 6.3 to 8.5µm2 s−1 (FCS, table A.1).[170,264–266] The difference of the techniques
in GUVs can be sum up due to the effect of the size from the analyzed molecule.[262]

While iSCAT only takes the upper leaflet of the lipid membrane in the f-PSM on
a 6MH-Au functionalized substrate into account, FCS considers both leaflets, which
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might induce the differences when comparing these techniques as the substrate func-
tionalization also influences the bilayer coupling.
In this work the lipid diffusion was measured with two different techniques, iSCAT

and FCS in PSMs. The diffusion coefficients depended on the functionalization of the
substrate and the technique. iSCAT is a non-fluorescence technique and was used to
measure the diffusion of the s-PSM and f-PSM. FCS is capable of distinguishing lo and
ld phase within the f-PSM. The measured diffusion constant of the lo phase was in the
range of the lipid diffusion of cellular membranes (from 0.3 to 5.4µm2 s−1).[266,268–271]

Despite the still too large membrane tension, it matches this model appropriate to
study diffusion control mechanisms for processes involved in raft formation.

5.2. Phase separation in pore-spanning membranes
(PSMs)

Utilizing SiOx functionalized substrates, phase separation behavior in dependency
of Chol content and temperature was studied on f-PSMs and s-PSMs. Therefore,
GUVs composed of DOPC/SMporc/Chol were spread on these substrates to gener-
ate the PSMs. The Chol content was varied between 0 to 50mol% while keeping
DOPC and SMporc content all the time at a 1:1 ratio. To measure phase separation
behavior of ld and lo phases, TexasRed-DHPE was used as a ld phase marker[139,140]

and BODIPY-Chol as a lo phase marker.[140,142] The temperature was varied between
25 and 55 ◦C. The measurement of each fluorescence image was done at a certain
temperature. Fluorescence images were recorded only once the temperature reached
a stable plateau.
Figure 5.11 shows typical fluorescence micrographs of PSMs with BODIPY-Chol

(green) and TexasRed-DHPE (red) being in a phase-separated state (T = 25 ◦C) and
in a non-phase-separated state (T = 55 ◦C). To calculate absolute intensities, an
uncovered pore was indicated with an x in each fluorescence image which was used
for background intensity calculations. Two different lipid compositions are shown,
i.e., DOPC/SMporc/Chol (41.5:41.5:17) (A) and DOPC/SMporc/Chol (47:47:6) (B).
At 55 ◦C, the non-phase-separated state, the fluorophores show red and green flu-
orescence co-localized in f-PSM and s-PSM (figure 5.11 A and B, T = 55 ◦C). As
discussed before, s-PSM intensity was diminished compared to f-PSM intensity due
to quenching effects.[148] Co-localization of both lipid phase markers proves that only
one phase exists and both fluorophores are soluble in the ld phase as well as the
temperature was above the miscible temperature. That means that the membrane
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was existent in the ld phase. At 25 ◦C, a phase-separated state of the PSM was found
(figure 5.11 A and B, T = 25 ◦C). While the s-PSMs showed a homogeneous Texas-
Red-DHPE fluorescence, no TexasRed-DHPE fluorescence intensity was measured in
the f-PSMs.

Figure 5.11.: Fluorescence micrographs of phase-separated pore-spanning membranes
(PSMs) at 25 ◦C and 55 ◦C. The green channel shows the BODIPY-Chol fluorescence,
while the red channels shows the TexasRed-DHPE fluorescence. A) PSM composed of
DOPC/SMporc/Chol (41.5:41.5:17). B) PSM composed of DOPC/SMporc/Chol (47:47:6).
The gel like (lβ), the liquid ordered (lo) and the liquid disordered (ld) phases are assigned
to the freestanding pore-spanning membrane (f-PSM) and solid supported pore-spanning
membrane (s-PSM) according to the partition of the two fluorophores BODIPY-Chol and
TexasRed-DHPE. An uncovered pore is marked by an x. Scale bar 2 µm.

The f-PSMs showed a clear BODIPY-Chol fluorescence signal with higher Chol
content (figure 5.11 A, T = 25 ◦C), proving, that a f-PSM was still existent. The
BODIPY-Chol fluorescence intensity of the s-PSM was still homogeneously distributed,
but compared to the absolute intensity in the non-phase-separated state, the inten-
sity level was lowered. The membrane composition DOPC/SMporc/Chol (41.5:41.5:
17) excluded TexasRed-DHPE from the f-PSM while BODIPY-Chol was enriched,
indicating that the f-PSM is composed of the lo phase[140,142] and the s-PSM of the
ld phase.
Interestingly, a mixture with low Chol content at 25 ◦C showed no fluorescence

intensity in the f-PSM at all, neither from the ld nor from the lo phase marker
(figure 5.11 B, T = 25 ◦C). By heating up the system to 55 ◦C, reaching the non-
phase-separated state, both fluorophores were co-localized in the f-PSMs. This proves
that even if no fluorescence is visible, a membrane suspending the pore is existent
at 25 ◦C and this membrane is excluding both fluorescence markers. Ternary phase
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diagrams of DOPC/SM/Chol do not only describe the ld and lo phase, but also the
gel like (lβ) phase which is present if the content of SM is very high.[97–99,264,272–275]

Both fluorescent lipid phase markers are excluded from the lβ phase.[140,170] At low
Chol content the f-PSM was composed of the lβ phase and the s-PSM was composed
of the ld phase.
Based on the assignment of the three detectable phases, temperature and Chol

content were studied systematically to extract the transition temperature (TM) by
analyzing fluorescence images. The TexasRed-DHPE intensity was used to extract
quantitative information, as TexasRed-DHPE is known to distribute to almost 100%
in the ld phase.[139,140] In contrast, BODIPY-Chol partitions only about 50 to 80%
into the lo phase[142,229] and was used primarily to distinguish between the lβ and lo
phase. To extract the transition temperature, the ratio of fluorescence intensities of
the f-PSM (If-PSM) and s-PSM (Is-PSM) were measured for several temperatures, as
explained in chapter 3.4.2. The intensity ratios were plotted against the tempera-
ture and showed a sigmoidal curve, where the turning point reflects the transition
temperature.
The phase separation lβ/ld is shown in figure 5.12 with the composition of DOPC/

SMporc/Chol (46:46:8) along a rising temperature ramp. The fluorescence micro-
graphs (figure 5.12, top, BODIPY-Chol (green) and TexasRed-DHPE (red)) at T = 25 ◦C
clearly showed that both fluorophores were excluded from the f-PSMs indicating that
the f-PSMs were existent in the lβ phase. TexasRed-DHPE fluorescence was found
in the s-PSM representing the ld phase. At 55 ◦C, a homogeneous distribution of the
TexasRed-DHPE fluorophore in the f-PSM and in the s-PSM was observed. Hence,
at Chol content of 8mol%, a phase transition between a lβ/ld phase-separated mem-
brane to a homogeneous ld phase occurred. From the plotted intensity ratio as a
function of temperature (figure 5.12, bottom), a TM of 40.7 ◦C was extracted. This
phase separation were observed for Chol contents of 0 to 10mol%.
By increasing the Chol content to more than 10mol%, the f-PSM formed a lo

phase instead of a lβ phase. A PSM composed of DOPC/SMporc/Chol (42.5:42.5:15)
is shown in figure 5.13. The fluorescence micrographs (figure 5.13, top, BODIPY-
Chol (green) and TexasRed-DHPE (red)) at T = 25 ◦C demonstrated that TexasRed-
DHPE was excluded from the f-PSM, while BODIPY-Chol was enriched proving the
existence of the lo phase in the f-PSM. TexasRed-DHPE fluorescence was found in
the s-PSM, highlighting the ld phase. At 55 ◦C, a homogeneous distribution of the
TexasRed-DHPE in the f-PSM and in the s-PSM was observed. Hence, at a Chol
content of 15mol%, a phase transition between a lo/ld phase-separated membrane
to a homogeneous ld phase occurred. From the plotted intensity ratio as a function
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Figure 5.12.: (Top) Fluorescence micrographs of a PSM composed of DOPC/SMporc/
Chol (46:46:8) at different temperatures. The BODIPY-Chol (green) and the TexasRed-
DHPE (red) fluorescence images at T = 25 ◦C indicate that the PSM phase-separates into
a lβ and ld phase. The TexasRed-DHPE fluorescence images (red) at T = 25, 40 and
55 ◦C demonstrate the phase transition from the lβ/ld phase-separated membrane to a
homogeneous ld phase, with the visualization of phase separation in the f-PSM. (Bottom)
Fluorescence intensity ratio as a function of temperature resulted in a sigmoidal curve which
was fitted to the data resulting in TM = 40.7 ◦C. Scale bar 3 µm.

of temperature (figure 5.14, bottom), a TM of 39.1 ◦C was extracted. This phase
separation behavior was observed for Chol contents of 10 to 50mol%.

Another phase transition between a lo/ld phase-separated membrane to a homoge-
neous ld phase was shown in (figure 5.14) for a Chol content of 25mol%. As shown
in figure 5.13, the fluorescence micrographs (figure 5.14, top, BODIPY-Chol (green)
and TexasRed-DHPE (red)) at T = 25 ◦C demonstrate that TexasRed-DHPE was
excluded from the f-PSM, while BODIPY-Chol was enriched assigning the f-PSM to
the lo phase and the s-PSM to the ld phase. At 55 ◦C, a homogeneous distribution
of the TexasRed-DHPE fluorophore in the f-PSM and in the s-PSM was observed.
Varying the Chol contents between 0 and 18mol%, a phase separation in the f-PSM
was detected (figure 5.12 and 5.13). At higher Chol contents no phase separation in
the f-PSM was found, during the temperature ramp measurement (figure 5.14, top,
TexasRed-DHPE (red) from 25 to 55 ◦C). The increase of the fluorescence intensity
from TexasRed-DHPE in the f-PSM was measured and a TM of 45.7 ◦C was extracted.
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Figure 5.13.: (Top) Fluorescence micrographs of a PSM composed of DOPC/SMporc/
Chol (42.5:42.5:15) at different temperatures. The BODIPY-Chol (green) and the Texas-
Red-DHPE (red) fluorescence images at T = 25 ◦C indicate that the PSM phase-separates
into a lo and ld phase. The TexasRed-DHPE fluorescence images (red) at T = 25, 40
and 55 ◦C demonstrate the phase transition from the lo/ld phase-separated membrane to a
homogeneous ld phase, with the visualization of phase separation in the f-PSM. (Bottom)
Fluorescence intensity ratio as a function of temperature resulted in a sigmoidal curve which
was fitted to the data resulting in TM = 39.1 ◦C. Scale bar 3 µm.

TMs for all measured Chol concentrations were plotted in the phase diagram (fig-
ure 5.15), indicating the border regions of the already described phase transitions
which were possible in the PSM system. At high temperatures, the lipids were ho-
mogeneously distributed in the PSMs and independent from the Chol concentration.
From 0mol% Chol up to 8%, only a lβ/ld phase separation was found. From 11mol%
to the highest measured Chol concentration, only a lo/ld phase separation was de-
tected. At concentrations of 9mol% and 10mol% Chol, both phase separation types
were measured. This unclear border is a fact of the distribution of the GUVs which
have up to 5% composition fluctuations within the population.[272,274,276,277] The high-
est used Chol concentration was 50mol% which is still below the maximum of soluble
Chol that was determined to be 66mol% for DOPC membranes.[278,279] The upper
limit of 50mol% for Chol was chosen to ensure that the Chol content in the mem-
branes is unaffected by the maximum incorporation limit of Chol.

In previous literature, different phase diagrams from ternary lipid mixtures were
reported on model membrane systems with a homogeneous membrane adhesion.[201]
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Figure 5.14.: (Top) Fluorescence micrographs of a PSM composed of DOPC/SMporc/
Chol (37.5:37.5:25) at different temperatures. The BODIPY-Chol (green) and the Texas-
Red-DHPE (red) fluorescence images at T = 25 ◦C indicate that the PSM phase-separates
into a lo and ld phase. The TexasRed-DHPE fluorescence images (red) at T = 25, 40
and 55 ◦C demonstrate the phase transition from the lo/ld phase-separated membrane to a
homogeneous ld phase, without a visualization of phase separation in the f-PSM. (Bottom)
Fluorescence intensity ratio as a function of temperature resulted in a sigmoidal curve which
was fitted to the data resulting in TM = 45.7 ◦C. Scale bar 2 µm.

The difference of this measured phase diagram (figure 5.15) to ones reported for vesi-
cles or SSM is explainable due to different adhesion properties for the membrane in
PSM systems which basically have two different adhesion areas (f-PSM, s-PSM). A
theoretical work from Lipowsky et al. described the influence of different adhesion
areas on continuous membranes composed of POPC/Chol.[1,280] The phase diagram
of the membrane in each adhesion region on its own is equal to the phase diagram of
homogeneously adhered membranes. The overall phase diagram is changed, as differ-
ent lipids show varying preferences to the different adhesion areas, resulting in a kind
of lipid sorting induced by the adhesional properties of system. The deviations of the
phase diagram for membrane systems with homogeneous adhesion to lipid membranes
with heterogeneous adhesion can be summarized in three statements for the system
used within this work:[1,280] First, an increase in the difference of adhesional energy
between f-PSM and s-PSM results in a broadening of the overall phase separation re-
gion within the phase diagram. Second, the maximum of TM of the phase-separated
region for the whole system does not change by increasing the difference of adhesional
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Figure 5.15.: hase diagram by changing the Chol content from 0 to 50mol% on pore-
spanning membranes (PSMs) and the lipid ratio between DOPC and SMporc was one. The
different transition temperature (TM) from gel like (lβ)/liquid disordered (ld) and liquid
ordered (lo)/ld to the homogeneous ld phase were plotted in black and green respectively.

energy between f-PSM and s-PSM. Third, lipids have a preferential area (f-PSM, s-
PSM) depending on their properties within the lipid mixture which can result in
differing lipid compositions for the f-PSM and s-PSM. Phase separation will occur
either in the f-PSM or the s-PSM, but never in both simultaneously.[1,280] These three
theoretical statements are experimentally studied using the system of PSM as an ex-
ample for heterogeneous adhesion and comparing these results to previous literature
with experiments done with vesicles or SSMs as examples for homogeneously adhered
membranes.

Starting with the first statement from Lipowsky et al., an increase in the adhe-
sion difference must result in a broadening of the phase diagram[1,280] which will be
true if the preference of the different lipid phases to the different adhesion regions
is stronger than the miscibility of the lipids, leading to the already described effect
of lipid sorting. To prove this hypothesis an extreme point of phase separation is
used for PSMs and compared to reported lipid mixtures with homogeneous mem-
brane adhesion. Membranes with lipid compositions of DOPC/SMporc/Chol with
high Cholesterol content of 50mol% were used which showed a clear phase sepa-
ration as seen in figure 5.15. The same lipid composition was demonstrated in a
study of Petruzielo et al. using fluorescence resonance energy transfer (FRET) to
investigate phase separation in multi-lamellar vesicles (MLVs).[281] Phase separation
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was observed up to 40mol% Chol,[281] at higher Chol content no phase separation
is reported. This indicates a broadening for this specific membrane mixture when
different membrane areas with adhesional energy are present. Another phase dia-
gram, measured with vesicles, was done by Carravilla et al..[282] They analyzed the
lipid composition by changing the SM from SMporc to SMegg and visualized the phase
separation by Laudan in GUVs. They saw no phase separation with Chol contents
higher than 40mol%.[282] Aufderhorst-Roberts et al. measured phase separation in
the SSM using AFM to measure topographic images. In their work, it is reported
that DOPC/SMegg/Chol membranes on mica showed phase separation up to 40mol%
Chol at 25 ◦C.[283] In all phase diagrams reported for homogeneous membrane adhe-
sion, the phase-separated membrane was found up to 40mol% of Chol content but
not for higher Chol contents. In the phase diagram of the whole PSMs, the phase
separation was visible also at Chol contents of 50mol%. This verifies the theoret-
ical first hypothesis, namely that areas with differing adhesional energies lead to a
broadening of the phase separation region in the phase diagram.

The second hypethesis from Lipowsky et al. is that a phase diagram of a lipid
mixture with different membrane adhesion areas shows the same maximal transition
temperature as a phase diagram of the same lipid mixture prepared with a homo-
geneous membrane adhesion.[1,280] It is expected that the lipid mixture in the PSM
can be sorted into two lipid compositions, one with high membrane adhesion in the
s-PSM and one with no surface interaction in the f-PSM. The lipid composition in
each of the both regions can be at different positions of the phase diagram, since
the phase diagram describes the correct phase distribution behavior of f-PSM as well
as s-PSM. If this is true, the maximum transition temperature should not change
from each region individually and from the whole system compared to phase dia-
grams recorded for "classic" systems like SSMs or vesicles. Within this thesis, this
statement cannot be verified in general, because only one line of a ternary phase
diagram was measured. Still, it is possible to falsify this hypothesis. If in this thesis
a phase transition temperature was measured, which is higher than a phase transi-
tion temperature in a phase diagram with homogeneous adhered membrane from a
comparable lipid mixture, the statement would be rejected. The measurements of
the transition temperatures of PSMs at the line DOPC/SMporc/Chol (1:1:x) had a
maximum transition temperature of 47.5 ◦C. Many phase diagrams with a ternary
lipid mixture were measured at one specific temperature.[201] The phase diagrams for
DOPC/SMC16:0/Chol show a maximum TM of around 50 ◦C.[99] Pokorny et al. found
phase separation for the lipid mixture POPC/SMporc/Chol still at 46 ◦C.[273] Since in
the literature for comparable lipid composition higher transition temperatures as on
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the PSMs are reported, the second statement from Lipowsky et al. is not rejected for
this specific line in the ternary phase diagram but cannot be accepted in general.[1,280]

The last hypothesis by Lipowsky et al. describes competing process based on the
local lipid composition concerning exchange of lipid material and phase separation.
Since s-PSM and f-PSM are connected and able to exchange lipid material, the pro-
cess of phase separation is not only dependent on temperature and overall membrane
composition, but also on the local lipid composition which is prone to change upon
lipid material exchange. The process of phase separation in either f-PSM or s-PSM
is in competition with the process of exchanging local lipid compositions. Typically,
the lipid composition would change before phase separation happens either in f-PSM
or s-PSM. At a certain point, the energy cost of changing the lipid composition from
the different adhesion regions is higher compared to one region, with the same mem-
brane adhesion, undergoing a phase separation. This means that due to energetic
reasons, phase separation is only possible in one of the regions and never in both
at the same time. Phase separation was never observed in both regions (f-PSM and
s-PSM) at the same time for the phase diagram measurements. Phase separation
was only observed within the f-PSM in measurements with a Chol concentration of
≤18mol% (figure 5.12 and 5.13 at 40 ◦C). In contrast to this, the visualization of
phase separation in both regions was possible if phase-separated GUVs were spread
at room temperature (figure 5.4 and 5.5). This is not in contradiction to the hypoth-
esis, since the membranes were kinetically entrapped and not in the thermodynamic
equilibrium. This was proven, since heating the membranes above the transition
temperature and cooling down lead to membranes without phase separation in both
regions. The theory of Lipowsky et al. described only membranes in the thermo-
dynamic equilibrium and not in a kinetic entrapment.[1,280] The theory of Lipowsky
et al. is not falsified in general but verified for the lipid compositions used within this
work.
s-PSM are composed of ld phase and f-PSM of lo/lβ phases at all different measured

Chol concentrations. From the theory of Lipowsky et al.[1,280] and these findings, it
is concluded that the adhesion energy to the SiOx functionalized substrates is higher
for the ld phase than for the lo phase. This is in agreement with the measurements
of the membrane tensions for the different phases. The results of membrane tension
measurements on SiOx functionalized substrates suggest that the adhesion energy for
the ld phase is higher compared to the adhesion energy for the lo phase (chapter 5.1.2,
page 75). The reason is that the membrane bending stiffness of the ld phase is
lower compared to the lo phase.[243–254] Therefore, more surface on the rough SiOx

functionalized substrate, for the membrane adhesion is present for the ld phase.
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5.3. Conclusion of pore-spanning membranes (PSMs)

As found in cellular systems, where the membrane is partly adhered and partly
free standing, the PSM models allow to systematically study the influence of adhe-
sion in complex membrane systems. The interaction of membrane and substrate in
the s-PSM region influences the membrane properties in the f-PSM region. With
higher adhesion in the s-PSM region, the diffusion coefficient in the s-PSM slowed
down and the diffusion coefficient in the f-PSM increased as determined by iSCAT
measurements. The adhesion of the membrane to the substrate in the s-PSM is the
origin of the membrane tension in the f-PSM. The functionalization with gold and dif-
ferent mercaptoalcohols resulted in the tension regime of 0.6 to 3.2mNm−1. While
p-Si3N4 functionalized surfaces showed a tension of 1.6± 0.5mNm−1, a tension of
10.5± 4.3mNm−1 was found when SiOx functionalized substrates were used. The
SiOx surfaces allow the detection of fluorescence signals in f-PSMs as well as s-PSMs
and were used to study phase-separated PSMs in dependency of the two regions. The
ld and lo phases can be distinguished with a factor of 20 by FCS measurements in
the f-PSM.
STxB Gb3 binding was not effected by the high membrane tension or the high

substrate adhesion of the membrane to the SiOx functionalized substrate, because it
binds to the natural lo phase (figure 5.5).
To investigate the influence of the different adhesion properties on the phase-

separated membranes, a phase diagram was measured by increasing the Chol content
in a membrane with an equimolar of DOPC and SMporc. Two different fluorescent
phase markers were used to determine the lipid phases in the f-PSMs and s-PSMs for
different temperatures and Chol contents. As it was shown for a low Chol content
(≤10mol%), the phase separation takes place between the lβ phase in the f-PSM and
the ld phase in the s-PSM at low temperatures (<30 ◦C) to a homogeneous ld phase
in the whole PSM at high temperatures (>50 ◦C). Another phase separation takes
place at a high Chol content (≥9mol%) from a phase-separated PSM with the lo
phase in the f-PSM and the ld phase in the s-PSM to a homogeneous ld phase in the
whole PSM. Phase diagrams with a homogeneous adhesion to the membrane showed
no phase-separated membrane with 50mol% Chol. In contrast to this finding, the
phase diagram of the PSM showed phase-separated membranes at that Chol con-
tent. This confirms the broadening effect of the phase-separated region in the phase
diagram from the theoretical work of Lipowsky et al..[1,280]

The cell membrane can be described with the lipid raft model and this model
includes a clustering of the membrane. The results of the phase-separated PSMs
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gave a hint that not only the lipid-protein mixture has an effect on the membrane
ordering, but also that the different pining points affect the membrane ordering,
membrane dynamic and lipid-protein distribution.
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Enterohemorrhagic Escherichia coli (EHEC) is a bacterial strain, causing diseases
like diarrhea, bloody diarrhea, hemorrhagic colitis, haemolytic uraemic syndrome and
damage of the central nervous system. All these diseases are triggered by shiga toxin
(STx) which is a protein produced by EHEC. STx is known to bind to globotriaosyl
ceramide (Gb3) in the cellular membranes. After binding, STx enters the cell where
it inhibits the intracellular protein biosynthesis. The B-subunit of STx (STxB) is
responsible for binding while the A-subunit of STx (STxA) inflicts the toxic effect.
The STxB is known to bind to the more ordered membrane structure at the cells, but
the distribution of Gb3 before the STxB binding is not known which was investigated
in this work. Biomimetic model membranes showing liquid ordered (lo)/liquid disor-
dered (ld) phase separation were employed to study Gb3 phase performance before
and after STxB binding.

To quantify the partitioning of Gb3 in coexisting lo/ld phases, fluorescently fatty
acid labeled Gb3s were synthesized, containing pentaene or hexaene moieties that
allowed localization of Gb3 molecules in lo/ld membranes by measure of fluorescence
microscopy. These Gb3s were preferentially localized in the ld phase. STxB binding
to these Gb3-species also takes place in the ld phase which contradicts the binding
behavior of the natural Gb3. To contain a natural phase preference of Gb3, a second
labeling strategy was employed by connecting a BODIPY fluorophore to the head
group of the Gb3 using polyethylene glycol (PEG) linker. The synthesized head
group labeled Gb3s allowed to address the question how the structure of the fatty
acid of a Gb3 influences its distribution in lo/ld phase-separated membranes. The
results clearly demonstrate that the unsaturated fatty acid significantly shifts the
Gb3 molecules from the lo phase to the ld phase. Which can be explained because
the lo phase is enriched in saturated lipids and the ld phase enriched unsaturated
lipids. An α-hydroxilation at the fatty acid showed no effect an the distribution of
Gb3. Furthermore, the fatty acids of sphingomyelin (SM) impact the distribution
of the Gb3 due to interdigitation. It is conceivable that the overall recruitment of
lipids and the STx induced membrane reorganization eventually leads to invagination
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of the protein into the host cells and that this can be an influence of the fatty acid
composition of Gb3.
The cell membrane has different interactions like cell-cell junctions, focal adhesions

or the cytoskeleton. These adhesional points might influence local lipid compartition
and therefore could have an impact for the lipid raft hypothesis and also on the Gb3
distribution in the cellular membrane. A model membrane system with different
adhesional energies to the membrane is the pore-spanning membrane (PSM). While
established PSM system are based on gold thiol functionalization. The gold prohibit
fluorescence readout in the solid supported PSM (s-PSM). Within this thesis, a sili-
con oxide (SiOx) functionalization was established and characterized to enable phase
separation on freestanding PSM (f-PSM) and s-PSM.
To investigate the influence of different adhesional properties on phase-separated

membranes, a phase diagram was obtained by increasing the cholesterol (Chol) con-
tent in an equimolar membrane composed of DOPC and SMporc. The existence of
two different adhesion areas (s-PSM and f-PSM) had a dramatic effect on the phase
diagram. The region of the phase-separated membrane was broadened in comparison
to phase diagrams reported from systems with homogeneous membrane adhesion.
Interestingly, the ld phase was only observed in the s-PSM, while the more ordered
membrane was found in the f-PSM. The adhesion of the ld phase to the rough surface
can be favored, as the lower bending energy allows for the ld phase to get higher
adhesion energy.
The results obtain in this thesis suggest that not only the lipid-protein mixture has

an effect on the membrane reorganization to nano domains, but also the adhesional
points affected the membrane reorganization, membrane dynamic and lipid-protein
distribution. This can also influence the phase distribution of the Gb3 which can be
analyzed in further steps using PSMs. This would provide a better biomimetic model
compared to giant unilamellar vesicles (GUVs).
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A.4. Lipid diffusion constants

Table A.1.: Comparison of measured diffusion coefficients for different lipid model sys-
tems and lipid phases obtained by different methods. Lipid mixtures are: A=SMporc/Chol,
B=DOPC/POPE/POPS/Chol, C=DOPC/SMporc/Chol, D=DOPC/Chol, E=DOPC/
SMC18:0/Chol, F=DLPC/DPPC/Chol, G=DLPC/SMC18:0/Chol, H=DMPC/SMC18:0/
Chol, I=DOPC/SMegg/Chol, J=DPPC/Chol, K=POPC/Chol, L=DPhPC/DPPC/Chol.

System/Surface Lipids Method Phase Fluorophore D/µm2 s−1

f-PSM/SiOx
1 DOPC Z-scan FCS ld ATTO655-DOPE 11.2± 0.9

f-PSM/SiOx
1 DOPC Z-scan FCS ld TexasRed-DHPE 12.4± 1.1

f-PSM/SiOx
1 A (3:2) Z-scan FCS lo BODIPY-Chol 0.78± 0.05

f-PSM/SiOx
1 A (3:2) Z-scan FCS lo naphthopyrene 0.57± 0.07

f-PSM/p-Si3N4
2 DOPC SPT ld 40 nm GNP 2.6± 1.0

s-PSM/p-Si3N4
2 DOPC SPT ld 40 nm GNP 0.8± 0.5

f-PSM/6MH-Au2 DOPC SPT ld 40 nm GNP 1.8± 0.7
s-PSM/6MH-Au2 DOPC SPT ld 40 nm GNP 1.9± 0.7

f-PSM/6MH-Au[267] B (5:2:1:2) FCS ld ATTO488-DPPE 7.7± 0.4
f-PSM/6MH-Au[267] B (5:2:1:2) FCS ld DPPE-KK114 7.4± 0.3
s-PSM/6MH-Au[284] B (5:2:1:2) FRAP ld ATTO488-DPPE 2.8± 0.4
f-PSM/SiO2

[285] DOPC FRAP ld Rhod-DOPE 5.2
s-PSM/SiO2

[285] DOPC FRAP ld Rhod-DOPE 0.26,2.6

GUV[261] DOPC SPT ld 40 nm GNP 4.88± 0.04
GUV[265] DOPC Z-scan FCS ld BODIPY 500/510-PC 7.8± 0.8
GUV[266] DOPC FCS ld ATTO647N-DOPE ∼8.5
GUV[266] DOPC FCS ld BODIPY-Chol ∼8.5
GUV[170] DOPC FCS ld BODIPY-Chol 7.23
GUV[264] DOPC FCS ld DiI-C18 6.3± 0.2
GUV[263] C (2:2:1) Z-scan FCS ld DiD-C18 6.1± 0.5
GUV[263] C (2:2:1) Z-scan FCS lo DiD-C18 0.3± 0.1
GUV[264] D (4:1) FCS ld DiI-C18 4.8
GUV[264] D (1:2) FCS ld DiI-C18 2.4
GUV[264] E (2:2:1) FCS ld DiI-C18 5.15± 0.15
GUV[264] E (2:2:1) FCS lo DiI-C18 0.255± 0.058
GUV[286] DOPC FCS ld DiI-C18 7.0± 1.2
GUV[286] E (1:1:1) FCS ld DiI-C18 4.8± 0.9
GUV[286] E (1:1:1) FCS lo DiI-C18 2.0± 1.0
GUV[287] F (2:2:1) FCS ld DiI-C18 ∼4.5
GUV[287] F (2:2:1) FCS lo DiI-C18 ∼0.4
GUV[288] G (1:1:2) FCS ld DiI-C18 0.80
1Measurements were performed by Thomas Vagedes during his master thesis (table 5.3).
2Measurements were done in cooperation with Prof. Dr. Vahid Sandoghdar and were performed
by Susann Spindler. The results are published (table 5.2).[147]
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System/Surface Lipids Method Phase Fluorophore D/µm2 s−1

GUV[288] G (1:1:2) FCS lo DiI-C18 0.55
GUV[288] H (1:1:2) FCS ld DiI-C18 0.60
GUV[288] H (1:1:2) FCS lo DiI-C18 0.36
GUV[170] I (7:1:2) FCS lo BODIPY-Chol 4.98
GUV[289] POPC FCS ld Rhod-PE-POPC 6.2± 1.1
GUV[289] POPC FRAP ld Rhod-PE-POPC 3.3± 1.8
GUV[259] DOPC FRAP ld TexasRed-DHPE ∼5
GPMV[266] GPMV FCS ld ATTO647N-DOPE ∼2.5
GPMV[290] GPMV FCS ld Rhod-PE-SOPC 5.6
GPMV[290] GPMV FCS lo Rhod-PE-SOPC 1.8

SSM/glass[262] DOPC SPT ld 10 nm GNP 3.01± 0.35
SSM/glass[262] DOPC SPT ld 15 nm GNP 2.87± 0.33
SSM/glass[262] DOPC SPT ld 20 nm GNP 2.37± 0.17
SSM/glass[262] DOPC SPT ld 30 nm GNP 2.28± 0.16
SSM/glass[262] DOPC SPT ld 40 nm GNP 2.01± 0.17
SSM/glass[262] DOPC SPT ld ATTO647N-DOPE 2.15± 0.67
SSM/glass[262] DOPC SPT ld ATTO532-DOPE 2.63± 0.92
SSM/glass[260] DOPC SPT ld 40 nm GNP 0.22
SSM/glass[291] C (1:1:1) SPT ld 40 nm GNP 1.1
SSM/glass[291] C (1:1:1) SPT lo 40 nm GNP 0.38
GUV/glass[292] DLPC FCS ld BODIPY-PC 3
GUV/glass[292] F (9:9:2) FCS lo BODIPY-PC 0.3
GUV/glass[292] J (2:3) FCS lo BODIPY-PC 0.15
SSM/glass[293] DOPC FCS ld BODIPY-Chol 3.2
SSM/glass[293] K (7:3) FCS lo BODIPY-Chol 1.7
SSM/mica[294] L (2:2:1) SPT ld 20 nm GNP 1.43± 0.50
SSM/mica[294] L (2:2:1) SPT lo 20 nm GNP 0.24± 0.12
SSM/mica[265] DOPC Z-scan FCS ld BODIPY 500/510-PC 3.1± 0.3
SSM/mica[295] C (10:10:7) L-scan FCS ld BODIPY-Chol 6.2± 0.4
SSM/mica[295] C (10:10:7) L-scan FCS lo BODIPY-Chol 0.42± 0.02
SSM/mica[188] L (20:20:17) FCS ld DSPE-KK114 1.9
SSM/mica[188] DOPC FCS ld DSPE-PEG-KK114 9
SSM/mica[188] D (7:3) FCS ld DSPE-PEG-KK114 2.6
SSM/mica[188] L (20:20:17) FCS ld DSPE-PEG-KK114 1.8
SSM/mica[188] L (20:20:17) FCS lo DSPE-PEG-KK114 0.7
SSM/mica[296] E (3:3:2) FCS ld BODIPY-Chol 6
SSM/mica[296] E (3:3:2) FCS lo BODIPY-Chol 0.15
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A.5. Membrane tension of pore-spanning membranes

Table A.2.: Comparison measured different membrane tension on different functional-
izations of the porous substrates, 2-mercapto-1-ethanol on gold (2ME-Au), 6-mercapto-1-
hexanol on gold (6MH-Au), 6MH-Au + O-cholesteryl N -(8’-mercapto-3’,6’-dioxaoctyl)car-
bamate (CPEO3), 8-mercapto-1-octanol on gold (8MO-Au), octan-1-thiol on gold (OT-Au),
11-mercapto-1-undecanol on gold (11MUD-Au), 6-mercapto-1-hexanol on gold (6MH-Au),
plasma cleaned silicon nitride (p-Si3N4) or silicon oxide (SiOx) and different preparation
methods, spreading of GUVs or painting the membrane over the porous substrate. The
membrane tension (σ) was measured also with different lipids and lipid compositions,
A=POPC/Chol, B=DOPC/Chol, C=DPPC/Chol, D=SMporc/Chol.

Functionalization Lipids Preparation σ/mNm−1

2ME-Au DOPC GUV 1.6± 1.1
2ME-Au[239] POPC GUV 2.4± 0.5
2ME-Au[239] A (3:1) GUV 2.6± 0.9
2ME-Au[234] POPC GUV 2.00± 0.09
2ME-Au[234] DOPC GUV 1.018± 0.014
2ME-Au[234] B (7:3) GUV 3.50± 0.15

6MH-Au DOPC GUV 0.6± 0.4
6MH-Au3 DOPC GUV 0.4± 0.1
6MH-Au[214] DPhPC GUV 1.4
6MH-Au + 9.1% CPEO3[214] DPhPC GUV 5.0

OT-Au[235] DPhPC GUV 26± 4
OT-Au[235] DPhPC painting 18± 3
OT-Au[235] DPPC painting 31± 3
OT-Au[235] C (3:1) painting 23± 3

8MO-Au DOPC GUV 3.2± 0.9
11MUD-Au DOPC GUV 2.1± 1.4
16MHD-Au DOPC GUV 1.0± 0.4

p-Si3N4 DOPC GUV 1.6± 0.5
p-Si3N4

3 DOPC GUV 1.2± 0.4
SiOx DOPC GUV 10.5± 4.3
SiOx D (3:2) GUV 6.7± 4.0
SiO2

[235] DPhPC GUV 0.15± 0.05

3Measurements were done in cooperation with Prof. Dr. Vahid Sandoghdar. The results are
published.[147]
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A.6. Fluorescence labeled Gb3

Scheme A.1.: A schematically overview from all labeled globotriaosyl ceramides (Gb3s).
The ground structure is a Gb3 with two different residues one at the head group (R1) and
the second the fatty acid (R2). The fatty acid labeled Gb3s have no modification at the
head group (R1=H), but there are two different fatty acids, which resulted in the globotriao-
syl ceramid phenyl-modified fatty acid (Gb3PH) and globotriaosyl ceramid thienothienyl-
modified fatty acid (Gb3TT). The head group labeled Gb3s are modified at the head group
with a PEG linker with the linker length (n=3,13) and a BODIPY. The fatty acid varied
also in four different solutions. In total there are eight different structures which were
shorten to Gb3PEGnC24:ΔX.
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A.7. Statistical analyses
A linear mixed-effects model (LMM) was fitted to the data in order to evaluate

effects of the data.

Data = Xβ + Zu+ ε (A.1)

The measured data are listed in a long vector. The data belongs to different groups
of interest which is set in the fixed effect coefficient matrix X. The fixed effects are
the influences of interest and stands in the vector β. The distribution of the data
are broadened by systematical distributions (random effects). The coefficient matrix
of this systematical errors is Z and the vector of the systematical distribution which
has normal distributions as elements is u. Additionally a vector of random error (ε)
was included which is normal distributed. The equation is optimized by optimizing
the normal distributions with a maximum likelihood estimation.

A.7.1. Results of the linear mixed-effects model for the fatty acid
labeled globotriaosyl ceramide

The statistical analysis of the different LMM models are summarized in the follow-
ing short tables. The differences are calculated as followingΔFattyAcid=%lo(Gb3PH)
-%lo(Gb3TT), ΔSTxB = %lo(+ STxB)-%lo(- STxB). The LMM has a starting pop-
ulation, which were influenced by fixed-effects and random-effects. The effects with
fixed influences, like the influence of the fatty acid to the lo phase distribution (%lo)
of the head group labeled Gb3, were shorten in the LMM equation as an addend.
Effects, which influences the distribution of the statistic are random-effects, like the
preparation days or the different GUVs. This random effects were written in the
LMM equation like (1 | <random effect>).

Table A.3.: The used model: liquid ordered phase distribution
(%lo)=Gb3PH+ΔFattyAcid + (1 | Day) + (1 | GUV). All two different fatty acid
labeled Gb3 were used in GUV composed of DOPC/SMporc/Chol/Gb3/Dy731-DOPE
(39:35:20:5:1) before STxB incubation; R2= 0.6710

Difference Δ%lo p-Value

Gb3PH 0.40± 0.02 2.4× 10−205

ΔFattyAcid 0.16± 0.02 3.1× 10−22
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Table A.4.: The used model: liquid ordered phase distribution
(%lo)=Gb3PH+ΔFattyAcid +ΔSTxB (1 | Day) + (1 | GUV). All two different fatty acid
labeled Gb3 were used in GUV composed of DOPC/SMporc/Chol/Gb3/Dy731-DOPE
(39:35:20:5:1) before and after STxB incubation; R2= 0.6266

Difference Δ%lo p-Value

Gb3PH 0.39± 0.02 3.9× 10−286

ΔFattyAcid 0.16± 0.02 1.7× 10−44

ΔSTxB −0.01± 0.02 0.19

A.7.2. Results of the linear mixed-effects model for the head
group labeled globotriaosyl ceramide

The statistical analysis of the different LMM models are summarized in the follow-
ing short tables. The differences are calculated as following ΔPEG =%lo(PEG13)-
%lo(PEG3), ΔC24 = %lo(C24:0)-%lo(C24:1) and ΔOH = %lo(H)-%lo(OH). The LMM
has a starting population, which were influenced by fixed-effects and random-effects.
The effects with fixed influences, like the influence of the linker length to the %lo
of the head group labeled Gb3, were shorten in the LMM equation as an addend.
Effects, which influences the distribution of the statistic are random-effects, like the
preparation days or the different GUVs. This random effects were written in the
LMM equation like (1 | <random effect>).

Measurements with SMporc

Table A.5.: The used model: liquid ordered phase distribution
(%lo)=Gb3PEG13C24:0H+ΔPEG + ΔC24 + ΔOH + (1 | Day) + (1 | GUV). All
eight different head group labeled Gb3 were used in GUV with the lipid mixture DOPC/
SMporc/Chol/Gb3/Dy731-DOPE (39:39:20:1:1); R2= 0.9201

Difference Δ%lo p-Value

Gb3PEG13C24:0H 0.72± 0.03 1.4× 10−250

ΔPEG 0.27± 0.03 1.3× 10−32

ΔC24 0.19± 0.03 1.6× 10−16

ΔOH 0.01± 0.03 0.67
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Table A.6.: The used model: liquid ordered phase distribution (%lo)=Gb3PEG13C24:0H
+ ΔC24 + ΔOH + (1 | Day) + (1 | GUV). The head group labeled Gb3 with the long PEG
linker were used in GUV with the lipid mixture DOPC/SMporc/Chol/Gb3/Dy731-DOPE
(39:39:20:1:1); R2= 0.8695

Difference Δ%lo p-Value

Gb3PEG13C24:0H 0.74± 0.03 9.4× 10−186

ΔC24 0.24± 0.04 3.7× 10−15

ΔOH 0.01± 0.04 0.76

Measurements with different sphingomyelin species

Table A.7.: The used model: liquid ordered phase distribution (%lo) = Gb3PEG13C24:0H
in SMC16:0 + ΔSM + ΔPEG + ΔC24 + ΔOH + (1 | Day) + (1 | GUV). All eight different
head group labeled Gb3 were used in GUV with the lipid mixture DOPC/SM/Chol/Gb3/
Dy731-DOPE (39:39:20:1:1); R2 = 0.9495

Difference Δ%lo p-Value

Gb3PEG13C24:0H in SMC16:0 0.48± 0.03 1.2× 10−75

ΔSMC16:0-SMC18:0 −0.03± 0.03 0.36
ΔSMC16:0-SMC20:0 −0.21± 0.03 1.8× 10−12

ΔSMC16:0-SMC22:0 −0.19± 0.03 4.7× 10−11

ΔSMC16:0-SMC24:0 −0.19± 0.03 8.1× 10−12

ΔSMC18:0-SMC20:0 −0.18± 0.03 7.4× 10−10

ΔSMC18:0-SMC22:0 −0.17± 0.03 1.2× 10−8

ΔSMC18:0-SMC24:0 −0.17± 0.03 2.9× 10−9

ΔSMC20:0-SMC22:0 0.01± 0.04 0.65
ΔSMC20:0-SMC24:0 0.01± 0.03 0.78
ΔSMC22:0-SMC24:0 −0.01± 0.03 0.86
ΔPEG 0.31± 0.02 2.6× 10−65

ΔC24 0.16± 0.02 6.3× 10−18

ΔOH −0.03± 0.02 0.15

132



A.7. Statistical analyses

Table A.8.: The used model: liquid ordered phase distribution (%lo)=Gb3PEG13C24:0H
in SMC16:0 + ΔSM+ΔC24 + ΔOH + (1 | Day) + (1 | GUV). The head group labeled Gb3
with the long PEG linker were used in GUV with the lipid mixture DOPC/SM/Chol/Gb3/
Dy731-DOPE (39:39:20:1:1); R2= 0.9178

Difference Δ%lo p-Value

Gb3PEG13C24:0H in SMC16:0 0.46± 0.03 3.3× 10−53

ΔSMC16:0-SMC18:0 −0.09± 0.04 8.8× 10−3

ΔSMC16:0-SMC20:0 −0.25± 0.04 1.1× 10−11

ΔSMC16:0-SMC22:0 −0.25± 0.04 4.7× 10−12

ΔSMC16:0-SMC24:0 −0.29± 0.04 2.5× 10−15

ΔSMC18:0-SMC20:0 −0.16± 0.04 1.0× 10−5

ΔSMC18:0-SMC22:0 −0.16± 0.04 5.4× 10−6

ΔSMC18:0-SMC24:0 −0.20± 0.04 2.6× 10−8

ΔSMC20:0-SMC22:0 −0.00± 0.04 0.90
ΔSMC20:0-SMC24:0 −0.04± 0.04 0.27
ΔSMC22:0-SMC24:0 −0.04± 0.04 0.33

ΔC24 0.22± 0.03 6.4× 10−21

ΔOH 0.02± 0.03 0.52

A.7.3. Statistical analyzing of Membrane tension by using the
LMM

The statistical analysis of the LMM model is summarized in the following short
tables. The differences of the membrane tension according there functionalization is
exlained in the tables. The LMM has a starting population, which were influenced
by fixed-effects and random-effects. The effects with fixed influences were shorten
in the LMM equation as an addend. Effects, which influences the distribution of
the statistic are random-effects, like the preparation days. This random effects were
written in the LMM equation like (1 | <random effect>).
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Table A.9.: The used model was, membrane tension (σ)=2ME-Au+Δfunctionalization
+ (1 | Day). R2= 0.8628. The membrane tension (σ) of the f-PSM composed of DOPC/
ATTO488-DPPE (99.5:0.5) was measured on different functionalizations. The lipid compo-
sition of the lo phase on SiOx functionalized substrate was SMporc/Chol/ATTO655-DOPE
(59.5:39.5:1). The analyze method is described in chapter 3.3.3.

Difference Δσ mNm−1 p-Value

2ME-Au 2.1± 1.1 0.047
Δ2ME-Au-6MH-Au 1.3± 2.0 0.50
Δ2ME-Au-8MO-Au −1.3± 1.7 0.52
Δ2ME-Au-11MUD-Au 0.2± 1.9 0.42
Δ2ME-Au-16MHD-Au 1.0± 1.7 0.92
Δ2ME-Au-p-Si3N4 −0.5± 2.5 0.84
Δ2ME-Au-SiOx −7.0± 1.5 1.4× 10−6

Δ2ME-Au-SiOxlo 5.1± 1.5 4.5× 10−4

6MH-Au 0.73± 1.70 0.66
Δ6MH-Au-8MO-Au −2.7± 2.2 0.21
Δ6MH-Au-11MUD-Au −1.1± 2.3 0.62
Δ6MH-Au-16MHD-Au −0.3± 2.1 0.89
Δ6MH-Au-p-Si3N4 0.8± 2.8 0.77
Δ6MH-Au-SiOx −8.3± 2.0 2.0× 10−5

Δ6MH-Au-SiOxlo −6.4± 2.0 1.0× 10−3

8MO-Au 3.4± 1.4 9.6× 10−4

Δ8MO-Au-11MUD-Au 1.5± 2.1 0.46
Δ8MO-Au-16MHD-Au 2.4± 1.9 0.20
Δ8MO-Au-p-Si3N4 1.8± 2.6 0.48
Δ8MO-Au-SiOx −5.7± 1.7 5.9× 10−4

Δ8MO-Au-SiOxlo −3.8± 1.7 0.023
Δ6MH-Au-SiOxlo −6.4± 2.0 1.0× 10−3

11MUD-Au 1.9± 1.6 0.24
Δ11MUD-Au-16MHD-Au 0.86± 2.10 0.67
Δ11MUD-Au-p-Si3N4 0.32± 2.80 0.91
Δ11MUD-Au-SiOx −7.2± 1.9 1.3× 10−4

Δ11MUD-Au-SiOxlo −5.3± 1.9 5.0× 10−3

16MHD-Au 1.0± 1.3 0.43
Δ16MHD-Au-p-Si3N4 0.54± 2.60 0.83
Δ16MHD-Au-SiOx −8.1± 1.7 9.4× 10−7
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Difference Δσ mNm−1 p-Value

Δ16MHD-Au-SiOxlo −6.1± 1.7 1.9× 10−4

p-Si3N4 1.6± 2.2 0.48
Δp-Si3N4-SiOx −7.5± 2.5 2.1× 10−3

Δp-Si3N4-SiOxlo −5.6± 2.5 0.022
SiOx 9.07± 1.01 1.6× 10−18

ΔSiOx-SiOxlo 1.9± 1.5 0.18
SiOxlo 7.2± 1.0 3.9× 10−12

A.8. Chemicals and consumables

2-mercapto-1-ethanol Sigma-Aldrich, Taufkirchen, Germany
3-aminopropyltrimethoxysilane Sigma-Aldrich, Taufkirchen, Germany
6-mercapto-1-hexanol Sigma-Aldrich, Taufkirchen, Germany
8-mercapto-1-octanol Sigma-Aldrich, Taufkirchen, Germany
octan-1-thiol Sigma-Aldrich, Taufkirchen, Germany
12-mercapto-1-dodecanol Dojindo EU GmbH, Munich, Germany
16-mercapto-1-hexadecanol Santa Cruz Biotechnology, Inc., Heidelberg,

Germany
Ar Air Liquide Deutschland GmbH, Düsseldorf,

Germany
Au, 99.99% Allgemeine Gold- und Silberscheideanstalt,

Pforzheim, Germany
ATTO488-DOPE ATTO-TEC, Siegen, Germany
ATTO488-DPPE ATTO-TEC, Siegen, Germany
ATTO532-DOPE ATTO-TEC, Siegen, Germany
ATTO655-DOPE ATTO-TEC, Siegen, Germany
cb-DOPE Avanti Polar Lipids, Alabaster, AL, US
BL-AC40TS-C2 Olympus, Tokio, Japan
BODIPY-Chol Avanti Polar Lipids, Alabaster, AL, US
BSA Carl Roth GmbH, Karlsruhe, Germany
CaCl2 · (H2O)2 Merck KGaA, Darmstadt, Germany
Chloroform VWR International, Darmstadt, Germany
Chol Sigma-Aldrich, Taufkirchen, Germany
Cu-band Präzisions Glas & Optik GmbH, Iserlohn, Ger-

many
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Cy3 STxB Provided by Prof. Dr. Winfried Römer
DOPC Avanti Polar Lipids, Alabaster, AL, US
Dy731-DOPE Provided by Prof. Dr. Daniel B. Werz
Ethanol Carl Roth GmbH, Karlsruhe, Germany
Gb3PEG3C24:0H Provided by Prof. Dr. Daniel B. Werz
Gb3PEG3C24:1H Provided by Prof. Dr. Daniel B. Werz
Gb3PEG3C24:0OH Provided by Prof. Dr. Daniel B. Werz
Gb3PEG3C24:1OH Provided by Prof. Dr. Daniel B. Werz
Gb3PEG13C24:0H Provided by Prof. Dr. Daniel B. Werz
Gb3PEG13C24:1H Provided by Prof. Dr. Daniel B. Werz
Gb3PEG13C24:0OH Provided by Prof. Dr. Daniel B. Werz
Gb3PEG13C24:1OH Provided by Prof. Dr. Daniel B. Werz
Gb3PH Provided by Prof. Dr. Daniel B. Werz
Gb3porc Matreya, State College, PA, US
Gb3TT Provided by Prof. Dr. Daniel B. Werz
GNP BBI, Cardiff, UK
iso-propanol Carl Roth GmbH, Karlsruhe, Germany
ITO-slides Präzisions Glas & Optik GmbH, Iserlohn, Ger-

many
KCl Sigma-Aldrich, Taufkirchen, Germany
KH2PO4 Merck KGaA, Darmstadt, Germany
Methoxy PEG succinimidyl
carbonate (5 kDa)

Nanocs Inc., Boston, MA, US

N2 Air Liquide Deutschland GmbH, Düsseldorf,
Germany

n-propanol Carl Roth GmbH, Karlsruhe, Germany
Methanol Carl Roth GmbH, Karlsruhe, Germany
NaCl Sigma-Aldrich, Taufkirchen, Germany
Na2HPO4 Merck KGaA, Darmstadt, Germany
naphthopyrene TCI Deutschland GmbH, Eschborn, Germany
O2 Air Liquide Deutschland GmbH, Düsseldorf,

Germany
PageRuler™ Fisher Scientific GmbH, Schwerte, Germany
Polycarbonate membranes Avestin, Ottawa, Canada
Porous Si3N4 substrates Aquamarijn Micro Filtration BV, Zutphen,

Netherlands
SiO Merck KGaA, Darmstadt, Germany
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SMC16:0 Avanti Polar Lipids, Alabaster, AL, US
SMC18:0 Avanti Polar Lipids, Alabaster, AL, US
SMC20:0 Matreya, State College, PA, US
SMC22:0 Matreya, State College, PA, US
SMC24:0 Avanti Polar Lipids, Alabaster, AL, US
SMporc Avanti Polar Lipids, Alabaster, AL, US
SPR sensor chips (bare gold) XanTec bioanalytics GmbH, Düsseldorf, Ger-

many
STxB Provided by Prof. Dr. Daniel Huster
STxB Provided by Prof. Dr. Winfried Römer
Sucrose Carl Roth GmbH, Karlsruhe, Germany
TexasRed-DHPE Sigma-Aldrich, Taufkirchen, Germany
Ti Elektronen Optik Service GmbH, Dortmund,

Germany
Tris Carl Roth GmbH, Karlsruhe, Germany
Ultra low range marker Sigma-Aldrich, Taufkirchen, Germany

A.9. Software

Fiji Schindelin et al.[297]

Matlab 2014b Mathworks, Natick, MA, US
Matlab 2017b Mathworks, Natick, MA, US
Origin Pro8.5G OriginLab Corporation, Northhampton, US

A.10. Equipment

BX 51 Olympus, Tokio, Japan
BX 53 Olympus, Tokio, Japan
Coating system MED020 Bal-TEc, Leica, Wetzlar, Germany
Frequency generator Agilent
33220A

Agilent Technology, Santa Clara, CA, US

FluoView 1200 Olympus, Tokio, Japan
Heating chamber Binder, Tuttlingen, Germany
LEO supra-35 microscope Carl Zeiss, Jena, Germany
LSM 710 Carl Zeiss, Jena, Germany
LSM 880 Carl Zeiss, Jena, Germany
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MilliQ Gradient A10 Merck Millipore, Darmstadt, Germany
MFP-3D classic Asylum Research, Santa Barbara, CA, US
Nanowizard 4 JPK Instruments, Berlin, Germany
pH-meter Calimatic 766 Knick, Berlin, Germany
Sputtercoater Cressington Scientific Instruments, Watford,

UK
Plasma cleaner PDC 32 G-2 Harrick Plasma, Ithaca, NY, US
Tip sonifier Sonoplus HD2070 Bandelin, Berlin, Germany
Ultrasonic bath Sonorex RK
255H

Bandelin, Berlin, Germany

Vacuum drying chamber Binder, Tuttlingen, Germany
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