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Abstract 

Neurons of advanced animals need fast and efficient mechanisms to enable the functionality 

of a complex nervous system. In the life cycle of synaptic vesicles this is reflected in the 

endocytosis which generates new vesicles, the uptake of neurotransmitters and the fusion 

reaction which finally releases the neurotransmitters into the synaptic cleft to propagate the 

signal to the next cell. Despite considerable effort, many processes and functions in this 

cycle still need to be unravelled. As a contribution to that aim, this thesis describes the 

investigation of neuronal model systems.  

In the first project, plasma membrane sheets derived from PC12 cells were investigated by 

atomic force microscopy to obtain topographic images for stating generally on the 

heterogeneity of their surface. Furthermore, it was attempted to infer the distribution of 

syntaxin-1 inside the membrane sheets by molecular recognition imaging employing 

conventional antibodies and nanobodies coupled to the tip of atomic force microscopy 

cantilevers. A heterogeneous structure of the membrane sheets was observed in atomic 

force microscopy height images. The molecular recognition imaging experiments did not 

yield specific interactions which could be discriminated from the vast amount of unspecific 

interactions and the latter were also found in control experiments. The unspecific interaction 

events were revealed to be distributed non-homogeneously on the membrane sheets. 

In the second project the influence of the synaptic vesicle protein synaptophysin on the 

mechanical moduli of giant unilamellar vesicles (GUVs) and on their general behaviour was 

investigated by micropipette aspiration. To this end, a micropipette aspiration device was 

successfully implemented and the software necessary for the analysis was developed. The 

area compressibility moduli, the bending modulus, the maximum apparent area strain and 

the maximum membrane tension did not show significant differences between GUVs 

containing synaptophysin and those containing synaptobrevin or pure lipid vesicles. This 

might be attributed to the low amount of reliable data. However, GUVs containing 

synaptophysin are more prone to fission during aspiration. GUVs containing proteins and 

especially those containing synaptophysin were found to lose volume while maintaining their 

surface area additionally to the fission events possibly indicating the formation of a channel. 
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Zusammenfassung (German Abstract) 

Um die Funktionalität eines komplexen Nervensystems zu ermöglichen müssen Neuronen 

höherer Tiere über schnelle und effiziente Mechanismen verfügen. Im Lebenszyklus 

synaptischer Vesikel spiegelt sich dies in der Endozytose, welche neue Vesikel generiert, der 

Aufnahme von Neurotransmittern und der Fusionsreaktion, die schließlich Neurotransmitter 

in den synaptischen Spalt freisetzt um Signale an die nächste Zelle zu übermitteln, wider. 

Trotz beträchtlicher Fortschritte müssen noch viele Prozesse und Funktionen in diesem 

Zyklus aufgeklärt werden. Als Beitrag zu diesem Ziel beschreibt diese Arbeit die 

Untersuchung neuronaler Modellsysteme.  

Im ersten Projekt wurden aus PC12 Zellen generierte Plasmamembranfragmente mittels 

Rasterkraftmikroskopie untersucht um topographische Bilder zu erhalten und daraus 

allgemeine Aussagen über die heterogene Organisation von deren Oberflächen zu treffen. 

Darüber hinaus wurde versucht die Verteilung von Syntaxin-1 innerhalb der 

Membranfragmente mittels molekularer Erkennungsbildgebung durch konventionelle Anti- 

oder Nanokörper welche an die Spitze des Federbalkens eines Rasterkraftmikroskops 

gebunden wurden zu ermitteln. In rasterkraftmikroskopischen Höhenbildern wurde eine 

heterogene Struktur der Membranfragmente beobachtet. Durch die Experimente zur 

molekularen Erkennungsbildgebung wurden keine spezifischen Bindungen identifiziert 

welche von der großen Anzahl unspezifischer Wechselwirkungen unterschieden werden 

konnten. Letztere waren auch in Kontrollversuchen vorhanden. Es wurde aufgeklärt, dass die 

unspezifischen Wechselwirkungen nicht homogen in den Membranfragmenten verteilt sind.  

Im zweiten Projekt wurde der Einfluss des in synaptischen Vesikeln vorkommenden Proteins 

Synaptophysin auf die mechanischen Moduln großer unilamellarer Vesikel (GUV) und auf 

deren generelle Verhaltensweise mittels Mikropipettenaspiration untersucht. Zu diesem 

Zweck wurde eine Mikropipettenaspirationseinheit erfolgreich implementiert und ein zur 

Analyse der Experimente notwendiges Computerprogramm entwickelt. Es konnten keine 

signifikanten Unterschiede in den Flächenkompressibilitätsmoduln, dem Biegemodul, der 

maximalen ersichtlichen Flächendehnung und der maximalen Membranspannung zwischen 

synaptophysin- und synaptobrevinhaltingen GUV oder reinen Lipidvesikeln festgestellt 

werden. Dies könnte in der geringen Anzahl verlässlicher Daten begründet sein. Allerdings 

neigen synaptophysinhaltige GUV während der Aspiration eher zu Fission. Es wurde 

herausgefunden, dass protein- und insbesondere synaptophysinhaltige GUV zusätzlichen zu 

den Fissionsereignissen auch unter Erhaltung ihrer Oberfläche Volumen verlieren was 

möglicherweise auf die Ausbildung eines Kanals hindeutet.  
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1 Introduction 

The evolution of highly advanced and intelligent animals required the development of a 

complex and efficient nervous system. The human brain comprises about 86 billion 

neurons[1] and an average neocortical neuron forms approximately 7000 synapses.[2] Signals 

can progress with a speed of about 60 m∙s–1 through human sensory nerve fibres.[3] Such a 

huge speed of transfer also needs fast processes on the cellular level. When a presynaptic 

action potential reaches the presynaptic membrane it takes only 1.3 ms to transfer this signal 

into a postsynaptic action potential.[4] This efficiency requires a sophisticated organisation of 

the processes within the presynaptic cell. An interplay of about 100 proteins enables the fast 

fusion of synaptic vesicles upon arrival of an electric signal at the presynaptic membrane.[4] 

Amongst these proteins syntaxin-1 and SNAP-25 residing on the cellular membrane and 

synaptobrevin present on synaptic vesicles form the synaptic core complex which plays the 

central role in the completion of the fusion reaction. When fusion is triggered by the presence 

of calcium ions, it takes less than 1 ms for a subset of vesicles to fuse and release their 

neurotransmitters.[5] For ongoing transmission the efficient retrieval of new vesicles via 

endocytosis is indispensable. Different routes of endocytosis are discussed. Obviously, 

newly endocytosed vesicles have to be refilled with neurotransmitters.[4] The basic principles 

of neurotransmission are known for decades. However, there are still a lot of details of these 

mechanisms which remain enigmatic. 

Syntaxin-1[6–9] and other synaptic membrane proteins[10–12] are described to be segregated in 

clusters. Advantages of clustering might be a facilitated uptake of a large number of proteins 

at once by endocytosis or clusters might serve as a reserve pool of proteins.[13] Furthermore, 

synaptic plasticity, i.e. dynamic changes in the synapse which influence the amount of 

transmission, can be influenced by clustering of participating molecules, which is especially 

described for the postsynaptic cell.[14] For example, a knockout of the scaffolding protein 

radixin, which clusters neurotransmitter receptors extrasynaptically, in mice leads to an 

impairment of memory.[15] Since in the presynapse alteration of neurotransmitter release is 

suggested to be the main contributor to synaptic plasticity,[14] clustering of proteins 

participating in release is a feasible candidate. On the presynaptic side the involvement of 

clustering of calcium ion channels in synaptic plasticity is reported.[11] Altered synaptic 
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plasticity influences learning and memory and in that sense it might also have implications in 

diseases. As such, impairment of long term potentiation, i.e. an increase of synaptic activity 

which lasts over long times, is a common pathological characteristic in schizophrenia.[16]  

The vesicular protein synaptophysin is also occasionally suggested to alter synaptic 

plasticity.[17] However, its real function is less known than that of syntaxin-1. Other studies 

imply, for example, a function in endocytosis.[18] After being endocytosed, the synaptic 

vesicles are refilled with neurotransmitters as mentioned before. Interestingly, in two 

independent studies a swelling of synaptic vesicles during the latter process was 

recognised.[19,20] However, this swelling is accompanied with an increase of the vesicle’s 

surface area which is not compatible with the generally observed maximum possible area 

dilation of lipid membranes.[21,22] 

The described clustering is predominantly investigated by super resolution fluorescence 

microscopy.[6,9,23,24] However, these techniques are prone to intrinsic errors as for some the 

detection of physically non-existent pseudoclusters is reported,[25] and the same proteins are 

described to induce varying amounts of clustering in the cell’s plasma membrane when 

marked with different fluorescent tags.[26] An elegant way to probe the distribution of proteins 

in a label free approach, and thereby circumventing the concerns about fluorescent staining 

mentioned before, is molecular recognition atomic force microscopy. During the last two 

decades this method has been applied to map the distribution of biomolecules on artificial as 

well as cellular surfaces commonly by an antibody against the protein of interest coupled to 

the tip of an atomic force microscopy (AFM) cantilever.[27–30] To the best of the author’s 

knowledge there is no report on molecular recognition AFM imaging of protein distributions 

on the inner leaflet of the cellular plasma membrane. Albeit molecular recognition AFM 

imaging is described to be a cumbersome technique as Peter Hinterdorfer, the pioneer of 

molecular recognition AFM imaging, and Yves Dufrêne stated that “[…] it is fair to say that 

accurate data collection and interpretation remain often delicate and require strong expertise, 

especially when dealing with complex specimens […]”[31], the challenge was taken to apply 

molecular recognition AFM to the inner leaflet of the plasma membrane of mammalian cells. 

To this end, in the first project described here the heterogenic organisation of plasma 

membrane sheets derived from neuroendocrine PC12 cells, which serve as model system for 

neurons, was investigated by AFM height imaging and especially by molecular recognition 

AFM imaging. For the latter experiments conventional IgG antibodies and nanobodies raised 

against syntaxin-1 were coupled to the tips of AFM cantilevers. An observation of specific 

clusters of syntaxin-1 by this complementary method could dispel doubts that clusters of 

syntaxin-1 observed by fluorescence based methods are artificially induced.  
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To shed more light on possible functions of synaptophysin and especially to test whether it 

could contribute to the large area dilation observed in synaptic vesicles, the protein was 

reconstituted into membranes of giant unilamellar vesicles. This model system was 

investigated in the second project of the present thesis, which was a collaboration with Dr. 

Julia Preobraschenski and Prof. Reinhard Jahn (Max Planck Institute for Biophysical 

Chemistry, Göttingen). In order to determine mechanical parameters of the protein-bearing 

membrane, such as the area compressibility modulus, micropipette aspiration of the giant 

unilamellar vesicles[32] was established. To this end, a micropipette aspiration device was 

set-up to infer the desired quantities from the fluorescence micrographs recorded during 

aspiration and the measured aspiration pressure. Afterwards, this device was used to probe 

the above mentioned giant unilamellar vesicles. 

In the next chapter (chapter 2) a deeper insight into the biological background of cells, 

synapses and synaptophysin and a detailed description of the investigation of protein 

clusters and of molecular recognition AFM imaging studies is given. Chapter 3 provides an 

outline of the materials and methods utilised for the experiments. This includes an 

explanation of the instrumental methods used, important theories necessary for the 

interpretation of the raw data and for the determination of the desired quantities and a 

detailed description of the analyses performed with computer software. The results of both 

projects are presented in chapter 4 and their significance is discussed separately in 

chapter 5 together with a brief outlook for each project. Finally, in chapter 6 the thesis is 

summarised.  

 

 





 

- 5 - 

2 Biological Background and Basic Principles 

2.1 The Cell 

The cell is frequently called the smallest unit of life. Indeed, single cells can live 

autonomously and procreate, and most prokaryotes and some phylogenetically old 

eukaryotes are single cell organisms. Cells from multicellular organisms, even though not 

persistent on their own, can be sustained in culture.[33] 

Cells are utilised for biophysical studies either to probe the behaviour of the native cell[34,35] or 

in a top-down approach to investigate the function of single compounds by their disruption[36] 

or knockout of the corresponding genes.[17] 

 

 
Figure 2.1: Schematic illustration of the cell as a complex and crowded entity. The 
numbered elements represent: 1: the plasma membrane, 2: the nuclear envelope, 3: the 
nucleolus, 4: the rough endoplasmic reticulum, 5: the smooth endoplasmic reticulum, 6: 
the Golgi apparatus, 7: mitochondria, 8: ribosomes, 9: vesicles, 10: peroxisomes, 11: late 
endosomes, 12: early endosomes, 13: lysosomes, 14: centrioles, 15: stress fibres, 16: 
microtubules, 17: actin fibres and 18: intermediate filaments.  
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Cells are surrounded by a plasma membrane which separates the interior of the cell, 

containing all the organelles and the cytoplasm, from the exterior. The interior of eukaryotic 

cells is a crowded entity containing numerous organelles like the nucleus, the endoplasmic 

reticulum, the Golgi apparatus, mitochondria, vesicles and others. A schematic 

representation of a eukaryotic cell and its content is given in Figure 2.1. To provide 

mechanical stability and to enable cellular motion, a complex filamentous network, the 

cytoskeleton, is present in eukaryotic cells. This network is crosslinked and connected to the 

plasma membrane by a variety of proteins like members of the ezrin-radixin-moesin family, 

for example by stress fibres, and forms a cortical membrane skeleton underneath the plasma 

membrane.[33] The plasma membrane consists of a complex lipid matrix with some hundreds 

of distinct lipid species[33] in which proteins are embedded (see Figure 2.2). These proteins 

comprise membrane-spanning and peripheral ones, some of which are glycosylated on the 

extracellular side. In red blood cells one fourth of the area inside the plasma membrane is 

suggested to be occupied by proteins.[37] 

 

 
Figure 2.2: Schematic rendering of the plasma membrane. The model shown here is 
made up of a lipid matrix consisting of phospholipids (brownish yellow and blue), 
cholesterol (light yellow) and glycolipids (purple). A dense structure of peripheral (red) 
and integral (green and magenta) membrane proteins with their transmembrane domains 
(brownish orange) is shown along with glycoproteins (purple). 

 

The possible existence of membrane inhomogeneities and protein clusters will be discussed 

in section 2.4 in detail. 
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2.2 Cellular Model Systems 

As indicated in section 2.1, cells are the subject of a large number of biophysical studies. [34–

36] However, their complexity can render the interpretation of the obtained data cumbersome. 

For facilitation and to study the influence of specific cellular compounds, cellular model 

systems have been developed. The most frequently used ones are based on lipid 

membranes alone. Depending on the spontaneous curvature of the lipids used and on the 

method of preparation different structures can emerge (Figure 2.3).  

 

     
Figure 2.3: Schematic illustration of structures formed by lipid molecules. The 
renderings show a planar membrane bilayer (a), a cross-section of a vesicle (b) and a 
cross-section of a micelle (c). The sizes of the structures are not to scale. 

 

Conical lipids with a bulky head-group give rise to the formation of micelles, whereas lipids of 

cylindrical shape cause planar bilayers. For the formation of vesicles, lipids forming a 

truncated cone are best suited.[38] Besides these, there are further structures which can be 

formed by lipids,[38] however, for biophysical model systems vesicles and planar bilayers are 

most frequently used, especially due to their morphological similarity to cells or at least to 

cellular membranes. Small unilamellar vesicles are usually produced by sonication of a 

suspension of lipids. These vesicles will spread on a suitable solid substrate to form a solid-

supported membrane.[39,40] Electroformation of a lipid film on platinum or indium-tin-oxide 

electrodes leads to the generation of giant unilamellar vesicles (GUVs) with a diameter of 

typically 30 µm,[41,42] however, the actual size distribution depends on the conditions of the 

electroformation. In a bottom-up approach these lipid aggregates can be equipped with 

further molecules or structures as steps towards closing the gap to complete cells.[42] 

Namely, proteins were frequently reconstituted into the membrane[42,43] and actin networks, 

simulating the cytoskeleton, were polymerised inside vesicles.[43–45] Due to the relative ease 

of their preparation and the insight into basic principles provided by studying these model 



2 Biological Background and Basic Principles 

- 8 - 

systems, lipid model membranes are not only used to simulate entire cells, but also to 

investigate physical properties of membranes and their constituents.[46] 

 

 

2.3 The Synapse and Neurotransmission 

A synapse is a junction between a neuron and another cell, like sensory cells, endocrine 

cells, muscle cells or other neurons. It establishes the transmission of neuronal signals 

between the involved cells. In the cell which sends the signal, the presynaptic cell, an electric 

signal, the so-called action potential, propagates until it reaches the axon terminal. Here, 

voltage dependent calcium channels cause an influx of calcium ions which leads to the 

fusion of synaptic vesicles with the presynaptic membrane. These vesicles are filled with 

neurotransmitters, which are released upon fusion into the synaptic cleft, an intercellular 

space of about 20-50 nm distance[47], and open up ion channels on the signal-receiving, 

postsynaptic cell. By this means the signal is transferred from one cell to another one.[48] The 

exact mechanisms of both, the recycling process of synaptic vesicles and especially of the 

fusion reaction are still under debate but the basic principles of the situation in mammalian 

synapses can be summarised as described in the following paragraph.  

In the axon terminal three pools of vesicles are distinguished, the reserve, the recycling and 

the readily releasable pool. The latter probably consists of vesicles which are primed and 

docked at the active zone,[49] an area of the presynaptic membrane which is enriched in 

some proteins, like Munc13, α-liprin and in vertebrates bassoon and piccolo. Furthermore, 

they are the main sites of exocytosis.[48] Upon influx of calcium ions, the fusion of the vesicles 

is initiated (for an illustration see Figure 2.4 (2)-(3)). Despite considerable effort to unravel 

the details of this mechanism, most assumptions remained the same during the past 20 

years.[5,50] According to the current knowledge, it is assumed that the main player for the 

completion of the fusion reaction is the synaptic core complex which is made up of a coiled-

coil complex of the three proteins syntaxin-1, SNAP-25 and synaptobrevin. The former two 

are bound to the presynaptic membrane and the latter one is incorporated in the membrane 

of the synaptic vesicle.[5] All three proteins share a common homologous motif, the soluble 

N-ethylmaleimide sensitive factor attachment protein receptor (SNARE) motif, which drives 

the formation of the coiled-coil complex.[5,50] Syntaxin-1 and synaptobrevin each contribute 

with one SNARE domain to the complex, whereas SNAP-25 provides two SNAREs. Upon 

interaction, the coiled-coil complex is believed to be formed and to exert a force on the 
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opposing membranes, bending and pulling them into close contact and thereby inducing the 

fusion of the proximal and the distal bilayer leaflets afterwards.[5] This basic textbook model 

in questioned in that way that more proteins are likely to be involved in this process, as 

described briefly in the following. According to a more sophisticated model, Munc18-1 and a 

closed conformation of syntaxin-1 assemble prior to the formation of the SNARE complex. 

The latter might than be partially assembled while opening syntaxin-1 by Munc13-1 and 

Munc18-1, leading to the primed state. Synaptotagmin, a calcium sensor, is suggested to 

initiate the fusion process, accompanied by the complete assembly of the SNARE complex 

as soon as the concentration of calcium ions is sufficiently high. In any case, the resulting 

cis-SNARE complex is probably disassembled by the protein N-ethylmaleimide sensitive 

factor (NSF) and soluble NSF adaptor proteins.[5] 

 

 
Figure 2.4: Neurotransmission and cycling synaptic vesicles. The upper structure 
represents the presynaptic axon terminal. Vesicles of the reserve or recycling pool (1) 
can dock to the membrane (2) to become part of the readily releasable pool. Upon influx 
of Ca2+-ions through voltage gated channels (grey ellipse) the fusion reaction is initiated 
(3) and exocytosis (4) is mediated by SNARE-proteins (green and blue) and others. The 
released neurotransmitters (red triangles) can bind to postsynaptic membrane channels 
(violet), thereby transmitting the signal to the postsynaptic cell (bottom). Afterwards, 
endocytosis takes place (5), either by a fast pathway (6) or by a clathrin (red circles) 
dependent pathway (7), possibly by fusing with the early endosome intermediately (8). 
Like in the fast pathway (6) reacidification by an ATPase (magenta ellipse) and reloading 
with neurotransmitters by a transporter (cyan) has to take place (9) before the vesicle can 
substitute depleted vesicles. For clarity some structures are only shown in the steps in 
which they contribute considerably. 

 

To sustain repetitive synaptic transmission and to provide the vesicles necessary for the 

transmission of a future signal, new vesicles have to be created by endocytosis (Figure 2.4 
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(5)). Afterwards, three different pathways of recycling are distinguished: two fast ways either 

by local recycling (Figure 2.4 (6)) or by vesicles resting in contact with the presynaptic 

membrane and a slow way (Figure 2.4 (7)) mediated by clathrin-coated pits and possibly via 

intermediate fusion with the early endosome (Figure 2.4 (8)). In any case the vesicles are 

reacidified by an ATPase and reloaded with neurotransmitters (Figure 2.4 (6) and (9)).[4]  

The readily releasable pool is believed to be usually refilled by the fast endocytic pathways, 

the reserve pool is probably refilled by the slow pathway. It is assumed that the reserve pool 

intermixes with the recycling pool. The latter one might afterwards also replenish the 

exhausted readily releasable pool.[4,49] In any case the endocytosed vesicles have to be 

acidified again, because the resulting electrochemical gradient is believed to drive the 

neurotransmitter uptake (Figure 2.4 (6) and (9)), which is necessary for another round of 

exocytosis.[4,51]  

 

 

2.4 Membrane Heterogeneity and Protein Clusters 

2.4.1 A short history of the investigation of membrane heterogeneity 

When the fluid mosaic model of lipid membranes was introduced by Singer and Nicolson in 

1972, biological membranes were predominantly regarded as homogeneous entities, 

consisting of mostly not interacting lipids and proteins that only form small aggregates based 

on specific interactions at short distances, but are distributed homogeneously on longer 

scales.[52] In the following decades, however, membrane heterogeneity was investigated, 

primarily by the concept of so-called detergent resistant membranes.[53–55] This process 

resulted in the formulation of the lipid raft hypothesis, which describes lipid rafts as 

membrane domains that are enriched in cholesterol, glycosphingolipids, sphingomyelin and 

glycosylphosphatidylinositol-anchored proteins.[56] However, only six year after the 

formulation of the aforementioned hypothesis the conference report of an international 

conference focussing on lipid rafts stated that it was doubtful that detergent resistant 

membranes correspond to pre-existing domains in cellular membranes.[57] The current 

understanding of the term lipid raft does not include detergent resistant membranes 

anymore, the corresponding domains are believed to have a much shorter lifetime than 

originally thought and the suggested size is smaller as well.[58] But even this revised model is 

not accepted without contradiction. For example, it was shown that an artificially produced 
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cluster of glycosylphosphatidylinositol anchors in the outer leaflet of a cell was not capable of 

recruiting other glycosylphosphatidylinositol-anchored proteins to these sites.[59] Since the 

term lipid raft is still quite controversial it will not be used in the following to describe clusters. 

Besides investigating heterogeneities in lipid distributions, in the meantime more publications 

focused directly on heterogeneous distributions and clustering of proteins.[11,24,60] A hurdle for 

the investigation of tens of nanometres sized protein clusters is the optical resolution. Early 

studies circumvented this problem by the use of electron microscopy along with confocal 

microscopy.[7] However, compared with more recent studies, confocal microscopy 

overestimated the size of the clusters, due to the lower spatial resolution.[7] With the 

establishment of super resolution optical microscopy and the development of further 

techniques of that class of microscopy, a new impulse was set to the investigation of protein 

clusters, and they became the major techniques for such investigations.[61] 

A detailed overview of the investigation of protein clusters in the plasma membrane will be 

given in the following section, and some exemplary studies will be highlighted.  

 

 

2.4.2 Protein clusters in the plasma membrane 

Protein clusters are described to exist in a variety of organisms of a broad range of 

phylogenetically distantly related organisms like animals but also plants, fungi and 

bacteria.[62] By means of fluorescence microscopy many proteins of various types were found 

to be organised in clusters in animal cell membranes, such as receptor proteins,[63–66] the 

tyrosine kinase Lck or a truncated derivative,[26,67] scaffolding proteins,[63] adaptor proteins of 

signalling processes,[67–69] the amyloid precursor protein[70] and numerous synaptic proteins 

like the Drosophila protein bruchpilot,[9,11,71] the calcium sensor synaptotagmin[10] and SNARE 

proteins[9,12,24,72,73]. Furthermore, the investigated cells cover a wide range of species and 

tissues of origin, including human epithelial cells (HeLa cells),[26,66,69] rat spinal cord[63] or 

hippocampal neurons,[10] Drosophila neuro-muscular junctions,[9,11,71,74] bovine chromaffin 

cells[24], rat neuroendocrine cells[12,24,70,72,74] and human liver cells transfected with a synaptic 

protein[6]. 

Regardless of the protein, clusters investigated by super resolution microscopy are usually 

described to have a mean diameter or full width at half maximum of the intensity profile of the 

cluster between 50 nm and less than 200 nm. Older reports of clusters, based on studies 

performed by confocal microscopy, name sizes of 200 nm[7] or even 700 nm[8]. Thus, the size 
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of the clusters is probably overestimated due to the lower lateral resolution of the applied 

technique. Exemplary, Lang and Jahn investigated clusters of syntaxin-1 in rat 

neuroendocrine cells by confocal microscopy in 2001 and reported an upper limit of the 

cluster size of almost 200 nm.[7] Only six years later by using the super resolution method of 

stimulated emission depletion (STED) microscopy (for details see section 3.3.3.3), 

investigating the same molecule and using the same cell line, Lang was able to determine a 

cluster diameter of 50-60 nm.[75] The number of molecules involved in a single cluster was 

estimated several times, where by single molecule localisation microscopic techniques like 

photo-activated localisation microscopy (PALM) and stochastic optical reconstruction 

microscopy (STORM), which are based on multiple stochastic imaging of a subset of all 

fluorescent dyes, researchers are able to count the number of molecules.[61] However, these 

techniques are generally believed to only provide an estimate for the minimal number of 

participating molecules, but false identification of locations can also lead to an overestimation 

(vide infra).[25][25] For syntaxin-1 clusters minimum values of only ten molecules[74] and an 

upper limit of 90 molecules per cluster can be found.[75] Clusters of the adaptor protein Lat 

consist of about 40 molecules in resting T cells.[68] However, clusters can be as large as 600 

molecules as reported for the postsynaptic scaffolding protein gephyrin in spinal cord 

neurons.[63] Besides these larger assemblies, homooligomeric clusters of only a few 

molecules can be found as well like in HeLa cells for the tumour necrosis factor receptor 1.[66] 

The existence of small-sized protein clusters is supported by coarse-grained molecular 

dynamics simulations of polypeptides with a single or seven transmembrane domains in an 

asymmetric multi compound lipid bilayer.[76] 

 

     
Figure 2.5: Schematic of the possible spatial relationships of two proteins to each 
other. Distinct proteins are shown in different colours and different shapes. The protein 
clusters can either be segregated (a), form partially overlapping clusters (b) or a cocluster 
(c). 

 

A further question in cluster research is to which extend clusters of distinct proteins overlap, 

or in other words, if they form homotypic clusters or coclusters. Basically, three principle 
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situations can be differentiated: segregated homotypic clusters (Figure 2.5 a), partial overlap 

of clusters of different proteins (Figure 2.5 b) and coclusters (Figure 2.5 c). 

As an example for overlapping clusters Triller and coworkers reported a huge colocalisation 

of the glycine receptor and its binding partner gephyrin in fixed spinal cord neurons.[63] STED 

microscopy revealed that syntaxin-1 and another member of the syntaxin family, syntaxin-4, 

which enables targeting of a glucose transporter to the plasma membrane,[77] form discrete 

clusters.[72] On the other hand, syntaxin-1 is assumed to form heterotypic coclusters with 

other synaptic proteins.[24,73] This clustering behaviour will be discussed in more detail in the 

next section which deals specifically with clusters of syntaxin-1.  

The possible function of clusters might be related to their spatial organisation. It is quite 

intuitive that a protein which binds to a scaffold proteins, as in the case of the glycine 

receptor and gephyrin, follows the structural organisation of the latter one. Accordingly, 

syntaxin-1 needs at least the proximity to its binding partners for its physiological function. 

Syntaxin-4, however, does not participate in synaptic functions and can therefore operate 

without syntaxin-1, a contact is not needed or might even be disadvantageous. Along the 

same lines, clusters are suggested to serve as a supramolecular functional unit which can be 

taken up as a whole unit by endocytosis.[10,13] Another possible function are clusters acting as 

pools of inactive reserve molecules and in signalling accumulated molecules might induce a 

stronger local signal than loosely distributed ones.[13] Furthermore, the induction of cell 

polarity and tasks in information processing are discussed.[78]  

As major mechanisms for cluster formation, which are suggested frequently, four distinct 

ones can be identified. The first relies on lipid-protein interactions, often under involvement of 

cholesterol, still frequently referred to as lipid rafts (see section 2.4.1).[53] A schematic of 

these clusters is shown in Figure 2.6 a. Next, specific protein-protein interactions might 

induce clustering (Figure 2.6 b). Exemplary studies supporting such a mechanism include the 

investigation of clustering of the amyloid precursor protein transfected in rat neuroendocrine 

cells. This homotypic clustering depends on the N-terminal amyloid-β domain.[70] A similar 

mechanism is reported for the T cell adaptor protein Lat.[68] A study by Gaus and coworkers 

revealed that the type of fluorescent protein fused to membrane proteins not only influences 

the amount of clustering itself, but also the extent to which clustering is altered by influencing 

the membrane order by addition of 7-ketocholesterol.[26] The latter finding indicates that 

clustering is probably determined by more than one of the mentioned mechanisms in a single 

cluster. The third one presented here was suggested by Kusumi, who proposed a 

mechanism by which proteins are confined in a membrane compartment formed by the 

membrane-skeleton (Figure 2.6 c).[58] Experimental evidence for this model is given by the 

finding that proteins undergo a so-called hop diffusion characterised by a fast diffusion 
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constant, probably inside a compartment, and a slower one, because for these steps the 

protein has to hop across the actin barrier to another compartment.[58] Finally, if the length of 

the transmembrane domain of proteins does not match the hydrophobic thickness of the lipid 

bilayer, they will tend to aggregate, since the exposure of hydrophobic regions of molecules 

to the surrounding water causes an energy penalty.[53] To reduce the resulting line tension, 

the proteins can aggregate, thereby reducing the overall line tension and thus the entropic 

cost of clustering can be compensated.[79] This hydrophobic mismatch is illustrated in Figure 

2.6 d. Besides the mentioned mechanisms, others might contribute to clustering as well. For 

example there is evidence that actin pinning points can induce clustering as well.[80] 

 

       
Figure 2.6: Schematic illustration of suggested mechanisms for clustering. In a 
clustering caused by protein lipid interactions is shown, here demonstrated by cholesterol 
enriched regions which contain the proteins. b illustrates a cluster generated by specific 
protein-protein interactions. In c a mechanism by which proteins enrich and thereby form 
clusters in membrane compartments built by an actin network is shown. In d clustering 
caused by a hydrophobic mismatch between the protein and the surrounding lipids is 
presented. 

 

Studies illustrate that for some proteins clusters are organised in a super structure. For 

example Triller and coworkers described that a larger gephyrin cluster is composed of 

several subdomains.[63] Multiple clusters of the Drosophila protein bruchpilot are organised in 

local arrangements, the so-called active zone cytomatrices. One or even a few of these 

structures grouped in close proximity make up an active zone. So, the study reveals a multi-

stage arrangement of proteins on different length scales.[71] Rizzoli and coworkers showed by 

STED microscopy that different proteins of a broad range of functions and structures are 

arranged in common general protein assemblies in membrane sheets derived from 

neuroendocrine cells. Notable, distinct proteins are localised preferably in a specific region of 

these assemblies, e.g. syntaxin-1 can be found predominantly towards the edges whereas 

NSF tends to accumulate at the centres.[81] 

A couple of the studies cited before are based on the stochastic fluorescence imaging 

techniques STORM and PALM. However, these methods are prone to errors, especially 

caused by stochastic blinking of fluorescent proteins and organic fluorescent dyes, a process 
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in which fluorophores randomly switch to a dark state and turn back to the fluorescent one 

later.[82] Schütz and coworkers investigated the influence of blinking on cluster detection.[25] 

By simulations and microcontact printing they revealed that blinking leads to overcounting of 

the respective molecules and thereby to the detection of non-existing pseudoclusters in 

homogeneous distributions of molecules. Furthermore, they proposed a method to correct for 

this error. By that approach they were able to identify the kinase Lck to be distributed 

homogeneously, in contrast to other reports.[25] Before, Sauer and coworkers showed the 

identification of pseudoclusters by using low intensities of the laser which transfers the dyes 

to the non-fluorescent state in direct STORM experiments. This effect was predominantly 

observed on non-planar structures, where out-of-focus fluorescence intensity was 

abundant.[83] The same group identified glycoproteins to be distributed homogeneously in 

neuroblastoma and osteosarcoma cells.[23] Especially the fact that three dimensional 

structures might lead to a false-detection of clusters is of importance, as for example 

gephyrin is described to be organised in three dimensional domains at the postsynaptic 

membrane.[63] These artefacts might explain the report that identified clusters of 

carbohydrates appear to be larger on the apical cell membrane than on the basal one.[60] As 

described before, fluorescent proteins can also influence clustering.[26] Next, Zimmerberg and 

coworkers showed by a multicycle labelling and imaging technique that the images obtained 

in subsequent cycles do not perfectly overlap, which reveals stochasticity in the labelling 

process.[84] Protein modifications were in general described to alter the properties of proteins. 

This was shown by the fact that numerous proteins are sequestered to other cellular 

compartments when labelled with a fluorescent protein compared to labelling by 

immunofluorescence. Furthermore, a similar effect was identified, depending on the end of 

the protein to which the fluorescent protein was fused.[85] Nevertheless, it has to be 

acknowledged that protein clustering is, in general, a quite accepted phenomenon since 

other methods also suggest the presence of protein clusters. These methods comprise 

diffusion analyses like single particle tracking,[74,86] which, in this case, however, also 

depends on single molecule localisation by super resolution fluorescence microscopy, 

fluorescence recovery after photobleaching[6,70,75], fluorescence correlation spectroscopy,[79] 

electron microscopy[7], atomic force microscopy[29,87,88] and simulations[9,89]. 

 

 



2 Biological Background and Basic Principles 

- 16 - 

2.4.3 Clusters of the synaptic protein syntaxin-1 

Since in the present study clustering of syntaxin-1 is investigated, clusters of this protein are 

described in more detail in this section. Syntaxin-1 is a 288 amino acid long protein, 

consisting of a C-terminal transmembrane domain, followed by a short linker and the 

SNARE-domain. Closer to the N-terminus, the regulatory Habc-domain is located, which 

consists of three helices that can bind reversibly to the SNARE-domain, leading to the 

aforementioned closed conformation of syntaxin-1. Finally, at the N-terminal end the short 

N-peptide is located.[5] As already indicated in the previous section, according to super 

resolution fluorescence microscopy studies, syntaxin-1 clusters have mean sizes of about 

50-150 nm, but some are even larger, as found in a variety of cell types like mammalian 

central neurons, Drosophila neuro-muscular junctions and neuroendocrine 

cells.[6,9,24,73,75,86,90]. Bademosi et al. found only about ten molecules per cluster.[74] Other 

lower estimates of the number of syntaxin-1 molecules in a cluster are as low as 30 

copies.[24] Sieber et al. discovered a maximum molecule to cluster ratio of 90 but concluded 

by performing corresponding simulations that a number of 75 molecules in one cluster is 

more reasonable.[75] By STED microscopy on average 20[75] and by direct STORM about 14 

clusters per µm2 were found,[90] both in rat neuroendocrine cells.  

The current knowledge of coclustering of syntaxin-1 with other synaptic proteins and a 

potential overlap with clusters of other proteins can be described as follows. Older 

publications of experiments based on confocal microscopy already suggested a partial[7] or a 

huge[8] overlap between clusters of syntaxin-1 and those of its binding partner SNAP-25. 

Most studies are in agreement with this point of view,[24,73] or describe at least a preference 

for the same region within the discovered general protein assemblies,[81] however a study by 

Lang and coworkers by STED microscopy described both clusters to be in proximity to each 

other but still separated.[7] Notably, this difference does not depend on the cell line used, 

since the work done by Lang and coworkers as well as one study indicating colocalisation 

were both performed with rat neuroendocrine cells. Another work, which was performed with 

cortical neurons, even indicated the existence of a ternary cluster with Munc18-1, where the 

colocalisation between SNAP-25 and Munc18-1 depends on the presence of syntaxin-1.[73] 

Taken together, the existence of coclusters of syntaxin-1 with other proteins, especially with 

SNAP-25, is plausible, however still controversial.  

Next, the question might arise which mechanism could be responsible for clustering of 

syntaxin-1. Many studies describe a protein-protein interaction by the SNARE domain as the 

main contributor.[72,75,91] This was, for example, indicated by a loss of colocalisation of the 

fluorescence signals of both proteins upon cleavage of SNAP-25 by treatment with botulinum 
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toxin E.[8] Milovanovic et al. have shown by STED microscopy and fluorescence correlation 

spectroscopy that the transmembrane domain of syntaxin-1 in a supported lipid membrane is 

capable of forming clusters on its own, without the necessity of the presence of the SNARE 

domain, most likely by hydrophobic mismatch.[79] Both of these findings are in agreement 

with a suggestion by Lang and coworkers that the transmembrane domain enables loose 

clustering of syntaxin-1, whereas the SNARE domain is necessary for dense clusters.[6] Lipid-

protein interactions are presumably also important for the maintenance of syntaxin-1 

clusters, since removal of phosphatidylinositol-4,5-bisphosphate from membrane sheets 

derived from rat neuroendocrine cells results in a lower amount of clustering.[92] This was 

confirmed by the study of Milovanovic et al. who found that syntaxin-1 and 

phosphatidylinositol-4,5-bisphosphate are colocalised in a single cluster in the same cell line. 

The authors furthermore revealed a cluster inducing effect of cholesterol. This is not 

necessarily caused by lipid-protein interactions, but was in this report attributed to the 

hydrophobic mismatch, since cholesterol increases the thickness of bilayers.[79] Finally, the 

general protein assemblies observed by Rizzoli and coworkers are also disrupted upon 

depletion of cholesterol.[81] Furthermore, they have shown that the size of these assemblies 

increases when the actin cytoskeleton is depolymerised, indicating that the membrane 

compartmentalisation proposed by Kusumi might also play a role in clustering of 

syntaxin-1.[58,81] This variety of studies which identify different contributors to syntaxin-1 

clustering suggest that more than a single mechanism is responsible for the aggregation of 

the proteins into clusters.  

Syntaxin-1 clusters were suggested to serve as docking and fusion sites for synaptic 

vesicles.[7] However, as the corresponding experiments were performed by confocal 

microscopy, the localisation of these events was not quite precise and it might be that they 

occurred in between clusters. That would be in agreement with other studies which describe 

SNARE complex formation to occur at the rim of syntaxin-1 clusters by experiments[12] and 

by simulations[9,90]. In agreement with that, Bademosi et al. found that the general anaesthetic 

propofol increases the cluster radius, the density and the number of syntaxin-1 molecules per 

cluster. As anaesthesia by propofol is manifested in a decrease in synaptic transmission, the 

larger clusters can explain this finding, provided that the molecules in the centre of the 

cluster are indeed docking incompetent.[74] Therefore, syntaxin-1 clusters might serve as a 

reservoir of inactive proteins.[9,12,75] 
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2.5 Molecular Recognition Atomic Force Microscopy 

Besides fluorescence microscopy, atomic force microscopy1 can be utilised to determine the 

distribution of biomolecules in a sample of interest as well. Pioneering work in this field was 

done by Peter Hinterdorfer, who published a technique by which the localisation of a 

molecule of interest is detected by a specific binding partner coupled to an AFM tip in 

1996.[93] In the present thesis this method is referred to as molecular recognition atomic force 

microscopy (MR-AFM). For that first publication human serum albumin was adsorbed to mica 

and recognised in a line scan of force curves by an antibody raised against that protein which 

was tethered to the AFM tip. MR-AFM was therein already suggested as an imaging 

technique.[93] The further development of the technique was also performed by Hinterdorfer 

and until today most studies in that field are published by Peter Hinterdorfer, Daniel Müller 

and their respective former coworkers and collaborators.[31,94–96] To bind the molecules to the 

cantilever, a functionalisation strategy based on linker molecules designed and developed by 

the Gruber lab is most commonly used.[97,98]  

The next step was performed in 1999 when the distribution of lysozyme, adsorbed to mica, 

was detected in two dimensions by antibody recognition in the group of Hinterdorfer.[27] Five 

years later, the probably most sophisticated technique for MR-AFM was developed: 

simultaneous topography and recognition (TREC) imaging.[99] In this method, an AFM 

cantilever oscillates in a magnetic field with an amplitude lower than the length of the linker 

which couples the probe molecule to the tip and with a frequency significantly lower than the 

resonance frequency of the cantilever. Thereby, the lowest amplitude value of the oscillating 

cantilever is reduced upon repulsive interaction with the surface of the sample and the 

highest amplitude value is reduced when the probe molecule interacts with its binding partner 

and thereby the cantilever is pulled towards the sample. The lowest values are used to 

determine the topography and fed into the feedback loop of the AFM and the highest ones 

provide the recognition image.[99] This mode has become one of the most commonly 

used.[28,29,100,101] Besides this elaborated technique, spatial information about protein 

distributions was obtained from recording conventional force curves inside a lateral grid, a 

so-called force map.[101,102] With progress in AFM technique, modern instruments are capable 

of recording laterally resolved force curves in high speed modes, known as force distance 

curve based imaging (FD-AFM), which is frequently utilised for MR-AFM as well.[30,88,103] It 

provides the advantage that mechanical information can be obtained simultaneously from the 

                                                
1 In this section a specific technique of atomic force microscopy is described without introducing the 
general concept of the method. For a detailed description of the physical principles, the setup and 
experimental methods see section 3.3.4. 
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recorded force curves, which provided insight into the relation between possible sites of 

budding of newly formed viruses and the mechanics of cells infected by a virus.[88] 

Furthermore, the so-called lift scan mode was introduced, where the cantilever is driven at a 

certain distance from the sample surface, keeping this distance constant by using the 

topographic information obtained from a previous height scan.[104] Creasey et al. revealed 

that the TREC mode performs best on complex biological samples, as compared with phase 

imaging and force maps.[101]  

Initially, experiments were carried out with the molecule of interest adsorbed to mica (vide 

supra).[27,93] As the method developed, biologically more relevant samples were used, like 

proteins reconstituted into supported bilayers,[30,100] or even molecules residing on 

cells[29,87,104] and whole tissues[101] were investigated. Namely, by recognition of antibodies or 

hormones, the distributions of proteins being predominantly expressed in cancer cells were 

examined[29,104] and an enzyme which is part of aggregates formed in course of a disease 

was mapped on human lenses.[101] This indicates a medicinal relevance of the described 

technique. Recently, MR-AFM was used to map lipid domains in artificial bilayers by toxins 

tethered to the cantilever tip which recognise certain lipids specifically.[105] Of greater interest 

for biophysics might be the finding of the formation of force induced adhesion domains in 

yeast by Alsteens et al..[87] But spatially resolved imaging of protein distributions on live cells 

remains a challenge.[106] When antibodies are utilised for the recognition of the molecule of 

interest, generally an interaction force in the range from 40 to 60 pN is observed.[28,101,102] In 

these cases, furthermore, a suitable control experiment is the competition by addition of free 

antibodies[27,101,102] or epitope bearing polypeptides[28,100] to the measuring buffer, leading to a 

disappearance of the binding events. By exchange of the buffer containing the binding 

partner to fresh buffer, the interactions were shown to reappear.[93,100] These steps confirm 

that the initially measured events are caused by the desired interaction rather than by 

nonspecific ones. This is crucial since on complex biological samples frequently appearing 

nonspecific events are not easily distinguished from the specific ones.[107] Other control 

experiments comprise the use of deficient mutants of the cell used as specimen[87] or as 

probe[103] (vide infra), other cells which do not express the target protein like healthy 

cells[88,102,104] and the utilisation of antibodies[87] or similar but mutated peptides[108] as probes 

which are not capable of binding any protein in the sample.[87]  

The studies mentioned so far employed a molecule tethered to the AFM tip to probe the 

interaction with the molecule of interest inside the biological sample. More recently, by Müller 

and coworkers a virus was attached to the end of an AFM tip which recognised its binding 

partners expressed in modified epithelial cells.[109] By Dufrêne and coworkers Staphylococcus 

aureus bacteria were used to probe the interaction with corneocytes from the human skin. 
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Thereby, they were able to map the distribution of the bacterial binding partners on the 

corneocytes and to shed more light on the underlying molecular interactions.[103] 

Finally, three inspiring publications should be described in more detail. In 2013, Pohl and 

coworkers published a study which describes the investigation of the mitochondrial 

uncoupling protein 1 reconstituted into a supported lipid membrane.[100] By TREC mode 

MR-AFM the proteins were detected by binding adenosine triphosphate or an antibody which 

was raised against the protein. As the antibody binding site is located at a protein domain 

facing the matrix of the mitochondrion, it is only accessible for the AFM tip when inserted into 

the bilayer in an orientation exposing the natively matrix oriented side to the solution, but is 

inaccessible when it faces the solid support. Consequently, only those proteins discovered in 

the topography scan which exposed the binding site of the antibody were also detected in the 

recognition scan, thus providing information about the orientation of every single protein. 

Complementary, by mapping the proteins with adenosine triphosphate tethered to the AFM 

tip the orientation was also unravelled. However, in this case all proteins were detected in the 

recognition scan because the adenosine triphosphate binding site is located inside the 

interior of the channel of uncoupling protein 1. But since the binding site is located closer to 

the one end of the channel than to the other, the size of the recognition spot represented the 

orientation of the protein, due to the longer free length of the linker between the antibody and 

the tip in the case when the short distance to the binding site is facing upwards. By a simple 

calculation they were furthermore able to determine the location of the binding site within the 

channel.[100] 

In the same year, Li et al. investigated cells from lymphoma cancer patients.[102] By treating 

the cells with a fluorescent antibody against a tumour marker they were able to selectively 

measure on non-cultured human cancer B-cells. With the antibody rituximab linked to the 

AFM tip the distribution of the cell surface protein CD20 was mapped specifically by force 

maps. The study indicated that CD20 is organised in a non-random way on the cell surface. 

As healthy B-cells express CD20 as well, healthy red blood cells were investigated as 

negative control. Nonetheless, this study might be valuable for future investigations of this 

type of cancer, since CD20 is the target protein of tumour therapy by rituximab.[102] 

In 2018 Danzberger et al. described MR-AFM imaging by the TREC mode on the stratum 

corneum of the human skin.[110] An antibody and wheat germ agglutinate was utilised to 

unravel the distribution of surface glycans in this tissue. The researchers discovered a 

heterogeneous distribution of the molecules of interest present on elevated regions of the 

stratum corneum. Furthermore, the density of glycans was drastically smaller in upper layers 

of the stratum corneum, pointing to a successive degrading process of glycans throughout 

the aging process of corneocytes, thereby being related to a looser contact between 
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corneocytes.[110] This discovery of a non-homogeneous distribution of glycans is of particular 

interest, since the identification of heterogeneous organisations of cell surface glycans by 

fluorescence microscopic approaches is highly debated. 

So, these three studies provide a fascinating insight into the opportunities MR-AFM offers. 

 

 

2.6 Synaptic Vesicles and their Protein Synaptophysin 

2.6.1 Synaptic vesicles 

As described in section 2.3, synaptic vesicles contain neurotransmitters which are released 

into the synaptic cleft upon arrival of a neuronal signal.[4] These tiny organelles with a mean 

diameter of about 40 nm are made up of a large amount of proteins. Indicatively, there are 

approximately 600 transmembrane domains on average inside the membrane of a synaptic 

vesicle, which accounts for 20 % coverage of the vesicle’s surface. For comparison, the 

estimated number of phospholipids is only roughly ten times the number of transmembrane 

domains. Among these proteins, at least 13 SNARE proteins were found on synaptic 

vesicles, telling that these organelles are also endowed with proteins which do not have a 

known role in exocytosis but in other fusion steps, suggesting that synaptic vesicles might 

fuse with endosomes after endocytosis (see description of the synaptic vesicle cycle in 

section 2.3 and Figure 2.4).[111] To enable continuous signal transduction, these vesicles are 

reassembled repetitively[4,49] and the uptake of about 1800 transmitter molecules on average 

has to take place.[4,111] However, the exact mechanism of the uptake is still under debate.[51] 

 

 

2.6.2 Synaptophysin 

With a relative amount of 10 % of the mass of all vesicular membrane proteins, 

synaptophysin is the second most abundant protein in synaptic vesicle membranes, which 

corresponds to 32 copies per vesicle on average.[111] Synaptophysin was discovered and 

isolated for the first time by Jahn et al. in 1985.[112] The protein has a molecular weight of 

38 kDa and consists of four transmembrane domains. Both termini are oriented to the 

cytoplasm and the transmembrane domains are connected by two long loops which are 
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located in the lumen of the vesicle and a short polar linker couples the second to the third 

transmembrane domain on the cytoplasmic side.[113] Each loop is circularised by a disulfide 

bond.[114]  

The integrity of all of these four transmembrane domains is necessary for the translocation of 

the protein from the endoplasmic reticulum to the synaptic vesicles, as revealed by exchange 

of single or multiple transmembrane domains with those of connexin32. However, the native 

cytoplasmic regions are not essential for synaptophysin to leave the endoplasmic 

reticulum.[115] This might implicate an intrinsic curvature sensing of the transmembrane 

domains of synaptophysin.[18] Oligomerisation of synaptophysin molecules was reported in 

studies based on cross-linking experiments in combination with gel electrophoresis[114] and 

electron microscopy[113], which gave rise to the suggestion of the formation of non-covalent 

complexes up to tetramers and hexamers, respectively. 

The physiological function of synaptophysin is not yet known. It is not essential to sustain life, 

as synaptophysin knockout mice were shown to have an unaltered chance of survival and to 

be fertile.[17] Exemplarily, it was suggested that synaptophysin oligomers serve as channels 

which might play a role in opening of the fusion pore,[113] it was described to control 

endocytosis[18] and to influence synaptic plasticity.[17] By investigating the latter, interestingly, 

neither a single knockout of synaptophysin, nor of synaptogyrin lead to a significant decrease 

in long term potentiation, only the simultaneous knockout of both proteins reduced long term 

potentiation considerably.[17] This again indicates that synaptophysin plays only a minor role 

or that its function can be substituted by other constituents. 
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3 Materials and Methods 

3.1 Materials 

3.1.1 Cells 

Within the present thesis, molecular recognition atomic force microscopic experiments were 

primarily performed with PC12 cells. Primary neurons were only used for a concluding 

experiment. 

 

 

3.1.1.1 PC12 cells 

The PC12 cell line is derived from cells isolated from a phaeochromocytoma of the adrenal 

medulla of a rat in 1976. Due to their neuroendocrine nature, PC12 cells are endowed with 

vesicles containing transmitters, which can be released upon depolarisation.[116] PC12 cells 

are frequently employed as model systems for neuronal cells,[116] since the cell culture 

conditions for neuronal cells are much more time consuming.[117] For the present study three 

types of PC12 cells were used:2 

1. wild type PC12 (PC12-WT-1) cells 

2. a further sub-cell line of wild type PC12 (PC12-WT-2) cells 

3. syntaxin-1 knockdown PC12 (PC12-Syx-KD ) cells, derived from PC12-WT-2 cells 

                                                
2 PC12-WT-1 cells were kindly provided by Dr. Angela Gomez and Prof. Silvio O. Rizzoli (University 
Medical Center Göttingen). PC12-WT-2 and PC12-Syx-KD cells were originally produced[118] by and 
used with kind permission of Prof. Shuzo Sugita (University of Toronto) and were a donation of Sofia 
Elizarova and Prof. Nils Brose (Max-Planck-Institute of Experimental Medicine, Göttingen). 
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In PC12-Syx-KD cells syntaxin-1A und syntaxin-1B have been knocked down 

simultaneously. The cells were transfected with a vector containing, among others, a 

puromycin resistance gene.[118] 

 

 

3.1.1.2 Primary neurons 

Hippocampal neurons from embryonic day 18 rats were grown in coculture with astroglia 

cells according to an elaborated protocol suggested by Kaech and Banker.[117] The cell 

culture was performed by and the membrane sheets were, according to a similar procedure 

as for PC12 cells (see section 3.2.2), produced by the department of Prof. Silvio O. Rizzoli 

(University Medical Center Göttingen). 

 

 

3.1.2 Cantilevers 

Molecular recognition atomic force microscopy (MR-AFM) was performed with four different 

types of cantilevers: To couple conventional IgG antibodies to silicon nitride cantilevers, 

MLCT cantilevers (Bruker France, Wissembourg, France) with nominal force constants of 

0.01 N∙m−1 and 0.03 N∙m−1 and a nominal tip radius of 20 nm were used. For nanobody 

coupling three types of cantilevers were employed: gold coated OBL-10 cantilevers (Bruker 

France, Wissembourg, France) with nominal force constants of 0.006 N∙m−1 and 0.03 N∙m−1 

and a nominal tip radius of 30 nm, aminated cantilevers (ST-PNP-NH2, NanoAndMore, 

Wetzlar, Germany) with a nominal force constant of 0.08 N∙m−1 and a tip radius of less than 

40 nm and MLCT cantilevers which were, linked by a polyethylene glycol (PEG) chain 

(M ≈ 3400 g∙mol−1), maleimide terminated by the manufacturer (CT.PEG.MAL, Novascan 

Technologies Inc., Ames, IA). For imaging purposes, non-modified MLCT cantilevers were 

used as well. 
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3.1.3 Bifunctional linkers for cantilever functionalisation 

The following bifunctional polyethylene glycol linkers (Figure 2.1) were purchased from 

Johannes Kepler University (Linz, Austria) and used to couple antibodies (Acetal-PEG-NHS) 

or nanobodies (Maleimide-PEG-NHS) to cantilevers (see section 3.2.5 and Figure 3.4 and 

Figure 3.5 therein). 

 

 
Figure 3.1: Structures of bifunctional polyethylene glycol linkers utilised to 
functionalise cantilevers with antibodies and nanobodies. 

 

Aliquots of 1 mg were stored at −20 °C until use. 

 

 

3.1.4 Nanobodies 

Besides conventional IgG antibodies, camelids also express heavy-chain antibodies, which 

possess a short linker instead of the CH1 domain and lack the light-chains completely, as 

shown in Figure 3.2. Therefore, binding of the epitope is fulfilled by the single constant 

domain, the VHH domain, alone.[119,120] In the final stage, the VHH domain can be produced 

recombinantly, for example in bacteria.[119] These recombinantly produced VHH domains are 

called nanobodies (NBs). The main advantage of nanobodies is their small size with a 

molecular weight of about 15 kDa, which enables them to also recognise concave 

epitopes.[119,120] Furthermore, nanobodies are well soluble and show high stability.[119] 
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Figure 3.2: Schematic of the domain structure of conventional IgG antibodies, 
heavy-chain antibodies and nanobodies. Camelid heavy-chain antibodies consist of 
two truncated heavy chains. V stands for a variable, C for a constant domain, H denotes 
domains of the heavy and L domains of the light chain. Their variable VHH domain alone 
represents a nanobody. 

 

For the present study nanobodies raised against rat syntaxin-1A and against mCherry were 

used.3 

 

 

3.1.5 Micropipettes 

For micropipette aspiration experiments, custom made glass pipettes with a nominal inner 

diameter of 3 µm, a bending angle of 40°, a length of 600 µm from the pointed end to the 

bend and an overall length of 5 cm (BioMedical Instruments, Zöllnitz, Germany) were used. 

 

 

3.1.6 Ultrapure water 

Except for some cleaning purposes, water was used in ultrapure quality only. Home-made 

ultrapure water with a electrical resistivity of 18.2 MΩ∙cm at 25 °C was produced by Elix® 

Reference 5 (Merck, Darmstadt, Germany), Milli-Q® Advantage A10 (Merck, Darmstadt, 

Germany) and a 0.22 µm membrane filter (Millipak® Express 40, Merck, Darmstadt, 

Germany). 

                                                
3 The nanobodies were produced and kindly provided by Dr. Manuel Maidorn, Dr. L. Felipe Opazo 
Davila and Prof. Silvio O. Rizzoli (University Medical Center Göttingen). 
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3.1.7 Buffers and solutions 

The following buffers and solutions were used for preparation and experiments. For all 

buffers ultrapure water was used as solvent. After the adjustment of the pH, buffers were 

filtered by a cellulose acetate filter of 0.2 µm pore size (Sartorius Stedim Biotech, Göttingen, 

Germany) and degassed under reduced air pressure thereafter. 

 

Phosphate buffered saline (PBS) 

The buffer contained 9.55 g∙l−1 PBS Dulbecco (Biochrom, Berlin, Germany) corresponding to 

137 mM sodium chloride, 2.68 mM potassium chloride, 8.10 mM sodium hydrogen phosphate 

and 1.47 mM potassium dihydrogen phosphate. The pH was adjusted to 7.4. 

 

Sonication buffer 

Sonication buffer was made up of 120 mM glutamic acid potassium salt (Sigma-Aldrich, 

Taufkirchen, Germany), 20 mM potassium acetate (AppliChem, Darmstadt, Germany), 20 mM 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Sigma-Aldrich, Taufkirchen, 

Germany) and 2 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid 

(EGTA) (Sigma-Aldrich, Taufkirchen, Germany). The pH was adjusted to 7.2 by a 1 M 

solution of potassium hydroxide in ultrapure water (Grüssing, Filsum, Germany). After 

filtration and degassing, the buffer was aliquoted and stored at −20 °C until use. 

 

Buffered glucose solution 

The buffer was prepared from a solution of 200 mM α-D(+)-glucose (Carl Roth, Karlsruhe, 

Germany), 5 mM HEPES (Sigma-Aldrich, Taufkirchen, Germany) and 0.2 mM magnesium 

chloride (Honeywell Specialty Chemicals Seelze, Seelze, Germany). Controlled by freezing 

point osmometry (Osmomat 3000, Gonotec, Berlin, Germany), the osmolarity was adjusted 

to (212 ± 3) mosmol∙kg−1 by adding α-D(+)-glucose. The pH was set to 7.2. After filtration, the 

buffer was aliquoted and stored at −20 °C until use. 

 

Tris buffered saline with Tween® 20 (TBS-T) 

TBS-T was made up of 10 mM tris(hydroxymethyl)aminomethane (Carl Roth, Karlsruhe, 

Germany),150 mM sodium chloride (Carl Roth, Karlsruhe, Germany) and 0.2 % Tween® 20 

(Carl Roth, Karlsruhe, Germany). The pH was adjusted to 7.4. 
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Further buffers and solutions which were only used in a single step of preparation or in a 

single type of experiment are described in section 3.2 and section 3.3, respectively. 

 

 

3.2 Preparative Methods 

3.2.1 Cell culture4 

PC12-WT-1 cells were cultured in Dulbeccos Modified Eagle Medium (DMEM) containing 

4.5 g∙l−1 D-glucose and 4 mM L-glutamine additionally (Thermo Fisher Scientific, Waltham, 

MA), supplemented with fetal bovine serum (5 % v/v) (Biowest, Nuaillé, France) and heat 

inactivated donor horse serum (10 % v/v) (Biowest, Nuaillé, France) in a cell culture flask 

(TPP, Trasadingen, Switzerland) in a humidified cell culture incubator set to 37 °C at 7.5 % 

CO2. To pass the cells, the medium was removed and 2-3 ml 0.05 %/0.02 % 

Trypsin/EDTA (Biochrom, Berlin, Germany) in PBS was added and incubated for 1-2 min at 

37 °C. Next, the cells were resuspended in a mixture of 2-3 ml fetal bovine serum and 2 ml of 

the aforementioned culture medium. After centrifugation (4 min, 190 g), the supernatant was 

removed and the cells were resuspended in 1 ml of the above mentioned cell culture 

medium. Finally, the cells were seeded in a new cell culture flask. PC12-Syx-KD and 

PC12-WT-2 cells were treated accordingly using DMEM containing 4.5 g∙l−1 D-glucose and 

L-glutamine additionally (GE Healthcare, Chalfont St Giles, United Kingdom), supplemented 

with fetal bovine serum (5 % v/v) and heat inactivated donor horse serum (5 % v/v). For 

PC12-Syx-KD 2.5 µg∙ml−1 puromycine (Sigma-Aldrich, Taufkirchen, Germany) was added 

additionally. 

Glass cover slips (22×22×0.13-0.16 mm3) (MARIENFELD, Laude-Königshafen, Germany) 

were sterilised by incubation in ethanol p.a. (70 % v/v) (Sigma-Aldrich, Taufkirchen, 

Germany) for at least 30 min and subsequent treatment with a burner flame. After washing 

with ultrapure water, the glass cover slips were incubated with poly-L-lysine-hydrobromide 

(0.1 mg∙ml−1) (Sigma-Aldrich, Taufkirchen, Germany) in nuclease-free water (Thermo Fisher 

Scientific, Waltham, MA) for 1 h at r.t.. Afterwards, the solution was removed, the glass cover 

slips were dried for 1 h, washed with the appropriate cell culture medium (1×2 ml) and 2 ml of 

the cell suspension containing approximately 7.5∙105 cells was added and grown for 1 d as 

                                                
4 Cell culture was performed by Angela Rübeling, Dr. Bastian Rouven Brückner and Dr. Tabea 
Oswald. 
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described above. For comparative syntaxin-1 immunostaining experiments (see 

section 4.1.6.3) two removable two-well culture inserts (ibidi, Martinsried, Germany) were 

placed onto PLL-coated glass cover slips and approximately 1.7∙104 PC12 cells of each type 

were seeded in distinct wells in their appropriate medium and grown for 1 d. 

For subsequent cell lysis the cells were grown for 2 d on tissue culture test plates (TPP, 

Trasadingen, Switzerland) in the appropriate medium. 

 

 

3.2.2 Preparation of membrane sheets 

Cell plasma membrane sheets were prepared to render the inner leaflet of the plasma 

membrane accessible to functionalised AFM cantilevers. After 1 d of cell growth, the glass 

coverslips were washed with 1-2 ml puromycine-free cell culture medium and transferred 

onto the bottom of a baker containing a filling level of about 2.5 cm ice-cold sonication buffer. 

Afterwards, to detach the upper part of the cells, a 0.1 s lasting ultrasonic pulse (P ≈ 50-

65 W) was applied by a tip sonicator (Sonoplus HD 2070, Bandelin, Berlin, Germany) at a 

distance of approximately 0.75 cm between the glass coverslip and the tip. Next, the proteins 

were fixed by addition of 1 ml of 4 % paraformaldehyde (Honeywell Specialty Chemicals 

Seelze, Seelze, Germany) and 0.2 % glutaraldehyde (Thermo Fisher Scientific, Waltham, 

MA) in PBS for 10 minutes on ice and additionally for 30-60 min at r.t.. The fixation agent 

was removed and the remains were quenched by 1 ml of a solution of glycine (0.1 M in PBS) 

(Sigma-Aldrich, Taufkirchen, Germany) for 15 min. Afterwards, the glass coverslips were 

washed with PBS (3×5 min, 2 ml each), the membrane was stained fluorescently by 

octadecyl rhodamine B chloride (1 µg∙ml−1 in PBS) (Thermo Fisher Scientific, Waltham, MA) 

for 10 min and finally the solution was replaced by PBS. This procedure is shown 

schematically in Figure 3.3 and is adapted from Rizzoli and coworkers.[81] 
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Figure 3.3: Production and treatment of membrane sheets. The cells were seeded on 
a PLL coated glass cover slip (a), membrane sheets were produced by an ultrasonic 
pulse (b and c), fixed by paraformaldehyde and glutaraldehyde (d), the membrane was 
stained by octadecyl rhodamine B (e) and afterwards an AFM measurement could be 
performed (f). 

 

For AFM measurements, the membrane sheets were stained for actin by Alexa-Fluor®-488-

phalloidin (165 nM in PBS) (Thermo Fisher Scientific, Waltham, MA) for 45 min subsequently 

and washed with PBS (3×5 min, 2 ml each). 

 

 

3.2.3 Immunostaining of membrane sheets 

Two different approaches for immunostaining were utilised. 

For the evaluation of the efficiencies of distinct clones of antibodies in binding their target, the 

membrane sheets, where appropriate pre-stained with Alexa-Fluor®-647-phalloidin (Thermo 

Fisher Scientific, Waltham, MA) as described in section 3.2.2, were incubated with the 

respective monoclonal mouse-anti-rat-IgG antibody recognising syntaxin-1 (clone STX01 

(HPC-1), abcam, Cambridge, United Kingdom or clone 78.2, Synaptic Systems, Göttingen, 

Germany) at a concentration of 12.5 µg∙ml−1 in PBS containing 3 % w/v IgG-free bovine 

serum albumin (BSA) (Carl Roth, Karlsruhe, Germany), with at least 2.5 µg in total. After 1 h, 

the samples were washed with PBS (3×10 min) and the secondary antibody (Alexa-Fluor®-

488-goat-anti-mouse-IgG (Thermo Fisher Scientific, Waltham, MA), 5 µg∙ml−1 in PBS 

containing 3 % w/v IgG-free BSA (Carl Roth, Karlsruhe, Germany)) was coupled to the 

primary one for 1 h. Finally, the cover slips were washed with PBS (3×5 min). 

To compare the amounts of syntaxin-1 in membrane sheets of distinct types of PC12 cells, 

membrane sheets were passivated with a solution of IgG-free BSA (1 % w/v) (Carl Roth, 
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Karlsruhe, Germany), normal goat serum (10 % v/v) (Thermo Fisher Scientific, Waltham, 

MA), glycine (0.3 M) (Sigma-Aldrich, Taufkirchen, Germany) and Tween® 20 (0.1 % w/v) 

(VWR International, Darmstadt, Germany) in PBS for 1 h. After washing with PBS 

(3×10 min), the samples were incubated with a mouse-anti-rat-IgG antibody against 

syntaxin-1 (5 µg∙ml−1 in PBS supplemented with 1.5 % BSA) (clone STX01 (HPC-1), abcam, 

Cambridge, United Kingdom). The rest of the staining procedure was performed as 

described above. 

 

 

3.2.4 Pre-use treatment of nanobodies 

Nanobodies were stored at concentrations of 120 to 130 mM at −20 °C until use. A solution of 

tris-(2-carboxyethyl)-phosphine hydrochloride (TCEP) (10 µl, 10 mM, 50 equivalents) (Carl 

Roth, Karlsruhe, Germany) was added to the solution of nanobodies and incubated for 1 h on 

ice. Next, PBS was added to a final volume of 100 µl and the mixture was subject to 

size-exclusion chromatography by an IllustraTM NAPTM-25 Sephadex G-25 column (GE 

Healthcare, Chalfont St Giles, United Kingdom), afterwards, to remove the TCEP. The 

loaded material was eluted with PBS: After the addition of 2.5-3.0 ml buffer, the nanobody 

fraction was eluted by adding further 500-800 µl PBS. Subsequently, the concentration of 

nanobodies was determined by ultraviolet-visible (UV-Vis) spectroscopy. The purified 

nanobodies were coupled to an AFM-tip (see section 3.2.5) within 4 h. 

 

 

3.2.5 Functionalisation of cantilevers 

To couple antibodies or nanobodies to cantilevers, different strategies of functionalisation 

were utilised, depending on the molecule to be bound and on the type of cantilever to be 

modified according to protocols adapted from the manufacturer of the bifunctional linkers 

described in section 3.1.3.[121] 
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Figure 3.4: Reaction scheme of the functionalisation of silicon nitride cantilevers 
with IgG antibodies. 

 

In order to bind IgG-antibodies to silicon nitride MLCT-cantilevers the probes were washed 

with chloroform (VWR International, Darmstadt, Germany) (3×5 min), dried in a stream of 

argon gas and silanised for 2 h by placing the cantilevers in a ground glass container filled 

with argon gas and adding 30 µl (3-amminopropyl)triethoxysilane (APTES) (abcr, Karlsruhe, 

Germany) and 10 µl triethylamine (Grüssing, Filsum, Germany) next to the probes. After 

removing the silane and the triethylamine from the glass container, the silanised cantilevers 

were cured for at least 2 d and not more than 7 d in an argon atmosphere. Next, 

Acetal-PEG-NHS (1 mg) was dissolved in chloroform (0.5 ml), supplemented with 

triethylamine (30 µl) and the cantilevers were deposited into the mixture. After 2 h, the 

cantilevers were washed with chloroform (3×10 min) and dried in a stream of argon gas. 

Immediately before the coupling of the antibody, the cantilevers were treated for 10 min with 

an aqueous solution of citric acid (1 %) (AppliChem, Darmstadt, Germany) to deprotect the 

aldehyde, washed with ultrapure water (3×5 min) and dried in a stream of argon gas. For the 

final coupling step, a solution of a monoclonal mouse-anti-rat-IgG antibody recognising 
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syntaxin-1 (20 µg in 100 µl PBS) (clone 78.2, Synaptic Systems, Göttingen, Germany) was 

pipetted onto the cantilevers and 2 µl of a freshly produced solution of 1 M sodium 

cyanoborohydride (Sigma-Aldrich, Taufkirchen, Germany) and 20 mM sodium hydroxide 

(Scharlau, Barcelona, Spain) in ultrapure water was added. After 1 h, 5 µl of a solution of 

ethanolamine hydrochloride (1 M, pH 8.0) (Sigma-Aldrich, Taufkirchen, Germany) in ultrapure 

water was added and incubated for additional 10 min. Finally, the cantilevers were washed 

with phosphate buffer (50 mM sodium hydrogen phosphate (AppliChem, Darmstadt, 

Germany) in ultrapure water, adjusted to pH 6.8) (3×5 min) and stored in PBS at 4 °C for not 

more than four days. The corresponding reaction scheme is shown in Figure 3.4. 

To functionalise cantilevers with nanobodies, gold coated OBL-10 cantilevers were incubated 

with a 9:1 or in few cases with a 3:1 (v/v) mixture (when the latter mixture was used, it is 

noted for the corresponding experiments in chapter 4 explicitly) of 2 mM cysteamine 

hydrochloride (Carl Roth, Karlsruhe, Germany) and 2 mM 11-amino-1-undecanethiol 

hydrochloride (AUT) (Sigma-Aldrich, Taufkirchen, Germany) in ultrapure water for 2-3 d. The 

longer alkyl chain was used to provide conformational freedom for further functionalisation, 

but to prevent molecular crowding the short chain thiol cysteamine was added. Next, the 

cantilevers were washed with ultrapure water (3×5 min) and dried with a stream of argon 

gas. Afterwards, the cantilevers were coupled with a mixture of Maleimide-PEG-NHS (1 mg) 

and triethylamine (30 µl) in 0.5 ml chloroform inside a tightly closed ground glass container 

for 2 h. The probes were washed with chloroform (3×10 min) and dried with a stream of 

argon gas. 200 µl of the nanobody solution (0.1-3 µM, usually about 1 µM) obtained from size 

exclusion chromatography (see section 3.2.4) was supplemented successively with 4 µl of 

ethylendiaminetetraacetic acid disodium salt dihydrate (EDTA) (100 mM, pH 7.5) 

(Sigma-Aldrich, Taufkirchen, Germany), 10 µl HEPES (1 M, pH 7.5), 4 µl TCEP (100 mM) and 

4 µl HEPES (1 M, pH 9.6) solutions in ultrapure water, strictly in the aforementioned order 

and by mixing thoroughly after the addition of each compound. Stocks of the four added 

solutions were aliquoted, frozen and stored at −20 °C and thawed individually for use. The 

mixture was added to the cantilevers and incubated for 3-4 h, to obtain the functionalised 

cantilever. After washing with PBS (3×5 min), the cantilevers were stored in PBS at 4 °C and 

used within three days. The reaction scheme for this functionalisation strategy is shown in 

Figure 3.5. 
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Figure 3.5: Reaction scheme of the functionalisation of gold coated cantilevers 
with nanobodies. 

 

Amino-functionalised ST-PNP-NH2 cantilevers were rinsed with ethanol p.a. (Sigma-Aldrich, 

Taufkirchen, Germany) and afterwards exposed to the solution of Maleimide-PEG-NHS. 

Maleimide-functionalised CT.PEG.MAL cantilevers were treated with the solution of 

nanobodies directly as described above. All subsequent steps were performed according to 

the protocol for OBL-10 cantilevers. 

 

 

3.2.6 Treatment of membrane sheets with proteases 

Proteins present on membrane sheets were digested by adding a solution of pronase from 

Streptomyces griseus (2 mg∙ml−1 in PBS) (Roche Diagnostics, Mannheim Germany) to the 

buffer above the membrane sheets (2 ml PBS), yielding a final concentration of 

approximately 0.67 mg∙ml−1. For a control experiment the same final concentration of BSA 

(albumin fraction V, Carl Roth, Karlsruhe, Germany) was used. Subsequent AFM imaging 

was performed in presence of the proteins, 20 min to 1.5 h after their addition. For MR-AFM 

measurements the membrane sheets were incubated for 30 min with the proteases 
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(approximately 0.67 mg∙ml−1 in PBS) and afterwards the sample was washed five times with 

PBS. 

 

 

3.2.7 Preparation of giant unilamellar vesicles 

To produce giant unilamellar vesicles (GUVs) for control measurements of MR-AFM 

experiments and for test purposes of the setup for micropipette aspiration, 6 µl of a lipid 

solution of the appropriate mixture (1 mg∙ml−1 in chloroform) (see Table 3.1) was pipetted 

onto the conducting sides of two indium tin oxide (ITO) glass slide (Präzisions Glas & Optik, 

Iserlohn, Germany) each. After evaporation of the solvent, the lipid material was 

mechanically distributed over an area of about 1.2×1.2 cm2 to fit into the opening of a silicone 

spacer which was placed onto the ITO slides to set-up the electroformation chamber later. 

For the evaporation of remaining solvent, the ITO slides were placed into a drying cabinet set 

to 35 °C at reduced pressure for at least 2 h. Afterwards, conducting copper tapes were 

glued onto one end of the ITO slide opposed to their polytetrafluoroethylene (PTFE) spacers 

(see Figure 3.6 a). A silicone spacer was added with its opening fitting on the region covered 

with the lipid film of the one ITO slide. The second was laid onto the first one to obtain an 

enclosed chamber with two lipid films opposing each other at a distance of 2 mm, as shown 

in Figure 3.6 b. The electroformation chamber was fixed with three paper foldback clips (for 

clarity not shown in Figure 3.6 b). 

 

  
Figure 3.6: Setup of the electroformation chamber for preparation of GUVs. In a an 
ITO slide is shown with a PTFE spacer, adhesive copper tape and a silicone spacer. 
Inside the quadratic opening of the silicone spacer the lipid film is situated on the ITO 
slide. b depicts the assembled electroformation chamber which is electrically connected 
to a function generator. 
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The opening of the silicon spacer was filled with a solution of D(+)-sucrose (160 mM) (VWR 

International, Darmstadt, Germany) supplemented with 0.2 mM magnesium chloride 

(Honeywell Specialty Chemicals Seelze, Seelze, Germany) resulting in a final osmolarity of 

approximately 165 mosmol∙kg−1, measured by freezing point osmometry (Osmomat 3000, 

Gonotec, Berlin, Germany). Afterwards, the final preparation of GUVs was performed by 

electroformation based on its first description by Angelova et al..[41] To this end, the 

electroformation chamber was subjected to a current of a peak-to-peak voltage of 2.3 V and 

a frequency of 70 Hz using a function generator (33220A, Keysight Technologies, Santa 

Rosa, CA) for 3-4 h. Next, the GUV dispersion was removed from the electroformation 

chamber and stored at 4 °C until use. In case of pure lipids vesicles, the experiments were 

not performed later than four days after preparation of the GUVs. Before being reused, the 

ITO slides and silicone spacers were cleaned with ethanol and water, sonicated for 15 min at 

40 °C in an aqueous solution of Hellmanex® III (Hellma Analytics, Mühlheim, Germany), 

followed by three further sonication steps with ultrapure water and finally washed with 

ethanol p.a. (Sigma-Aldrich, Taufkirchen, Germany) and dried in a stream of nitrogen gas. 

 

Table 3.1: Compositions of lipid films utilised for the production of GUVs. 

Purpose Constituents Ratio (by moles) 
preparation of 
GUV patches for 
MR-AFM 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) 
(Avanti Polar Lipids, Alabaster, AL) 
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(Avanti Polar Lipids, Alabaster, AL) (DOPE) 
Texas Red™ 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (TR-DHPE) (Thermo 
Fisher Scientific, Waltham, MA) 

69:30:1 

   

mechanical 
measurements by 
AFM5 

DOPC 
1,2-dioleoyl-sn-glycero-3-phospho-L-serine 
cholesterol 
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(cap biotinyl) 
TR-DHPE 

63:10:25:1:1 

   

test of 
micropipette 
aspiration 

DOPC 
TR-DHPE 

99:1 

   

protein mechanic 
measurements by 
micropipette 
aspiration5 

DOPC 
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(cap biotinyl)  
TR-DHPE 

98:1:1 

 

                                                
5 Provided by Dr. Julia Preobraschenski (department of Prof. Reinhard Jahn, Max Planck Institute for 
Biophysical Chemistry, Göttingen). 
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GUVs used for the investigation of the influence of proteins on mechanics were prepared and 

provided by Dr. Julia Preobraschenski (department of Prof. Reinhard Jahn, Max Planck 

Institute for Biophysical Chemistry, Göttingen). Briefly, lipid films of the respective mixtures 

for AFM and for micropipette aspiration measurements (see Table 3.1) were swollen in a 

solution of the desired protein in detergent-containing buffer (sodium cholate, approximately 

2 % w/v) with a protein to lipid ratio of 1:533 for synaptophysin (synaptophysin-1) and 1:133 

for synaptobrevin (synaptobrevin-2). The different ratios for both proteins were used to 

account for the respective number of transmembrane domains and thereby obtaining the 

same lipid to transmembrane domain ratio in both cases. Small vesicles were prepared by 

the detergent removal method as described elsewhere.[122] The small vesicles were dried on 

platinum electrodes which were subject to electroformation thereafter to produce GUVs as 

published previously.[123] The electroformation was performed in solutions of D(+)-sucrose 

(200 mM). Proteoliposomes were used for experiments not later than one day after 

preparation. 

 

 

3.2.8 Preparation of GUV membrane patches 

To produce bilayer patches from GUVs, hereafter called GUV membrane patches 

(GUV-MPs), glass cover slips (22×22×0.13-0.16 mm3) (MARIENFELD, Laude-Königshafen, 

Germany) were first washed with ultrapure water and cleaned by a mixture of ultrapure 

water, 25 % ammonium hydroxide solution (Thermo Fisher Scientific, Waltham, MA) and 

35 % hydrogen peroxide (Thermo Fisher Scientific, Waltham, MA) (5:1:1 by volume) at 75 °C 

for 20 min. After completion, the glass cover slips were washed with ultrapure water and 

stored in ultrapure water until use. The GUVs were spread on the glass cover slips by 

incubation of 50 µl of a dispersion of GUVs with the composition described in Table 3.1 in 

500 µl PBS for 50 min. Remaining GUVs were removed by buffer exchange (five times with 

PBS). 

 

 

3.2.9 Cell lysis 

PC12 cells grown for 2 d on tissue culture test plates (see section 3.2.1) were washed with 

PBS (2×5 ml) and lysed with 500 µl of a mixture of radioimmunoprecipitation assay buffer 
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(Sigma-Aldrich, Taufkirchen, Germany) and protease inhibitor (cOmpleteTM mini EDTA free, 

Roche Diagnostics, Mannheim, Germany) (one tablet dissolved in 10 ml buffer) on ice for 

5 min. The cells were scraped from the tissue plate and the resulting dispersion was 

removed and centrifuged (4000 g, 4 °C, 10 min). Afterwards, the supernatant was used as 

cell lysate. The overall protein concentration was determined using PierceTM BCA Protein 

Assay Kit (Thermo Fisher Scientific, Waltham, MA) by comparison with a BSA standard 

according to the instructions of the manufacturer. Cell lysates were stored at −80 °C until 

use. 

 

 

3.3 Instrumentation and Measurements 

3.3.1 Western blots6 

Cell lysates containing a protein mass of 2.5 or 5 µg were mixed with an equal volume of 2× 

sample buffer (175 mM tris(hydroxymethyl)aminomethane (Carl Roth, Karlsruhe, Germany), 

2 % w/v sodium dodecyl sulfate (AppliChem, Darmstadt, Germany), 15 % w/v glycerine 

(Grüssing, Filsum, Germany), 0.3 M dithiothreitol (Carl Roth, Karlsruhe, Germany) and 

0.02 % bromophenol blue (Carl Roth, Karlsruhe, Germany), pH 6.8) and the proteins were 

denatured at 85 °C for 5 min. These mixtures and a protein ladder (PageRulerTM Plus 

Prestained, Thermo Fisher Scientific, Waltham, MA) were loaded on sodium dodecyl sulfate 

polyacrylamide gels (Schägger gel, 10 % acrylamide (Carl Roth, Karlsruhe, Germany)). The 

electrophoresis was conducted by applying a voltage of 100-200 V (direct current) to the gel 

in electrophoresis buffer (100 mM tris(hydroxymethyl)aminomethane (Carl Roth, Karlsruhe, 

Germany), 100 mM tricine (Carl Roth, Karlsruhe, Germany) and 0.1 % w/v sodium dodecyl 

sulfate (AppliChem, Darmstadt, Germany)). After sufficient separation, the proteins were 

transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA) in blotting buffer (20 mM 

tris(hydroxymethyl)aminomethane (Carl Roth, Karlsruhe, Germany), 150 mM glycine 

(Grüssing, Filsum, Germany), 0.05 % sodium dodecyl sulfate (AppliChem, Darmstadt, 

Germany) and 20 % methanol (Sigma-Aldrich, Taufkirchen, Germany)) by applying a voltage 

of 15 V (direct current) for 1 h. The membrane was passivated by incubation with 5 % low fat 

dry milk (Carl Roth, Karlsruhe, Germany) in TBS-T (1 h). Afterwards, a mouse-anti-rat-IgG 
                                                
6 Parts of the gel electrophoresis, western blotting and luminescent staining of the blots were 
performed by Jonas Schäfer (department of Prof. Claudia Steinem, Institute of Organic and 
Biomolecular Chemistry, University of Göttingen). 
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antibody against syntaxin-1 (clone STX01 (HPC-1), abcam, Cambridge, United Kingdom or 

clone 78.2, Synaptic Systems, Göttingen, Germany) was added to 5 % low fat dry milk in 

TBS-T at a concentration of 0.5 µg∙ml−1 and incubated overnight at 4 °C while gently shaking. 

After washing with TBS-T (3×10 min), the membrane was treated with a 1:1000 solution of a 

secondary goat-anti-mouse-IgG antibody comprising a horseradish peroxidase (Santa Cruz 

Biotechnology, Dallas, Tx) in 5 % low fat dry milk in TBS-T. After washing with TBS-T 

(3×20 min), luminescent staining was performed using WesternBrightTM Quantum (advansta, 

San Jose, CA) and luminescent signals were finally recorded by a chemiluminescent imaging 

system (Azure c300, azure biosystems, Dublin, CA). 

 

 

3.3.2 UV-Vis spectroscopy 

Ultraviolet-visible-spectroscopy (UV-Vis-spectroscopy) was utilised to evaluate the 

concentrations of nanobodies throughout the course of size exclusion chromatography, to 

determine the fraction with the largest amount of nanobodies and to determine the final 

concentration of nanobodies. A background signal of pure PBS was recorded for each series 

of measurements, since the sample was always dissolved in PBS. The absorbance was 

calculated by relating the recorded transmission signal of the sample to that of the 

background. For the present study a V-650 and a V-670 (Jasco, Pfungstadt, Germany) were 

used. 

 

 

3.3.3 Fluorescence microscopic techniques 

Fluorescence microscopy is frequently utilised in life sciences to image structures in tasks 

which cannot be fulfilled by conventional bright field light microscopy. To this end, the 

molecules or structures of interest are labelled with a fluorescent dye and can therefore be 

imaged specifically.  
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3.3.3.1 Epifluorescence microscopy 

A standard epifluorescence microscope is equipped with a filter cube which enables 

transmission of a bandwidth of the initially polychromatic light containing the wavelength 

required for the excitation of the fluorophore and its reflection to the sample by an excitation 

filter and a dichroic mirror, respectively. The emitted light, which is shifted towards larger 

wavelengths due to the Stokes shift, is transmitted by the dichroic mirror and finally by the 

emission filter, leading to the detection of emitted light only.[124] A schematic of the optical 

path is shown in Figure 3.7.  

 

  
Figure 3.7: Schematic of the optical path in epifluorescence microscopy. The 
excitation light originating from the light source (1) is transmitted by an IR-filter (2) and an 
excitation filter (3) selectively before it is reflected by a dichroic mirror (4) and is focussed 
by an objective (5). The fluorescence light emitted by the sample (6) is transmitted by the 
dichroic mirror and the emission filter (7) selectively, to finally reach the camera (8). 

 

Epifluorescence microscopy was used in conjunction with other techniques as detailed in 

sections 3.3.4.3 and 3.3.5.3.  
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3.3.3.2 Confocal laser scanning microscopy 

Besides the described standard setup, another type of fluorescence microscopy is confocal 

laser scanning microscopy (CLSM). Here, a laser is scanned across the sample and the 

emission light is finally projected on a detector. Due to a pinhole located in front of the 

detector, light which does not originate from the focal plane does not reach the detector since 

it is blocked by the pinhole. Thus, only light from the focal plane is observed. The excitation 

light and the pinhole are focussed on the same point of the focal plane as described by the 

name confocal. This principle is illustrated in Figure 3.8. As a further advantage over 

conventional epifluorescence microscopy, CLSM is capable of reaching even a slightly 

higher lateral resolution.[125] 

 

 
Figure 3.8: Schematic illustration of the optical path in a CLSM. The excitation light 
(green) originating from a laser source (1) passes through a pinhole (2), a lens (3) and a 
dichroic mirror (4) and is focussed by an objective lens (5) on the sample (6). The emitted 
light (red) is reflected by the dichroic mirror. Light from the focal plane exclusively passes 
through the pinhole (7) and finally reaches the detector (8). Note that by the confocal 
alignment the excitation light and the pinhole are focussed in the same plane of the 
sample. 

 

Within the scope of this thesis an inverted and an upright CLSM were used for the 

investigation of binding of distinct antibodies against syntaxin-1 and for comparison of wild 

type and knockdown PC12 cells, respectively. For both types a FLUOVIEW FV 1200 

(Olympus, Tokyo, Japan) was used, in case of the inverted one equipped with a 100× oil 

immersion objective (UPLFLN100XO2PH, Olympus, Tokyo, Japan), a 561 nm laser (85-

YCA-020-230, Melles Griot, Bensheim, Germany), a 488 nm laser (Olympus, Tokyo, Japan) 
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and a microscope automation controller (ProScanTM III, Prior Scientific Instruments, Jena, 

Germany). The upright CLSM was equipped with a 60× water immersion objective 

(LUMFLN60XW, Olympus, Tokyo, Japan), a 561 nm laser (85-YCA-020-230, Melles Griot, 

Bensheim, Germany) and a 488 nm laser (85-BDD-020-003, Melles Griot, Bensheim, 

Germany). 

 

 

3.3.3.3 Stimulated emission depletion microscopy 

A convenient way to circumvent the diffraction limit of resolution in optical microscopy is 

stimulated emission depletion (STED) microscopy.  

 

   
Figure 3.9: Schematic setup of a STED microscope and modulation of the point 
spread function. In a the schematic setup is shown. The excitation light (green) and the 
depletion light (magenta) are emitted by their respective laser sources (1). The STED 
laser is phase modulated by a phase plate (2). By being reflected on dichroic mirrors (3) 
both lasers are superimposed and focussed by an objective (4) on the sample (5). The 
emitted light (red) passes through the dichroic mirrors and is finally focussed on the 
detector (6). In b the overlay of the excitation (green) and the depletion (magenta) laser 
spot and the resulting effective emission point spread function (red) are illustrated 
schematically. 
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First described by Hell and Wichmann in 1994,[126] it uses stimulated emission by a STED 

laser which is partially superimposed with the illumination spot of the excitation laser in the 

focal plane to reduce the resulting effective point spread function. Consequently, the 

resolution is determined by the emerging point spread function and is therefore severalfold 

larger than in conventional fluorescence microscopy.[126] In contemporary setups the 

depletion is realised by a toroidal STED laser, which causes depletion in a radially symmetric 

way.[10] Figure 3.9 depicts a schematic STED microscopy setup and an illustration of the 

reduction of the point spread function. 

For the present study a STEDYCON (Abberior Instruments, Göttingen, Germany) equipped 

with a 594 nm and a 640 nm excitation laser and a 775 nm STED laser was used. The STED 

system was used in conjunction with an inverted microscope (IX 81, Olympus, Tokyo, Japan) 

equipped with a 100× oil immersion objective (UPLSAPO100XO, Olympus, Tokyo, Japan).7 

To compare STED images with atomic force microscopy, the sample was transferred to the 

JPK NanoWizard® 4 setup (see section 3.3.4.3) afterwards. 

 

 

3.3.4 Atomic force microscopy 

During the last decades atomic force microscopy (AFM) has become a multifunctional 

analytical tool in biophysics. Invented in the mid-1980s by Binnig, Quate and Gerber[127] and 

applied to record surface line profiles of a sample, it was soon used for imaging the 

topography of the specimen.[128,129] Later, first single molecule measurements were 

performed contemporaneously by Gaub and coworkers[130] who measured the force of the 

interaction between avidin present on the tip of the cantilever and biotin on the substrate and 

Colton and coworkers[131] who performed similar experiments with streptavidin on the 

substrate and biotin on a glass sphere attached to the cantilever. Among the diverse 

applications of AFM are the investigation of cellular mechanics and adhesion, imaging of 

single molecules, cantilevers serving as sensors for binding of biomolecules and 

nanolithography.[128] 

 

 

                                                
7 The STED microscope was kindly provided for test purposes by Abberior Instruments, Göttingen.  
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3.3.4.1 Working principle of the AFM 

The physical principle of this technique is based on a tens of microns sized cantilever, 

usually equipped with a sharp tip on its bottom side, which deflects in contact with a sample. 

This deflection can be measured by the optical lever technique: A laser beam originating 

from a laser diode is reflected off the top surface of the cantilever and finally pointed on a 

segmented photodiode, a position sensitive detector (PSD) (see Figure 3.10).[129] 

 

 
Figure 3.10: Schematic of the AFM setup. The laser beam originating from a laser 
diode is reflected off the upper side of the cantilever and finally pointed on a PSD. In 
AFMs of JPK Instruments, which were used for this thesis, the laser beam is reflected by 
a mirror before reaching the PSD. 

 

To perform a force measurement, the cantilever is moved vertically towards the sample by 

the extension of a piezoelectric element, the so-called z-piezo, upon application of a voltage. 

When the tip of the cantilever gets in contact with a surface, the cantilever bends and as a 

consequence the laser beam is reflected in another angle and thus finally reaches the PSD 

at another location. As the PSD is a segmented photodiode, the amount of light which 

reaches the different segments, and therefore the current induced in the different segments, 

is altered. From the difference in the currents of the upper and lower segments of the PSD, 

the relative position of the laser spot on the detector can be inferred (see also Figure 3.10). 

Given that the movement of the cantilever is known by the extension of the piezoelectric 

element the change in current of the PSD can be related to the movement of the cantilever. 

Provided that the substrate is incompressible, the extension of the z-piezo corresponds to 
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the deflection of the cantilever. By relating that quantity to the readout of the PSD, the 

sensitivity of the setup including the cantilever can be determined. The tip-sample separation 

D, briefly called distance, is the sum of the extension of the piezoelectric element Zp and the 

deflection of the cantilever Zc: 

 p cD Z Z= +  (3.1) 

With the force constant of the cantilever kc, the force acting on the cantilever can be 

calculated according to Hooke’s law: 

 c cF k Z= ⋅ . (3.2) 

Plotting the force against the distance D yields a force-distance-curve or briefly called force 

curve. If a soft sample is indented, the deflection of the cantilever will change by a lower 

value than the z-piezo is extended, which leads to a negative distance according to the 

definition of equation (3.1).[132] A schematic force versus z-piezo displacement curve together 

with the assignment of some characteristic points, which are referred to in this thesis, is 

shown in Figure 3.11. 

 

 
Figure 3.11: Schematic force versus z-piezo displacement curve. The approach 
curve is shown in red and the retraction curve in blue. The assigned points and ranges 
correspond to: 1: non-contact regime or baseline of the approach curve, 2: contact point, 
3: maximum load force, 4: zero-force point when regarding the retraction curve, 5: 
maximum interaction force (except from force curves defined as a positive quantity) at the 
corresponding rupture distance, 6: non-contact regime or baseline of the retraction curve. 
Note the force discrepancy of the non-contact regimes which is due to hydrodynamic 
drag. 

 

Images can be recorded by AFM upon scanning the surface of interest by two additional 

piezoelectric elements, one for each direction. In contact mode the tip of the cantilever stays 

in contact with the sample and either the force is held constant and the extension of the 

z-piezo necessary to maintain this force is measured or the other way around. The dynamic 

mode, also called tapping or intermittent contact mode, exploits the reduction of the 
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oscillation amplitude of a cantilever oscillating at a frequency close to the resonance 

frequency upon interaction with the sample. Unlike the contact mode, in this method the 

cantilever stays only for a very short part of the oscillation cycle in physical contact with the 

sample.[128] A more recently developed method is fast force-distance-curve based atomic 

force microscopy (FD-AFM), such as the quantitative imaging (QITM) mode of JPK 

Instruments. Here, a force curve is recorded on every pixel of a two-dimensional grid. The 

advantage of the QITM mode is that it combines a newly developed fast cantilever movement 

algorithm with a lateral rest of the cantilever at every single pixel, which enables measuring 

of the force distance curve at a constant speed. From these force curves the topography and 

multiple mechanical parameters can be extracted simultaneously.[128]  

 

 

3.3.4.2 Calibration of the cantilever 

The nominal force constant of a cantilever is calculated by geometric parameters and 

material properties. In order to obtain a more accurate measure of the force constant, the 

cantilever has to be calibrated. To this end, an approach-retract cycle of the cantilever is 

performed on a hard substrate. Thus, the extension of the piezoelectric element corresponds 

to the deflection of the cantilever and the sensitivity can be obtained as the slope of a plot of 

the extension against the voltage of the PSD.[132] Afterwards, a spectrum of the thermally 

induced deflection is recorded at a certain distance from the surface of the substrate. A 

Lorentzian curve is fitted to the peak of the power spectral density corresponding to the first 

mode of the resonant frequency. The integral of this curve equals the mean square 

displacement of the cantilever deflection. According to the equipartition theorem the following 

equality holds:[133] 

 2
c B

1 1
2 2

k q k T= , (3.3) 

where q is the deflection of the cantilever, kB the Boltzmann constant (kB = 1.381∙10−23 J∙K−1) 

and T the thermodynamic temperature. Thus, the force constant reads[133] 

 B
c 2

k Tk
q

= . (3.4) 

As the mean-square-displacement 2q  is known by the aforementioned integral, the force 

constant can be measured experimentally. 
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3.3.4.3 Experimental procedures 

The glass cover slips containing the membrane sheets were mounted in a home-built sample 

chamber, which is shown schematically in Figure 3.12. This chamber comprised a lower and 

an upper part each containing a hole, through which the glass cover slip was accessible by 

the objective of an inverted epifluorescence microscope and by an AFM cantilever operated 

by a JPK AFM, respectively. 

 

 
Figure 3.12: Schematic drawing of the sample chamber used for AFM 
measurements on membrane sheets. In a a cross section of the parts of the sample 
chamber is shown. 1: lid, 2: ring with thread for tightening, 3: upper part of the chamber, 
4: O-rings for sealing, 5: glass cover slip, 6: lower part of the chamber. b shows a top 
view of the assembled chamber with a basin for buffer, accessible by the cantilever and c 
shows a bottom view of the same, demonstrating the accessibility by an objective.  

 

Prior to use, the cantilevers were calibrated by the thermal noise method as described in 

section 3.3.4.2. To this end, five force curves were recorded on the stiff substrate at a 

maximum load force of a few nanonewton, the largest and the smallest obtained sensitivities 

were discarded as outliers and the mean value of the remaining three sensitivities was used 

for further calibration. The measured thermal noise at a distance of about 200 nm from the 

substrate was integrated over a few seconds and the force constant was obtained as 

detailed above.  

A membrane sheet for the AFM measurement was chosen which shows a rather 

homogeneous structure in the fluorescence channel of the membrane dye and exhibits a low 

amount of actin (for an example see Figure 4.2 a, and d in section 4.1.1), as observed in the 

corresponding fluorescence channel (vide infra). On membrane sheets showing a region of 

brighter fluorescence at their edge (see Figure 4.2 a for an example), the measurement was 

performed in the centre of the sheet. For very large membrane sheets the right localisation of 

the cantilever tip was acknowledged visually by combining epifluorescence and bright field 

microscopy, however in most case a force map of an array of 16×16 force curves was 
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recorded to find an appropriate location for the following measurement in the height image. 

This procedure was commonly assisted by position calibration of the cantilever relative to a 

recorded fluorescence micrograph by the DirectOverlayTM feature provided by JPK 

Instruments (Berlin, Germany). For MR-AFM measurements, force-distance-curves were 

recorded on a 64×64 grid in a squared area of 0.25 to 5 µm edge length. Usually 1 µm edge 

length was used. The maximum load force was usually set to 0.2 nN. As far as not indicated 

otherwise, a dwell time of 0.5 s with constant height setting was applied at the point closest 

to the surface. Two combinations of approach and retraction speeds were used. In the first 

case both speeds were set to 1 µm∙s−1, for later experiments, in order to accelerate the 

measurement and to reduce lateral drift, an approach speed of 25 µm∙s−1 and a retraction 

speed of 5 µm∙s−1 were used. For maps recorded with a conventional IgG antibody linked to 

the cantilever the first combination and for ST-PNP-NH2 and CT.PEG.MAL cantilevers the 

second one was applied exclusively. For direct comparison of quantitative data, the same 

velocities were used for all categories which are compared. While recording the force curve, 

the cantilever was retracted 1 µm from the point of the maximum load force, as a 

compromise between an accurate detection of as many rupture events as possible and a fast 

completion of the measurement. A schematic of AFM measurements performed to detect the 

syntaxin-1 distribution in PC12 cell membrane sheets with nanobodies coupled to the 

cantilever is depicted in Figure 3.13. 

 

 
Figure 3.13: Illustration of the experimental approach of mapping protein 
distributions by AFM. Nanobodies (magenta) are attached to the cantilever (grey) by a 
polyethylene glycol linker (blue) to map the distribution of proteins (cyan) in a membrane 
sheet (red). The aim of these experiments is to infer the location of proteins by rupture 
events observed in the retraction part of the force curve. By recording force curves inside 
an array structure, the spatial organisation of these events is to be analysed. 
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Force-distance-based imaging by QITM mode of JPK Instruments was occasionally performed 

with the functionalised cantilevers used for MR-AFM to evaluate the quality of the membrane 

sheet and the precise localisation of the recorded force map on the membrane sheet, 

immediately after the measurement of a force map. Those cantilevers were not used for 

force-distance-curve measurements afterwards. In all other cases, non-functionalised MLCT-

cantilevers were used for FD-AFM imaging. For imaging purposes, a maximum load force 

setpoint of 0.1 nN, a cantilever retraction distance of at least 70 nm and a duration of at least 

16 ms per pixel were commonly utilised in FD-AFM imaging by QITM mode. For contact mode 

imaging, a maximum load setpoint of 0.1 nN and a line rate of 0.3 Hz was used. 

To visualise the topography of PC12 cells, contact mode measurements were conducted 

with a force setpoint of 100 pN and a line rate of 0.3 Hz.  

For the evaluation of mechanics of GUVs, force curves were recorded with MLCT cantilevers 

with a nominal force constant of 0.01 N∙m−1. 400 µl of the dispersion of GUVs (see 

section 3.2.7) were mixed with 400 µl of a buffer containing 150 mM sodium chloride, 20 mM 

HEPES and 1 mM magnesium chloride on a glass bottom Petri dish, functionalised with 

neutravidin as described elsewhere,[122] incubated for 20 min and filled to a final volume of 

2 ml with the same buffer. For each force curve measurement the cantilever was placed 

above the vesicle so that the tip got in contact with the centre of the GUV during the 

approach. The maximum load force was set to 4 nN and the speed of both approach and 

retraction was 1 µm∙s−1. The experimental principle is shown schematically in Figure 3.14. 

 

 
Figure 3.14: Schematic of a GUV indentation experiment. The cantilever indents the 
GUV in a central region to infer mechanical properties of its membrane. 

 

For these measurements, a CellHesion® 200 AFM (JPK Instruments, Berlin, Germany) was 

utilised. The AFM head was mounted on an inverted microscope (IX 81, Olympus, Tokyo, 
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Japan) which was equipped with a 10× (UPLFLN10X2PH, Olympus, Tokyo, Japan) and a 

40× (LUCPLFLN40XPH, Olympus, Tokyo, Japan) objective, a mercury-vapour lamp 

(U-HGLGPS, Olympus, Tokyo, Japan), a camera (XM10, Olympus, Tokyo, Japan) and a 

filter cube for excitation light of the wavelengths λ ≈ 542-578 nm and emission light of the 

wavelengths λ ≈ 594-664 nm (U-F49008, Olympus, Tokyo, Japan). The microscope was 

mounted on an active vibration isolation system (halcyonics_i4, Accurion, Göttingen, 

Germany) inside a home-built acoustic enclosure. For all other measurements, a 

NanoWizard® 4 (JPK Instruments, Berlin, Germany), mounted on an inverted microscope 

(IX 81, Olympus, Tokyo, Japan) which was equipped with a 10× (UPLFLN10XPH, Olympus, 

Tokyo, Japan) and a 40× (LUCPLFLN40XPH, Olympus, Tokyo, Japan) objective, a mercury-

vapour lamp (X-Cite® SERIES 120 PC, Excelitas Technologies, Waltham, MA), a camera 

(XM10, Olympus, Tokyo, Japan) and filter cubes for excitation light of the wavelengths 

λ ≈ 538-582 nm and emission light of the wavelengths λ ≈ 610-678 nm (U-N41004, Olympus, 

Tokyo, Japan) and for excitation light of the wavelengths λ ≈460-498 nm and emission light 

of the wavelengths λ ≈ 514-558 nm (U-N41001, Olympus, Tokyo, Japan) was used. The 

microscope was placed on an active vibration isolation system (Micro 40, Accurion, 

Göttingen, Germany) inside a home-built acoustic enclosure. 

 

 

3.3.5 Micropipette aspiration 

Micropipette aspiration is a powerful technique to study the mechanical behaviour of lipid 

membranes from cells and artificial vesicles. Since the general setup of the system is built 

with standard and commercially available parts, it can be implemented in laboratories in 

home-built devices. The first report of micropipette aspiration of a cell by Mitchison and 

Swann dates back to 1954.[134] Since the early 1980s, Evans and coworkers performed 

pioneering work on its application to vesicles.[135,136] Throughout the following decades many 

studies have been published by different groups, focussing primarily on influences of 

different lipids and their mixtures,[22,137,138] but also new analytical procedures were 

described[139] and recently asymmetric membranes were investigated.[140] In general, the 

setup consists of a glass capillary with a micron-sized pointed end which is connected to a 

device capable of producing a reduced pressure, on the other end. By the reduced pressure 

inside the micropipette, the object of interest can be aspired. The process of aspiration is 

commonly observed by a microscope. Details of the setup used in the present study are 

presented in section 3.3.5.2. 
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3.3.5.1 Theory of micropipette aspiration of GUVs 

If not swollen in a hypoosmotic solution, the membrane of a GUV is flaccid, exhibiting 

thermal undulations on length scales below the optical resolution limit. Upon aspiration, at 

low pressures, in the so-called low-pressure regime, these undulations are smoothed out. 

The entropic cost for this process is compensated by the work applied by the reduced 

pressure in the micropipette. When the membrane reservoirs stored in the undulations are 

largely depleted, further dilation of the vesicle’s surface area is mainly provided by stretching 

the membrane, which is accompanied by an increase in the mean area per lipid molecule. In 

this high-pressure regime, the tension is not strictly of entropic nature any more, but mainly 

determined by an elastic stretch of the membrane like a two-dimensional spring. Both types 

of extension lead to a detectable increase of the projected membrane area inside the 

micropipette. In principle both effects can be investigated independently in their respective 

pressure regime. However, it has to be kept in mind that in a more realistic view both 

regimes are intermixed and that, to some extent, contributions from flattening of thermal 

undulations contribute to the observed increase in the projected area in the high-pressure 

regime.[32,139,141] 

Using the Young-Laplace equation, Evans, Needham and Rawicz described the membrane 

tension 𝜏𝜏 of the aspired vesicle as[32,136] 

 P
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where ∆p is the applied pressure difference (aspiration pressure), RP is the radius of the 

pipette and RV the radius of the vesicle (see also Figure 3.15). In this model, the tension is 

assumed to possess a constant value over the whole surface of the vesicle,  

The apparent area strain of the aspired GUVs is determined by[32] 
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Here, A is the current surface area of the vesicle, A0 the initial area of the spherical vesicle 

and ∆L the length of the tubular part of the vesicle inside the micropipette. 
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Figure 3.15: Schematic of an aspired GUV with assignment of geometric 
parameters. The GUV shown in red is aspired by a micropipette on the right side. RV 
denotes the radius of the vesicle, RP the radius of the pipette and ∆L is the length of the 
aspired membrane tube. 

 

In the low-pressure regime, the membrane tension scales exponentially with the area dilation 

according to 

 app
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, (3.7) 

where τb is the initial tension at αapp = 0, κ is the bending modulus and kBT is the thermal 

energy. Thus, from a plot of the logarithm of the tension versus the apparent area strain in 

the low-pressure regime, one can deduce the bending modulus.[32] 

In the high-pressure regime, the tension scales linearly with the apparent area strain 

 app appKτ α= ⋅ , (3.8) 

where the apparent area compressibility modulus Kapp can thus be determined from a linear 

fit of the tension as a function of the apparent area strain.[32]  

To correct for the influence of smoothed thermal undulations on the determined area strain in 

the high-pressure regime, Evans and coworkers introduced a procedure by which each area 

strain value αapp is corrected by a logarithmic contribution of the corresponding tension τ:[141] 
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Here, τ(1) is the first tension value in the high-pressure regime and αdir is referred to as direct 

area strain. 

By that notion, the direct area compressibility modulus Kdir can be calculated similarly to 

eq. (3.8): 

 dir dirKτ α= ⋅  (3.10) 
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3.3.5.2 Setup of the micropipette aspiration device 

For the present study, a micropipette aspiration device was assembled from purchased and 

home-built parts.  

 

 

   
Figure 3.16: Setup of the micropipette aspiration device. a depicts a schematic of the 
setup, b-d show photographs of the self-assembled system. The inset in b is a detailed 
photograph of the region indicated by the red dashed box in the main figure. The sample 
(1) is observed by a fluorescence microscopic system (2). The micropipette (3) is 
connected to an adapter (4) which is fixed by a connection (5) which mechanically 
connects the micropipette to the micromanipulator (12, only shown in b). An air-filled tube 
(6) connects the micropipette to the pressure transducer (7). By a partially oil-filled 
second tube (8), the latter is connected to a microinjector (9) which is used to generate 
the reduced pressure. The voltage of the pressure transducer is transferred by an 
electrical connection (10) to a voltmeter (11 in c) which is finally read out by a computer 
(d). Like the micromanipulator itself, its controller (13) is only shown in b. 
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To produce a suction pressure, a hydraulic, manual microinjector (CellTram® vario, 

Eppendorf, Hamburg, Germany) was used (Figure 3.16 (9)). By a fitting tube (Eppendorf, 

Hamburg, Germany) (Figure 3.16 (8)) the suction pressure was transferred to a pressure 

transducer (PMX459-350HV(10V), OMEGA Engineering, Deckenpfronn, Germany) (Figure 

3.16 (7)) and by a second tube (Figure 3.16 (6)) to a home-build adapter (Figure 3.16 (4)), 

which was capable of fixing the glass pipettes (Figure 3.16 (3)) (see section 3.1.5) and 

thereby finally transferring the aspiration pressure to the sample (Figure 3.16 (1)). To move 

the glass micropipette, a micromanipulator (InjectMan NI 2, Eppendorf, Hamburg, Germany) 

was utilised (Figure 3.16 (12) and (13)). The output voltage of the pressure transducer was 

detected by a multimeter (34401A, Keysight Technologies, Santa Rosa, CA) (Figure 

3.16 (11)) and the data was transferred to a computer and saved as delimited text file by a 

program written in Python 2.7 (Python Software Foundation, Beaverton, OR) by Filip Savić 

(Institute of Physical Chemistry, University of Göttingen). Figure 3.16 depicts the described 

setup by photographs and by a schematic drawing. The setup was mounted on the same 

microscope used for AFM measurements of membrane sheets (see section 3.3.4.3). 

 

 

3.3.5.3 Experimental procedure 

To prevent adhesion to the inner wall of the micropipette and spreading of the GUVs, 

micropipettes were incubated in a solution of BSA (0.1 mM in glucose solution according to 

that used for the respective measurement) (albumin fraction V, Carl Roth, Karlsruhe, 

Germany) over night. Prior to the measurement, the micropipettes were placed in BSA-free 

glucose solution for at least 3 h to remove BSA from the solution inside the micropipettes.  

3 ml of buffered or pure isoosmolar glucose solution in a cell culture Petri dish (TPP, 

Trasadingen, Switzerland) was placed onto the microscope stage in a home-built stage insert 

inducing a 7° or 9° tilt of the Petri dish to prevent a contact of any part of the micropipette 

except of its tip with the bottom of the Petri dish. 80-100 µl of the GUV dispersion was added. 

Controlled by bright field microscopy, the micropipette was approached to an appropriate 

GUV. Next, a slight suction pressure was applied to the micropipette and the pressure values 

were started to be recorded continuously. As soon as a vesicle was aspired, fluorescent 

micrographs showing the fluorescence of the GUV membrane were recorded at a rate of 

0.5 Hz and commonly with 100 ms exposure time through the 40× objective. To determine 

mechanical moduli, the pressure difference was increased successively and held constant 

for at least 10 s to record not less than five images. This procedure was usually repeated 
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until the vesicle ruptured or until it was completely aspired. For constant pressure 

experiments, after the initial aspiration of a GUV a medium initial pressure was set and kept 

constant until lysis or complete aspiration of the vesicle occurred or up to 20 min. 

 

 

3.4 Data Analysis 

3.4.1 Analysis of western blots 

For visualisation, images of western blots were processed using ImageJ 1.48v[142] (National 

Institutes of Health, Bethesda, MD). The image of the luminescent bands of the sample and 

the marker image were overlaid by a sum projection. Where appropriate, the resulting image 

was flipped horizontally and the lanes were moved and interchanged horizontally without 

changing the position of the bands in the direction of the mass-axis.  

For comparison of the intensities of bands, a rectangular region of interest (ROI) around 

each band was chosen, each with the same size. Two regions of interest of the same size 

were chosen in the lane of the marker, therefore containing only noise in the luminescence 

channel. These data served as background signal. With Python 2.7 (Python Software 

Foundation, Beaverton, OR) the grey scale range of the ROIs was inverted, the intensity was 

integrated over the whole ROI, the obtained value was subtracted by the mean of the 

integrals of the inverted background ROIs and the ratio of the integrated and background 

corrected intensity of the band and the mean of the integrated and background corrected 

intensities of a reference sample was calculated. 

 

 

3.4.2 Processing of fluorescence micrographs 

Fluorescence micrographs were merely processed by adjusting the maximum and minimum 

values of the colour scale, converting the greyscale images to the green or magenta channel 

and overlaying them. These processes were performed using ImageJ 1.51f (National 

Institutes of Health, Bethesda, MD). 
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3.4.3 Fluorescence-based analysis of the syntaxin-1-level in membrane 
sheets 

To analyse the data of comparative immunostaining of wild type and knockdown PC12 cell 

membrane sheets (see section 3.2.3), a self-written Python 2.7 (Python Software 

Foundation, Beaverton, OR) script was utilised. First, a region of interest containing a single 

membrane sheet was chosen in the channel of the fluorescence of the membrane dye. Only 

membrane sheets which might as well have been used for molecular recognition AFM 

studies were chosen for this analysis. Figure 4.3 depicts a representative example of a 

membrane sheet which was used for the analysis and another one which was discarded. The 

greyscale image of the membrane signal inside the ROI was binarised by the Otsu algorithm 

implemented in the Python package scikit-image[143], followed by a morphological closing and 

an opening algorithm of the same package. Calculating the sum of the white pixels gives a 

relative measure of the area of the membrane sheet. For the signal of the fluorescence 

excited by the 488 nm laser, corresponding to the fluorescence of the secondary antibody, a 

background correction was applied by subtracting the mean intensity of a second ROI from 

each pixel. This ROI was chosen at a region close to the corresponding membrane sheet 

which did not show any further fluorescence apart from noise. Integrating the background 

corrected signal over the whole area of the ROI yielded the overall amount of syntaxin-1. 

This signal was divided by the relative membrane area to obtain a normalised value 

accounting for the syntaxin-1 level per unit area of the membrane sheet. 

 

 

3.4.4 Processing of AFM images 

AFM images were processed by the software of the manufacturer of the AFM (JPK Data 

Processing 6.0, JPK Instruments, Berlin, Germany). For all images at least a background 

plane was subtracted from the raw image. If necessary, linear fits were subtracted from each 

line independently, first by regarding all values of the respective line and, if necessary, 

afterwards by only taking the lowest 70 % of the height values into account. Finally, up to 

four lines of the scan were replaced by the mean of the neighbouring lines to remove 

erroneous lines. 
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3.4.5 Analysis of force curves 

First, the value of the z-piezo extension was corrected for the deflection of the cantilever by 

the data analysis software of the AFM manufacturer (JPK Data Processing 6.0, JPK 

Instruments, Berlin, Germany) to obtain values of the tip-sample-separation (see eq. (3.1)). 

Further analysis of force curves was performed in MATLAB R2014a (MathWorks, Natick, 

MA) by software written by Dr. Ingo Mey (Institute of Organic and Biomolecular Chemistry, 

University of Göttingen). With that software, first a baseline correction was performed by 

fitting a straight line to the data in the non-contact regime and subtracting the resulting 

function from all data points. The zero-distance-value was set to the data point of the 

retraction force curve which has the first absolute force value smaller than 0.5 times the 

standard deviation (SD) of the baseline fit. Peaks were detected if the difference of the forces 

of a local minimum and the closest local maximum exceeded a threshold value, which was 

usually set to 40 pN. Finally, the peak with the most negative force value was assigned as 

the maximum interaction force and as the rupture distance. The results of this automated 

analysis were checked for all force curves and, if necessary, corrected manually. Except 

from force curves themselves, the maximum interaction force is defined as a positive quantity 

in this thesis. 

Whenever the presence of a binding event could not be determined from the force curve, the 

corresponding curve was discarded from further analysis and no interaction event was 

assigned to the map of spatial distribution of interaction events, which usually accounted for 

less than 2 % of all force curves. The same holds for other curves with shapes unlikely to 

represent a desired interaction event, namely for events with an extraordinary slow decline of 

the force to the baseline (Figure 3.17 a), for roundish courses of the force around the 

maximum interaction force (Figure 3.17 b) and for peaks located far within the contact regime 

(F ≈ 100 pN or larger), as shown in Figure 3.17 c. The latter case might correspond to a 

desired interaction event. However, it can be explained by a binding molecule tethered at an 

elevated position of the tip of the cantilever such that the bond ruptures when the tip is still in 

contact with the sample. Therefore the corresponding binding partner is probably located 

farther away from the assigned position in the map and therefore leading to errors in location, 

if not discarded (see schematic drawing in Figure 3.17 f). Furthermore, only peaks with a 

magnitude distinct from the baseline level of force were regarded. Peak like events with a 

magnitude around baseline noise were discarded (Figure 3.17 d). Finally, force curves with 

bumps in the contact regime (Figure 3.17 e), which often appeared in subsequently recorded 

force curves, do not seem to represent a specific interaction and were therefore not used for 
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further analysis. All these evaluations were performed manually. In the following, the term 

events refers to the detected and not discarded rupture events. 

 

 
Figure 3.17: Exemplary discarded force curves according to different categories. 
The criterions to discard force curves were a slow decline of the interaction force to the 
baseline (a), a roundish shape of the force curve at the point where the cantilever tip 
loses contact with the sample (b), a peak far in the repulsive regime (c), a tiny peak with 
a magnitude close to baseline noise (d) and a bump in the contact regime (e). All these 
force curves are not likely to represent the desired interaction. f depicts a schematic of 
the interaction which might explain the situation causing an event as shown in c. The 
grey triangle represents the cantilever tip, the black part the sample and the blue line a 
tethered molecule. The scale shown in a holds for b-e as well. 

 

To determine values of the persistence and the contour length from rupture events in 

MR-AFM, a function describing the behaviour of a wormlike chain (WLC)[91] 
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was fitted to the data points between the origin and the maximum interaction force. Here, Lp 

denotes the persistence length, Lc the contour length and D the distance. 

The quality of the fit was evaluated by the coefficient of determination according to 
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Here, Fi are the experimentally determined force values, îF  are the corresponding force 

values of the fit and F is the mean of the measured forces. 
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3.4.6 Cluster analysis by Ripley’s K-function 

Cluster analysis of data obtained from MR-AFM imaging was performed by an algorithm 

based on Ripley’s K-function,[144] which is commonly used for cluster detection in super 

resolution fluorescence microscopy studies.[26,65] The basic analysis performed in the present 

thesis was adapted from Gaus and coworkers.[26] After the force curves were analysed for 

unbinding events as described in section 3.4.5, a two-dimensional binary grid was 

reconstructed, where a black pixel denotes a location corresponding to a force curve with a 

detected unbinding event. In Figure 3.18 the analytical procedure is visualised by an 

exemplary analysis of an artificially produced distribution of black pixels, which is shown in 

Figure 3.18 a. Such grids were subject to Ripley’s K-function analysis which is described by 

the following equation: 
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K(r) accounts for the amount of clustering, AR is the investigated area, n the overall number 

of events inside that area and dij denotes the Euclidian distance between two events i and j. 

K(r) is calculated as a discrete function of the parameter r which was usually performed in 

the range from zero to half the length of the investigated square at increments of 0.005 times 

that length. To reduce boundary effects, reflective boundary conditions were applied, which 

were favoured over periodic boundary conditions, since a cluster at the rim of the 

investigated area is likely to extend beyond the rim, which is better accounted for by 

reflective boundary conditions. Reflections of the regarded pixel itself were not accounted for 

(exclusion of self-counting). K(r) is in units of an area. To get to a distance representative of 

clustering it is converted to the L-function by 

 ( ) ( )K r
L r

π
= . (3.14) 

Finally, r is subtracted from L(r). The same analysis was performed for 100 homogeneous 

random distributions of events inside a grid of the same size with the same number of events 

n for every dataset which was analysed. For non-random data, a moving mean of L(r)−r was 

calculated within a window of nine values. An example of a plot of the resulting quantities is 

shown in Figure 3.18 b. Next, the L-value was calculated for every single pixel of the grid 

with a cut-off distance rmax corresponding to the maximum value of the moving mean of 

L(r)−r, regardless if the pixel corresponds to a force curve showing an event or not. 

Furthermore, the exclusion of self-counting described above was not applied in this step, 
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because it might lead to an artificial reduction of the L(rmax)−rmax value for a pixel with a 

present event compared with a neighbouring pixel not showing an event. Thus, the 

determined quantity can be described as 
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The resulting grid of Lj(rmax)−rmax values is referred to as Ripley density map (Figure 3.18 c). 

Again, the same procedure was executed for the 100 homogeneous random distributions. To 

binarise the Ripley density map in order to identify clusters, the mean and the standard 

deviation of the Lj(rmax)−rmax values of the random distributions were calculated. In that 

calculation, to avoid influences of boundary effects, only Lj(rmax)−rmax values with a distance 

larger than rmax from the boundary were regarded. The Ripley density map was binarised by 

a threshold value of the mean plus three standard deviations of the random Lj(rmax)−rmax 

values. A map of the areas of the Ripley density map with values larger than that threshold 

(cluster areas) is shown in Figure 3.18 d. Finally all events located within the cluster areas 

are identified (Figure 3.18 e) and referred to as clustered events. Figure 3.18 f shows an 

overlay of the Ripley density map and the clustered and non-clustered events, indicated by 

red and black coloured pixels, respectively. All locations inside the orange box in Figure 

3.18 f are separated farther than rmax from the rim of the investigated area and therefore not 

influenced by boundary effects. For results in chapter 4, only representations like in Figure 

3.18 b and f are shown. 

The first four values in Figure 3.18 b are decreasing linearly with r and have a common value 

for all 100 homogeneous and the clustered distribution. These values correspond to r-values 

smaller than the width of one pixel and therefore K(r) is zero and only the subtraction of r 

contributes to this decrease. Thus, such values were ignored in corresponding plots in 

chapter 4. 
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Figure 3.18: Illustration of the steps performed for cluster analysis. An artificial map 
of events (a) produced by overlaying three clusters with a radius of 0.1 µm and a 
probability of events of 0.5 with noise of a probability of occurrence of 0.1. In b the 
corresponding Ripley analysis is shown. The red circles correspond to 100 homogeneous 
random distributions of the same number of events as in a, the mean of these 
distributions is plotted in magenta, the error bars indicate the 95 % confidence interval 
(two times the standard deviation). Blue crosses show the L(r)−r values for the map of 
events shown in a, the cyan curve is a moving mean of the blue crosses. The r-value 
corresponding to the maximum of the cyan curve is referred to as rmax. In c the Ripley 
density map at r = rmax is shown. The black areas in d correspond to Ripley density values 
larger than a threshold value obtained from a statistical approach based on the 100 
homogeneous distributions (clustered areas). e shows the clustered events situated 
inside the clustered area. The plot in f is an overlay of the Ripley density map, the 
clustered events (red) and all remaining non-clustered events (black). All pixels inside the 
orange square are separated farther than rmax from the boundary. 
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3.4.7 Analysis of combined AFM and STED measurements 

AFM images were processed as described before (see section 3.4.4). The STED images of 

the membrane dye and the AFM images were overlaid manually in Inkscape 0.91 (Free 

Software Foundation, Boston, MA). Afterwards, the STED image of the membrane was 

replaced by that of the antibody fluorescence, whose pixel size was initially set to half of that 

of the AFM image, leading to a number of pixels four times of that of the AFM image. One or 

two quadratic ROIs were selected in each image and the corresponding AFM and STED data 

were extracted. A Gaussian filter with a standard deviation of 0.5 pixels was applied to the 

STED image and binarisation was performed by the Bradley adaptive threshold method, both 

implemented in MATLAB 2018a (MathWorks, Natick, MA). The binarised STED image was 

refined by a morphological opening algorithm with a diamond of an edge length of five pixels 

as structuring element by the package scikit-image in Python 2.7 (Python Software 

Foundation, Beaverton, OR) and the pixel number was reduced to that of the AFM ROI by 

Inkscape 0.91. This image was again binarised by setting all nonzero values to one. Finally, 

the measured height values of the AFM image were extracted at the positions which had a 

value of one in the binarised STED image. For control calculations, the binarised STED ROI 

was rotated one to three times by 90° and used to extract data from the AFM image as 

described before. 

 

 

3.4.8 Analysis of GUV indentation experiments 

GUV indentation force curves obtained with a conical indenter were analysed by using the 

tension model as described in a previous publication.[145] Briefly, the contour of the indented 

vesicle was parametrised as detailed in Figure 3.19.  
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Figure 3.19: Parametrisation of a GUV indented by a conical AFM tip. The red line 
represents the cross sectional membrane of an indented GUV. The dark grey triangle 
indicates the tip of the cantilever. In the range from (1) to (2) the contour of the 
membrane is constrained by the substrate, between (2) und (5) the contour is free, 
reaching a maximum of the radius rV at (3), which separates the bottom from the top part 
of the GUV. At (4) the maximal height is reached. Between (5) and (6) the contour is 
constrained by the tip, namely its half opening angle. The contour is rotated around the 
zV-axis to describe the three dimensional body. 

 

The surface of the corresponding solid of revolution is computed, enabling the description of 

the tension as  
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where τ0 is the pre-stress, KA is the area compressibility modulus, Aind the surface of the 

indented vesicle and AV,0 the surface of the corresponding unindented vesicle of the same 

volume. This tension can be utilised to calculate the force applied by the GUV on the 

indenter, i.e. the force equilibrium in the upper part of the indented GUV, and the force 

equilibrium in the lower part of the GUV. Under the constraints of conserved volume and 

negligible bending stiffness, the contour of the indented GUV can be computed for every 

single force value, enabling the subsequent calculation of the indentation depth. For 

experimental data a script for MATLAB R2014a (MathWorks, Natick, MA) written by Prof. 

Andreas Janshoff (Institute of Physical Chemistry, University of Göttingen) was utilised, 

which solves the corresponding equations based on a Levenberg-Marquardt minimisation. 

To accelerate the analysis, the number of data points of the force curve was reduced by 

regarding only every 200th data point of a moving mean of the raw data, calculated with a 

window size of 10 points. 

Force curves exhibiting sudden declines of the force in the contact regime, which might stem 

from sliding GUVs or breakthrough events, were not analysed. For the final results fits with a 
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coefficient of determination smaller than 0.99 were discarded. An opening angle of the tip of 

17.5° was assumed. 

 

 

3.4.9 Analysis of micropipette aspiration experiments 

For the extraction of geometric parameters from images of GUVs aspired by a micropipette 

and the further analysis of data obtained from micropipette aspiration, a self-written 

Python 2.7 (Python Software Foundation, Beaverton, OR) program was used.  

To binarise the images, first a local Otsu algorithm implemented in the Python package 

scikit-image was applied inside circular regions of a radius of 15 pixels, followed by a 

morphological opening algorithm with a diamond of an edge length of five pixels as 

structuring element and a closing algorithm with a diamond of seven pixels edge length. The 

detection of the radius of the aspired membrane tube (RP) was performed with the last 

recorded and analysed image for each vesicle, commonly corresponding to the longest tube 

observed. An example of a binarised image is presented in Figure 3.20 a. Using the 

binarised image, two straight lines were fitted to the edges of the tube inside a manually 

selected region (red lines in Figure 3.20 b). The mean distance of the two lines inside the 

selected region was assigned to the diameter of the tube. In more detail, this quantity was 

extracted by drawing two orthogonal lines (blue lines in Figure 3.20 b) to the upper fitted 

straight line through its first and its last point inside the selected region (cyan crosses in 

Figure 3.20 b), calculating the intersection point with the extrapolated lower straight line 

(magenta crosses in Figure 3.20 b) and determining the mean of the two lengths between 

the intersection points with both previously fitted lines (i.e. the mean length of the two blue 

lines in Figure 3.20 b). For the next steps, all detected, isolated regions in the binary images 

which were smaller than the projected area of the GUV of interest, stemming from smaller 

vesicles or lipid aggregates, were removed automatically. To infer the radius of the spherical 

part of the aspired vesicle, a region in an unprocessed image was selected manually in a 

way that the tube is excluded from the selection in all images but a large fraction of the 

spherical part of the GUV is included. Next, a Laplacian filter, implemented in the Python 

package SciPy, was applied to the binary image. By extracting the coordinates of pixels with 

negative values of the Laplace-filtered image inside the selected region, points of the 

borderline of the spherical part of the GUV were readily obtained (blue crosses in Figure 

3.20 c).  
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To determine the radius RV of the spherical part of the GUV introduced earlier, the function 

 ( ) ( )
dp

2
2 22 2

m m V
1dp

1 N

i i
i

x x y y R
N

χ
=

 = − + − − ∑  (3.17) 

was minimised by a least-square fit provided by the Python package SciPy. In eq. (3.17) Ndp 

is the overall number of data points, xm and ym are the coordinates of the centre of the fitted 

circle and xi and yi are the coordinates of the detected borderline points. In Figure 3.20 c, the 

fitted circle is depicted by the red line and its centre by the green dot. For the determination 

of the length of the tube, first the end point of the tube was detected. This was accomplished 

by extracting profiles of the binarised image orthogonal to the mean slope of the two straight 

lines fitted to the boundaries of the tube. The profile furthest away from the neck between the 

tube and the spherical part of the GUV which still contained values of one, corresponding to 

parts of the vesicle, yielded the end point of the tube, which was extracted from that profile 

as the central point of the plateau of values of one (red dot in Figure 3.20 d, see figure 

caption for further details). To account for drifts of the vesicle and the micropipette inside the 

image plane, the straight lines fitted to the boundary of the tube were shifted according to the 

vector connecting the end points of the tube of the image used to fit the tube boundaries and 

the currently regarded image. Next, the intersection points between the two shifted straight 

lines and the fitted circle were calculated (magenta crosses in Figure 3.20 d). The centre of 

the line connecting the intersection points was assigned to the second end of the tube (blue 

dot in Figure 3.20 d) and the distance between the determined ends yielded the length of the 

tube ∆L (cyan line in Figure 3.20 d). 

In the second step, all images of the aspired GUV along with the detected radius of the 

spherical part of the GUV (as in Figure 3.20 c) and the end points of the tube (as in Figure 

3.20 d) were checked manually to exclude erroneous values. Whenever one of the quantities 

of interest was not detected correctly, all data corresponding to that time point were 

discarded. Next, the plateaus of the applied suction pressure and, correspondingly, of the 

aspired tube length were selected manually. If the first values of the tube length after the 

increase in suction pressure (see Figure 4.39 a) were substantially smaller than the following 

plateau values, these values were excluded to ensure that only values of an equilibrated 

system were regarded. For each plateau, the mean and the standard deviation of the tube 

lengths, of the radii of the spherical part of the GUV and of the pressure were calculated. 
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Figure 3.20: Elucidation of the algorithm used for the detection of geometric 
parameters based on an example of an aspired vesicle. a depicts a binarised image 
of an aspired GUV in the equatorial plane. b shows the same vesicle with two straight 
lines fitted to the boundary of the aspired tube (red) and two lines which are orthogonal to 
the upper fitted line (blue) through the first and last point of the fitted line (cyan crosses). 
The intersection with the extrapolated second line is indicated by magenta crosses. The 
mean length of the blue lines corresponds to the diameter of the tube. In c the detected 
boundary points of the spherical part of the GUV are assigned by blue crosses, the fitted 
circle is indicated by the red line and its centre by the green dot. In d the detection of the 
length of the tube is illustrated. The red line is moved from the right end of the image 
along the dashed green orthogonal line, whose slope is the mean of the slopes of the two 
fitted straight lines in b, towards the GUV. As it crosses white pixels in the binarised 
image (a) for the first time, the central white pixel along the red line is assigned to the 
origin of the tube (red dot). The intersection of the extrapolated straight lines in b with the 
red circle in c corresponds to the neck between the tube and the spherical part of the 
GUV (magenta crosses). The distance between the central point of the connecting blue 
line (blue dot) and the first origin of the tube (red dot) is assigned to the length of the tube 
∆L (cyan line). Scale bar: 10 µm. 

 
The last step was commenced by calculating the tensions and apparent area expansions 

from the mean values extracted from the plateaus by eqs. (3.5) and (3.6), respectively. In a 

plot of ln(τ/N∙m−1) versus αapp, the low- and high-pressure regimes were selected manually 

based on an apparent decrease of the slope at around τ ≈ 0.5 mN∙m−1. According to 

equation (3.7), a linear function with a variable intercept was fitted to the values of 

ln(τ/N∙m−1) as a function of αapp.  
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The bending modulus 𝜅𝜅 can be deduced from the obtained fit as 
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and the intercept corresponds to ln(τb). In the high-pressure regime, a fit of a linear function 

with variable intercept yields the apparent area compressibility modulus Kapp as the slope of 

the fitted function, according to eq. (3.8). The intercept accounts for influences at low area 

expansion which cannot be described by in-plane dilation of the membrane. Applying the 

formalism introduced by eqs. (3.9) and (3.10) finally yielded the direct area compressibility 

modulus Kdir. To this end, the mean bending modulus obtained from all values of 

measurements with a comparable type of sample was used. 𝜏𝜏(1) was calculated from the fit 

of 𝜏𝜏(𝛼𝛼app) at the lowest value of 𝛼𝛼app assigned to the high-pressure regime.  

The volume of the vesicle was calculated from the extracted geometric parameters as the 

sum of the volumes of a sphere with the radius RV, a cylinder with the radius RP and the 

length of the tube subtracted by RP and a half sphere with the radius RP, subtracted by the 

volume of a spherical cap of the main radius RV and the radius of the base RP as 

 ( )
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.(3.19) 

The absolute surface of the aspired vesicle was calculated accordingly, obviously only by 

subtracting the curved surface of the spherical cap: 

 ( ) ( )2 2 2
V V V P P P P2 2 2A R R R R R L R Rπ π π= + − + ∆ − + . (3.20) 

To assign a value of the tension to a single image, the average of the pressure in a time 

window of 2 s centred at the time point when the image had been taken was used. 

Besides the discarded data points in case of an inaccurate detection of the geometric 

parameters from fluorescence images (vide supra) whole measurements of single vesicles 

were rejected if only very few data points were detected due to a fast rupture of the vesicle 

so that the quantities of interest could not be determined accurately. Furthermore, fits of the 

tension as a function of the area strain were only included if at least three data points could 

be used for the fit. In this exclusion step, the fits of the low- and high-pressure regime along 

with the correspondingly obtained quantities were regarded and discarded independently of 

each other. For the determination of mechanic moduli all data points after the fission of a 

small vesicle inside the micropipette were discarded. 
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Due to the uncertainty in the determination of the borders of the GUV in the fluorescence 

micrographs an error of five pixels was assumed for the radius of the tube. The calculated 

standard deviations of the radii of the spherical part of the GUV, of the lengths of the tube 

and of the pressures were assigned to the errors of the corresponding quantity. The error of 

the temperature was set to 3 K. The error of the tension and that of the apparent area 

expansion were calculated by Gaussian error propagation with the aforementioned errors. 

For measurements on single GUVs, the errors of the mechanic moduli were calculated by 

Gaussian error propagation of the uncertainties of the fit parameters used to fit the tension as 

a function of the area expansion (vide supra). To calculate the error of the direct area 

compressibility modulus the standard deviation of the bending modulus obtained from all 

measurements of the same type of sample was used. 

 

 

3.5 Software 

In this section software used to analyse and present data and to produce plots and other 

figures is noted, which is partially already described in section 3.4. 

The initial analysis of force curves and the processing of images obtained from atomic force 

microscopy was performed by the data analysis software of the manufacturer of the AFM 

(JPK Data Processing 6.0, JPK Instruments, Berlin, Germany). 

MATLAB R2014a (MathWorks, Natick, MA) and software written therein was used for all 

further data analysis of AFM force curves, for cluster analysis of data obtained from MR-AFM 

experiments and for the analysis of GUV indentation experiments. Finally MATLAB R2014a 

was also used for final data collection and some final analyses of data stemming from 

micropipette aspiration experiments, which are not explicitly described in section 3.4.9. 

Self-written Python 2.7 (Python Software Foundation, Beaverton, OR) programs were utilised 

to analyse confocal images to compare the amount of syntaxin-1 in PC12 cell membrane 

sheets and to analyse data obtained from micropipette aspiration experiments. Furthermore, 

Python 2.7 was used to compare the intensities of bands in western blots.  

Confocal and epifluorescence images were processed in ImageJ (National Institutes of 

Health, Bethesda, MD). 

All plots shown in this thesis were generated by Igor Pro 6 and Igor Pro 7 (WaveMetrics, 

Lake Oswego, OR). 
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Inkscape 0.91 (Free Software Foundation, Boston, MA) was used to produce vector graphics 

and to perform final modifications (error bars, added texts, numbers and letters) of images 

and plots. 

Vector graphics were additionally produced by CorelDRAW® ESSENTIALS 3 (Corel, Ottawa, 

Canada). 

Rendered schematic illustrations and visualisations of measured data were produced by the 

raytracing software POV-Ray 3.7 (Persistence of Vision Raytracer, Williamstown, Australia). 

This thesis was written in Microsoft Word 2010 and Microsoft Word 2013 (Microsoft 

Corporation, Redmond, WA). 
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4 Results 

4.1 Heterogeneity and Clustering in PC12 Membrane Sheets 

As described in section 2.4 in detail, membrane proteins are described to be 

non-homogeneously distributed within cell membranes.[7,54,58,90] Most of the contemporary 

studies in this field are performed using fluorescence based methods.[74,75,81] However, these 

approaches are prone to intrinsic errors (see section 2.4.2).[25,83,85] To circumvent these 

problems, in this thesis membrane heterogeneity and protein clustering are investigated by a 

label free approach. The results of the corresponding experiments are described in this 

section. 

After introductory experiments, MR-AFM measurements by using standard IgG-antibodies 

against syntaxin-1 coupled to the cantilever with their corresponding control experiments are 

presented. Afterwards, similar experiments performed with nanobodies are reported, 

followed by control experiments. Next, MR-AFM experiments with cantilevers that can be 

functionalised in a simpler way are described. Finally, the morphology of membrane sheets 

derived from PC12 cells is investigated in more detail. 

 

 

4.1.1 Imaging of PC12 cells and membrane sheets 

To obtain a basic insight into the morphology of PC12 cells, intact cells were imaged by 

atomic force, bright field and phase contrast microscopy. A representative image of a fixed 

wild type cell (PC12-WT-1) is shown in Figure 4.1. The topographical AFM height image in 

Figure 4.1 a indicates a cell diameter of about 14 µm and a height of about 3 µm. Some folds 

on the cap of the cell are already visible in the height image but they become even clearer in 

the error image, i.e. the deviation of the PSD voltage from the setpoint, in Figure 4.1 b. 

These structures, which might represent microvilli or sites of exocytosis, can also be 
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identified in the rendering of the height data in Figure 4.1 c. This representation indicates a 

rather flat shape of the cap of the cell. In Figure 4.1 d a phase contrast image is shown. Cells 

as shown in Figure 4.1 were subject to the sonication procedure described in section 3.2.2 to 

produce membrane sheets.  

 

    
 

    
Figure 4.1: Morphological investigation of a fixed native PC12 cell. The cell was 
imaged by contact mode AFM. a shows the height image, b the corresponding error 
image. c shows a rendering of the height data presented in a. A phase contrast image of 
the cell is shown in d. Scale bars: 10 µm. 

 

The epifluorescence micrographs of the membrane label (octadecyl rhodamine B chloride) of 

the obtained membrane sheets (Figure 4.2 a, b and c) are already distinct from fluorescence 

images of cells (not shown). When compared with PC12-WT-2 cells, PC12-WT-1 cells most 

times showed a more homogeneous surface, as indicated by Figure 4.2 b and Figure 4.2 a, 

respectively. However, in most PC12-WT-2 membrane sheets this heterogeneity was even 

more pronounced (data not shown). On the other hand, PC12-WT-1 membrane sheets more 

often possessed regions of brighter fluorescence at the rim of the sheets, as shown in Figure 

4.2 a. These structures might correspond to overlapping membranes. Since the presence of 

such a structure indicates that the outer membrane leaflet might be facing upwards in these 

regions, care was taken that the MR-AFM measurement was performed in a central region of 

such a membrane sheet to avoid a measurement on the outer membrane leaflet, which does 

not contain accessible syntaxin-1 molecules. Figure 4.2 d-f show fluorescence micrographs 

of the actin label (Alexa-Fluor®-488-phalloidin) and Figure 4.2 g-i depict an overlay of the 

membrane and the actin image. In general, the sheets of PC12-WT-2 cells contain less actin 

than PC12-WT-1 sheets. The membrane sheet shown in Figure 4.2 c, f and i, stemming from 

a PC12-WT-1 cell, bears a huge amount of actin. Such a sheet was not used for further 
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measurements or analyses. Furthermore, actin was enriched in regions of brighter 

fluorescence in the membrane channel, as evident from Figure 4.2 g and i. That might be 

explained by actin wrapped with membrane which, therefore, could not be removed.  

 

       

       
 

       
 

       
Figure 4.2: Fluorescence micrographs of PC12 membrane sheets obtained by 
epifluorescence microscopy. The magenta channel shows the fluorescence of the 
membrane label (a, b and c), the green one actin (d, e and f) and the last row is an 
overlay of both channels (g, h and i). The sheet shown in a, d and g is derived from a 
PC12-WT-1 cell, the one in b, e and h from a PC12-WT-2 cell and the one in c, f and i 
again stems from a PC12-WT-1 cell, but contains a much larger amount of actin. Scale 
bars: 10 µm.   

 

To get a more detailed insight into the morphology of PC12 cell membrane sheets, CLSM 

and AFM imaging was employed. Figure 4.3 a and b shows confocal micrographs of 

PC12-WT-1 membrane sheets. The membrane image in Figure 4.3 a indicates some 

heterogeneous structures. Some membrane sheets exhibit larger accumulations of 

fluorescent material or regions depleted in the same (Figure 4.3 b). Due to low quality, such 

sheets were as well discarded from further analysis.  
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A more precise view of the morphology can be gained by AFM height imaging (Figure 4.3 d) 

of the membrane sheet shown in Figure 4.3 c. The borderline of the membrane sheet and 

the presence of holes within is generally confirmed by the AFM height image. The membrane 

sheet has a height plateau at about 20 nm as compared with the height of the substrate. 

Some small structures even reach heights above 100 nm. Nevertheless, a tremendous 

decrease of the height as compared with the native cell shown in Figure 4.1 is evident, 

confirming a successful production of a membrane sheet. Regions of brighter fluorescence 

signals in Figure 4.3 c do occasionally, but not entirely, colocalise with elevated regions in 

the AFM image. This shows that accumulations of membrane material play a role for the 

surface structure of the membrane sheets but also indicates that further structures might 

contribute as well, which is analysed in more detail in section 4.1.9 and discussed in 

section 5.1.1. 

 

    
 

   
Figure 4.3: CLSM and AFM imaging of membrane sheets. In all cases sheets derived 
from PC12-WT-1 cells are shown. The confocal images depict a rather smooth 
homogeneous membrane sheet (a) and a more heterogeneous one (b), which would not 
have been used for further measurements. A further membrane sheet shown by an 
epifluorescence micrograph (c) was imaged in contact mode AFM to yield a height image 
(d). Scale bars: 10 µm. 
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To visualise the protein clusters to be investigated by MR-AFM, STED microscopy was 

performed employing immunofluorescence with an antibody directed against syntaxin-1. 

Figure 4.4 shows a representative example of a membrane sheet derived from a PC12-WT-2 

cell (N = 9 membrane sheets from two glass cover slips of a single preparation). The green 

channel, corresponding to the immunofluorescence of the syntaxin-1 label (Alexa-Fluor®-488-

goat-anti-mouse-IgG), shows a heterogeneous distribution with tiny regions of accumulated 

fluorescent probes. These structures are probably clusters of syntaxin-1 which are aimed to 

be investigated by MR-AFM in the present thesis. 

 

 
Figure 4.4: STED image of syntaxin-1 clusters in a membrane sheet. The 
fluorescence signal of the membrane marker is shown in magenta, the STED 
immunofluorescence signal of the syntaxin-1 marker in green. Note the tiny segregated 
regions of intense immunofluorescence. Scale bar: 5 µm. 

 

4.1.2 Test of cluster analysis by artificially produced maps of events 

The illustrative example in section 3.4.6 has already shown the general applicability of the 

cluster detection algorithm based on Ripley’s K-function in a tiny grid of only 64×64 pixels. 

However, in order to test the algorithm on data more similar to those to be expected from the 

experiments performed for this thesis, random clusters were produced according to the 

properties of syntaxin-1 clusters published by Bar-On et al..[90] That means inside a quadratic 

box corresponding to 1×1 µm2, 14 non overlapping clusters with a mean diameter of 

0.093 µm were produced randomly. The standard deviation of the diameter was set arbitrarily 

to 0.030 µm and the non-circularity described by Bar-On et al. was ignored, i.e. the clusters 

had a circular shape. The obtained clusters are shown in Figure 4.5. 
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Figure 4.5: Artificially produced clusters for test purposes. The black regions 
represent clusters. 

 

 

 
Figure 4.6: Cluster analysis based on Ripley’s K-function of artificially produced 
clusters. In a and b the results for a noise-probability of 0.1 and in c and d those for a 
noise-probability of 0.25 are shown. a and c plot the L(r)−r values for the artificial non-
homogeneously distributed data (× and cyan line) and for homogeneous random data of 
the same number of events (○ and magenta line) as a function of r. In b and d the overlay 
of the Ripley density maps and the corresponding clustered events (red) and all other 
events (black) are shown. For details see caption of Figure 3.18. 
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Next, for each pixel inside a cluster the probability of occurrence of an event was set to 0.5. 

For all pixels, regardless if part of a cluster or not, a probability of occurrence of an event of 

0.1, 0.25 or 0.5 was assumed additionally to account for unspecific events or specific events 

apart from clusters. This value is referred to as noise-probability in the following. The results 

for noise-probabilities of 0.1 and 0.25 are shown in Figure 4.6. 

The global maximum of the cyan line in Figure 4.6 a, corresponding to the moving mean of 

the L(r)−r values of the non-homogeneously distributed events, at r = 0.06 µm stems from the 

detection of single clusters since that value is in between the mean radius and the mean 

diameter. As the investigated local environment, indicated by r, gets larger, the mean density 

of events inside the local environment declines and therefore the value of L(r)−r also does. 

The local maxima at r ≈ 0.45 µm and r ≈ 0.6 µm are caused by the inclusion of more than 

one cluster inside the local environment. When all events are included at r → 1 µm the 

moving mean nearly declines to values of homogeneous distributions. The representation in 

Figure 4.6 b indicates that the seven largest clusters are recognised by the algorithm. 

Furthermore, a smaller cluster located close to the boundary is recognised by a single Lj(r)–r 

value lying above the threshold. In other words, half of the clusters are identified. When 

having a considerably larger probability of noise events, corresponding to half the value 

caused by clusters, the Ripley analysis in Figure 4.6 c does hardly deviate from a 

homogeneous distribution, but still has its maximum at r = 0.06 µm. However, the spatially 

resolved cluster analysis (Figure 4.6 d) again recognises all the clusters identified at a noise-

probability of 0.1 with at least one Lj(r)–r value lying above the threshold. When generating 

an artificial map of events with a noise-probability of 0.5 (data not shown), the deviation from 

the confidence interval of the homogeneous distributions completely vanishes. Nevertheless, 

when the cluster analysis is performed at r ≈ 0.6 µm, still five of the seven largest clusters are 

recognised and only two false positive clusters outside of the region which is not influenced 

by boundary effects (orange square in the Ripley maps) appear (data not shown). Thus, this 

analysis reveals that the applied algorithm should be capable of detecting a subset of the 

clusters of interest in the experimental data, provided that the clusters induce a high 

frequency of recognition events and that the frequency of events apart from clusters, caused 

by unspecific interactions and by non-clustered syntaxin-1 molecules, is not more than 

roughly half of that caused by specific interactions inside a cluster. 
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4.1.3 Molecular recognition AFM with conventional IgG antibodies8 

As a first approach to map the distribution of syntaxin-1 molecules in membrane sheets 

derived from PC12-WT-1 cells (see section 3.2.2), mouse-anti-rat-IgG antibodies raised 

against syntaxin-1 (anti-Syx-AB) were coupled to AFM-cantilevers as described in 

section 3.2.5, and used to carry out MR-AFM experiments on membrane sheets as detailed 

in section 3.3.4.3. In initial experiments force maps of an array of 16×16 force curves (briefly 

called 16×16 force maps) were recorded to get a general overview over the interactions. 

These experiments yielded a relative frequency of the occurrence of an event of 

fe = (33 ± 7) % (mean ± standard deviation (SD)) (N = 6 maps from three sheets and three 

independent preparations). A selection of force curves chosen arbitrarily from these maps is 

shown in Figure 4.7. 

 

 
Figure 4.7: Arbitrarily chosen force curves obtained from MR-AFM experiments 
with conventional IgG antibodies against syntaxin-1 coupled to the cantilever on 
PC12-WT-1 membrane sheets. The force curves were recorded with a cantilever 
retraction speed of 1 µm∙s−1. In a five randomly picked force curves per force map, 30 in 
total, are shown. A magnification close to the zero-force point is plotted in b. The colours 
of the force curves are chosen arbitrarily to provide better distinguishability.  

 

To obtain a basic insight into the spatial distribution of these events, an initial MR-AFM 

imaging experiment with exactly the functionalisation strategy described in section 3.2.5 was 

performed by measuring a single 64×64 force map. In Figure 4.8 the Ripley analysis of this 

experiment is presented.  

                                                
8 As the experiments described in this section are introductory ones, the reported results will, after the 
presentation of a selection of force curves, immediately be continued with observed binding 
efficiencies and clustering behaviour. For a more general introduction including a deeper explanation 
of the force curves and the presentation of a force map and force-distribution histograms, see the 
description of the main experiments in section 4.1.5.2. 
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Figure 4.8: Ripley analysis of a MR-AFM experiment with a conventional IgG 
antibody. a plots the L(r)−r values of the measured data (× and cyan line) and for 
homogeneous random data of the same number of events (○ and magenta line) as a 
function of r. In b the overlay of the Ripley density map, the corresponding clustered 
events (red) and all other events (black) is shown. For details see caption of Figure 3.18. 

 

The Ripley analysis shows a non-homogeneous distribution of events at around 0.1 µm. By 

the subsequently performed spatial cluster analysis the presence of two segregated clusters 

in a central region of the investigated area and a tiny one close to the border was identified. 

The relative frequency of events is as low as fe = 8.0 % in this map. In contrast to initial test 

experiments with smaller force maps which have not shown clear clusters (data not shown), 

this experiment implies the detection of clusters in PC12 membrane sheets. However, the 

specific nature of these events and the corresponding clusters has to be checked, 

additionally. To this end, some initial control experiments were performed which are 

described in the following sub-section. 

 

 

4.1.3.1 Control experiments for MR-AFM by conventional IgG antibodies 

First, to test whether the detected events are caused by the specific interaction of antibodies 

with syntaxin-1 molecules, a competition experiment was performed by the addition of 

0.02 mg of the antibody to 2 ml measuring buffer and incubating for 1.5 h. Before and after 

the addition of the antibodies 16×16 force maps were recorded. This experiment showed, 

based on the comparison of the mean values and the corresponding standard deviations, no 

significant difference in the relative frequency of events (fe = (28 ± 4) % (mean ± SD) (N = 3 

maps from the same sheet as used for three maps before the addition of the antibody)), as 

compared with the previously described experiment without antibody competition (see 



4 Results 

- 80 - 

section 4.1.3). However, when compared with the data stemming from exactly the same 

membrane sheet recorded before the addition of the antibodies (fe = (37 ± 4) % (mean ± SD) 

(N = 3 maps)), a significant difference is obtained (see Figure 4.9). Thus, comparing results 

from the same sheet the competition leads to a smaller amount of events. However, there 

are still many events left. These events might be caused by an incomplete competition or by 

unspecific interactions.  

 

 
Figure 4.9: Relative frequency of events in MR-AFM with anti-Syx-ABs coupled to 
the cantilever on membrane sheets and related control experiments. Data of 
measurements with antibodies on the cantilever which are supposed to provide specific 
interactions are shown in blue, control experiments are shown in red. The caption of the 
bars denote: all: all six measurements supposed to show specific interactions with IgG-
antibodies coupled to the cantilever, same: only those measurements supposed to show 
specific interactions which stem from the same membrane sheet used for the competition 
experiment with free antibodies, AB: free antibodies in solution, SDS: antibody denatured 
by sodium dodecyl sulfate, bare: non-functionalised bare silicon nitride cantilever. The 
bars show the mean values, the error bars correspond to the standard deviation and the 
grey circles show the values of individual force maps. 

 

To shed more light on the latter hypothesis, measurements with non-functionalised 

cantilevers and denatured antibodies on the cantilever were performed. Due to the changed 

experimental approach of MR-AFM with nanobodies linked to the cantilever (see 

section 4.1.5) all experiments described in this section were only carried out a single time. 

First, a completely functionalised cantilever was subject to denaturation of the bound 

anti-Syx-ABs by incubation in 2 % sodium dodecyl sulfate in ultrapure water over night. 

Subsequent MR-AFM measurements of 16×16 force maps yielded a relative frequency of 

events of fe = (29 ± 42) % (mean ± SD) (N = 3 maps on three membrane sheets from a single 

preparation). Note the large deviation of the relative frequency among individual maps (see 

also Figure 4.9). Furthermore, a bare silicon nitride cantilever was used to probe unspecific 

interactions. The corresponding measurements of 16×16 force maps show a mean relative 
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frequency of occurrence of an event of fe = (13 ± 10) % (mean ± SD) (N = 3 maps on three 

membrane sheets from a single preparation). Despite the large variations among individual 

maps, the mean relative frequency of events in the case of the denatured antibody is close to 

that of the non-denatured. However, this statement is not quite robust since the mean value 

is largely increased by a single value at about 80 %. Furthermore, the measurements with 

the bare cantilever show that a subset of the events observed in MR-AFM experiments with a 

native antibody might stem from non-functionalised parts of the silicon nitride cantilever. A 

deeper discussion of possible non-specific interactions will be given in section 5.1.3.  

 

 

4.1.3.2 MR-AFM experiments with unfixed membrane sheets 

Since control experiments and measurements with antibodies supposed to be coupled to the 

cantilever yielded similar relative frequencies of events, the question arose whether fixation 

might render the epitopes inaccessible for the antibodies or alter in a way that specific 

interactions are inhibited. If that was the case, a larger binding probability would be expected 

in unfixed membrane sheets. Therefore, during preparation (see section 3.2.2) the fixation 

was left out but instead the sheets were washed directly with buffer and stained afterwards. 

In a single experiment 32×32 force maps were recorded whose analysis yielded a relative 

frequency of events of fe = (7 ± 7) % (mean ± SD) (N = 3 maps on three membrane sheets 

from a single preparation) and, therefore, about four times smaller than in the case of fixed 

membrane sheets. Thus, this finding contradicts the above hypothesis. It might be that the 

non-fixed structures described in section 4.1.9 slipped upon approach of the cantilever which 

could lead to the significantly reduced value of fe. 

 

 

4.1.4 Control of antibody binding 

The experiments presented in section 4.1.3 raised doubts that the observed binding events 

and the corresponding clusters are caused by specific interactions between syntaxin-1 

molecules in the membrane sheets and their binding partner on the cantilever tip. In order to 

state on this issue, immunostaining experiments with the antibody used for the experiments 

described in the previous section (clone 78.2, Synaptic Systems, Göttingen, Germany) were 

performed on PC12-WT-1 membrane sheets. In four independent experiments (N = 5 
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experiments in total), no specific binding of syntaxin-1 could be observed, neither by CLSM 

nor by conventional epifluorescence microscopy. A typical image is shown in Figure 4.10 d. 

Only in a single additional experiment significant fluorescence intensity was present in the 

syntaxin-1 channel (see Figure 4.10 e).  

 

     

       
 

       
 

       
Figure 4.10: Immunostaining of PC12-WT-1 membrane sheets to evaluate binding 
efficiencies of distinct clones of anti-Syx-ABs visualised by CLSM. For staining of 
syntaxin-1 clone 78.2, (Synaptic Systems, Göttingen, Germany) (a, b, d, e, g and h) and 
clone STX01 (HPC 1) (abcam, Cambridge, United Kingdom) (c, f and i) were used. The 
magenta channel (a, b and c) shows the fluorescence of the membrane label, the green 
channel (d, e and f) that of the syntaxin-1 marker. An overlay is presented in the third row 
(g, h, i). The absolute intensities of different membrane sheets are not to be compared 
quantitatively. Scale bars: 10 µm. 

 

However, a measurement during the incubation of anti-Syx-ABs already has shown slight but 

still well visible fluorescence in that channel. When regarding the overlay of the membrane 

and the syntaxin-1 antibody channel, a large colocalisation is apparent. These findings might 

indicate that the binding occurred in an unspecific way. Regardless of that single experiment, 

the other four have shown a poor binding efficiency of the antibodies. When staining was 
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performed by the anti-Syx-AB clone STX01 (HPC 1) (abcam, Cambridge, United Kingdom) in 

a single experiment a detection of structure on the membrane sheet was observed (see 

Figure 4.10 f). Further successful immunostainings with that clone are described in 

sections 4.1.1 and 4.1.6.3. When comparing the overlay images of the successful stainings 

of both clones of anti-Syx-ABs (Figure 4.10 h and i), in the case of clone STX01 (HPC 1) 

(Figure 4.10 i) the colocalisation of the fluorescence caused by the anti-Syx-AB with 

structures of the membrane channel (magenta) is less pronounced than in the case of clone 

78.2 (Figure 4.10 h). Note especially the presence of dark magenta structures pointing to the 

absence of fluorescence from the syntaxin-1 label in Figure 4.10 i as compared with Figure 

4.10 h. For the latter one also note the generally lighter colour in the overlay image 

compared with the channel of pure fluorescence of the membrane label (Figure 4.10 b), 

indicating the almost identical structure detected in both channels. Thus, it seems plausible 

that in the staining performed with clone 78.2 more unspecific binding with the membrane 

occurred than in the one with clone STX01 (HPC 1). 

To test the antibody binding, a western blot by staining with clone 78.2 (Figure 4.11 a) and 

clone STX01 (HPC 1) (Figure 4.11 b) was performed by Jonas Schäfer (department of Prof. 

Claudia Steinem, Institute of Organic and Biomolecular Chemistry, University of Göttingen).  

 

   
Figure 4.11: Western blots of lysates from PC12-WT-1 cells stained with distinct 
clones of antibodies. The detection of syntaxin-1 was performed by clone 78.2, 
(Synaptic Systems, Göttingen, Germany) (a) or by clone STX01 (HPC 1) (abcam, 
Cambridge, United Kingdom) (b). Both nitrocellulose membranes used for the detection 
by the distinct clones were derived from the same gel electrophoresis and western blot. 
Parts of the gel electrophoresis, western blotting and immunostaining were performed by 
Jonas Schäfer (department of Prof. Claudia Steinem, Institute of Organic and 
Biomolecular Chemistry, University of Göttingen). 

 

In both cases a band at around 35 kDa is present. In the case of clone 78.2 a further band at 

less than 25 kDa (white band in the first lane of Figure 4.11 a) of unknown origin is visible 

which might be present in Figure 4.11 b with a very low intensity. At around 55 kDa dark 
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structures might represent a further recognition by both clones. The western blots show that 

clone 78.2 is capable of binding syntaxin-1, which has a mass of approximately 35 kDa,[146] 

but the absence of a further pronounced band in the case of clone STX01 (HPC 1) indicates 

a better suitability of the latter one. 

Taken together, the investigation of both clones of anti-Syx-ABs indicates a successful 

detection of syntaxin-1 for both clones, at least in western blots, however, clone STX01 

(HPC 1) shows less false positive bands in the western blot and performs better in 

immunofluorescence experiments. This might contribute to insufficient detection of syntaxin-1 

in MR-AFM experiments. Furthermore, clone STX01 (HPC 1) was therefore used for 

following immunostaining experiments exclusively.  

 

 

4.1.5 Molecular recognition AFM with nanobodies and PC12-WT-1 membrane 
sheets 

The experiments described in sections 4.1.3 and 4.1.4 have revealed difficulties in detection 

of syntaxin-1 in MR-AFM as well as in immunostaining with the initially used anti-Syx-AB. 

Even though the second clone performed better, the use of nanobodies raised against 

syntaxin-1A (anti-Syx-NBs) seems to be more appropriate since nanobodies are described to 

show a better accessibility for the epitope and to possess a high stability.[119] Moreover, the 

nanobodies used for the present thesis9 were modified at their C-terminus by adding a 

cysteine, so that the molecules could be bound regioselectively. 

 

 

4.1.5.1 Purification of nanobodies after pre-use treatment 

After the incubation of nanobodies with TCEP immediately before being coupled to the 

cantilever, the nanobodies were subject to size exclusion chromatography to remove TCEP. 

The fractions collected by chromatography were analysed by UV-Vis spectroscopy to confirm 

the presence of nanobodies and to identify the fraction with the largest concentration. Figure 

                                                
9 The nanobodies were produced and kindly provided by Dr. Manuel Maidorn, Dr. L. Felipe Opazo 
Davila and Prof. Silvio O. Rizzoli (University Medical Center Göttingen). 
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4.12 shows a representative set of UV-Vis spectra from a single experiment (out of N = 6 

independent experiments). 

 

 
Figure 4.12: UV-Vis spectra of fractions obtained from size exclusion 
chromatography of anti-Syx-NBs. The absorbance (Aλ) is plotted against the 
wavelength λ. The spectra shown are cut at λ = 500 nm and Aλ = 5∙10−2, since the peak 
used for analysis is located at around 270 nm. The assignment to the fractions of 500 µl 
is given by the colour scale on the right. The red curve corresponds to dissolved 
anti-Syx-NBs of a concentration of 1.3 µM, which were not treated with TCEP. 

 

Each fraction corresponds to the further addition of 500 µl buffer. In this specific preparation, 

the fraction with the largest concentration of nanobodies was the sixth fraction, 

corresponding to an added volume reaching from 2.5 to 3.0 ml. In general, this peak 

concentration was found in the range from 2.5 to 3.5 ml. Comparison with a solution of 

anti-Syx-NBs of a concentration of 1.3 µM (red curve in Figure 4.12), which was not subject to 

TCEP treatment, yields a concentration of about 1.0 µM for the fraction with the largest 

amount of syntaxin-1. Usually, concentrations of about 1 µM were found. This analysis 

reveals that a sufficiently high concentration of nanobodies for coupling to the cantilever was 

obtained, according to suggestions of the manufacturer of the bifunctional linkers used for 

cantilever functionalisation. 

 

 

4.1.5.2 Molecular recognition AFM experiments 

In order to investigate the distribution of syntaxin-1 in PC12 membrane sheets by a label free 

approach, MR-AFM with nanobodies coupled to the AFM cantilever was carried out on 

membrane sheets derived from PC12-WT-1 cells. For most experiments (N = 15 maps on 
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twelve sheets from ten independent preparations with eleven cantilevers from eight 

independent functionalisations), a retraction speed of 1 µm∙s−1 was set. Amination of the gold 

coated cantilever was performed by incubation with a 9:1 molar ratio of cysteamine and 

11-amino-1-undecanethiol (AUT).  

In Figure 4.13 a force curves picked randomly but with equal amounts (five per force map) 

from the curves showing an event of the above mentioned force maps are overlaid. For a 

detailed view of the small force regime see the subset of force curves shown in Figure 4.13 b 

(two force curves per map). As the presented force curves possess different shapes, 

identifying one typical shape is not reasonable, however, the red curve represents a force 

curve with a quite often observed shape with a typical maximum interaction force. Moreover, 

the general shape of most curves is similar. The force curves with a large maximum 

interaction force often show multiple smaller peaks, as for example evident from the purple 

curve marked by the arrowhead in Figure 4.13 a. These minor peaks might stem from 

multiple rupture events. The force curves in the third quadrant of Figure 4.13 a are biased by 

the analysis, because they do not reach force values larger than zero in the contact regime. 

This is caused by a binding event in the preceding force curve where the bond was not 

pulled until unbinding took place. Nonetheless, the maximum interaction force can be 

identified correctly, just the distance of this subset of force measurements will be erroneous 

and negative.  

 

  
Figure 4.13: Arbitrarily chosen force curves obtained from MR-AFM experiments 
with nanobodies against syntaxin-1 coupled to the cantilever on PC12-WT-1 
membrane sheets. The force curves were recorded with a cantilever retraction speed of 
1 µm∙s−1. In a five randomly picked force curves per force map, 75 in total, are shown. 
The arrowhead marks a curve with multiple minor peaks. A magnification close to the 
zero-force point is plotted in b. For clarity, only two randomly picked force curves are 
presented per force map, i.e. 30 in total. The functionalisation was performed with a 9:1 
molar ratio of cysteamine and AUT. The colours of the force curves are chosen arbitrarily 
to provide better distinguishability, except the additional red curve which exhibits a rather 
typical shape. Note that in a some curves are cut at negative distances for this 
representation. 
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For MR-AFM imaging spatial distributions of events are investigated. Thus, the focus is set 

on a single force map next. The distribution of detected maximum interaction forces of a 

single force map is shown by the red histogram in Figure 4.14 a. For comparison, the 

distribution of maximum interaction forces of all 13248 force curves from the 15 force maps 

described above is added to the plot by the blue histogram. Due to the pronounced positive 

skew of these distributions, median values and percentiles are regarded in the following 

instead of means and standard deviations. In this case, the median values are 77 pN and 

50 pN, the 30th percentiles are 41 pN and 33 pN and the 70th percentiles are 153 pN and 

93 pN for the selected force map and all force maps, respectively. This shows that a single 

force map reproduces the values of a larger set of measurements to some extent, however, 

small deviations are to be expected even when comparing individual measurements of the 

same system. Nevertheless, qualitative comparison of the shapes of the histograms shows a 

quite good correlation. For those force curves for which a positive rupture distance was 

detected, the Pearson correlation coefficient of ρ = 0.32 indicates a general increase of the 

maximum interaction force with the rupture distance, especially when considering the huge 

number of underlying data (N = 12601). 

A possible spatial organisation of the maximum interaction force values might be inferred 

from the corresponding force map in Figure 4.14 b, where force values for pixels without a 

detected event in the force curve were set to zero.  

 

  
Figure 4.14: Force histogram and force map of a MR-AFM measurement with 
nanobodies coupled to the cantilever on a PC12-WT-1 membrane sheet. In a 
histograms are shown where the red one represents the histogram of a single map 
(N = 765) and the blue one that of all 15 maps of the same system (N = 13248). The 
histograms are cut at 0 pN (0.03 % of the values for the blue curve) and 500 pN (11.6 % 
for the red and 9.3 % for the blue curve). The histograms show the relative (rel.) 
frequency of force values within a bin size. The plot in b shows the spatial distribution of 
the maximum interaction forces plotted by the red histogram in a. Force values at 
locations without a detected event were set to zero. 
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This representation shows that, despite a heterogeneous distribution of the events 

regardless of the force values which is already evident without a quantitative analysis, forces 

of different magnitudes are localised almost equally to distinct regions. The cluster analysis 

corresponding to this map is shown in Figure 4.15 a and b. 

To provide an overview of the obtained results from cluster analyses, Figure 4.15 presents 

two limiting cases of outcomes from Ripley’s K-function cluster analysis. The one in Figure 

4.15 a and b yields a few rather tiny clusters, among which two are situated inside the 

orange square and therefore not influenced by boundary effects. By comparison with the one 

shown in Figure 4.15 c and d, the latter one does not yield multiple small clusters but a larger 

accumulation of clustered events close to the boundary of the investigated area. 

Remarkably, the size of this accumulation seems to be larger than one micrometre. In Figure 

4.15 b some events organised in a line along the x-axis can be found. As the x-axis is the 

fast scanning axis of the AFM, these pixels represent subsequently measured locations. 

However, this is a rather seldom observed phenomenon. When compared with Figure 4.14 b, 

no accumulation of predominantly larger or smaller forces can be identified within the 

clusters. 

For all of the corresponding 15 force maps, the Lj(r)−r values are, at least for a short range of 

distances r, distinct from the random values which most probably in all cases indicates a 

heterogeneous distribution of the detected events. A hard discrimination between both 

limiting cases presented in Figure 4.15 is not reasonable. The value of L(rmax)−rmax is in both 

cases about 6 nm and can consequently not serve as a criterion for discrimination. 

Furthermore, an identification of cluster sizes is irrational since many clusters and all larger 

accumulations are cut at the boundary of the investigated area or at least parts of the 

clusters are located closer than rmax to the boundary. Therefore, the description of the 

identified clusters has to be kept qualitative. To this end, it can be stated that at least half of 

the cluster analyses yielded pronounced clusters like those shown in Figure 4.15 b, which, 

however, might partially be caused by boundary effects. The relative frequency of events for 

14 maps among these 15 ones which were recorded with a dwell time of 0.5 s (vide infra) is 

fe = (22 ± 8) % (mean ± SD). 
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Figure 4.15: Examples of Ripley cluster analyses for MR-AFM experiments with 
nanobodies coupled to the cantilever on PC12-WT-1 membrane sheets. In a and b 
an example of a cluster analysis showing the presence of well defined, small sized 
clusters, some of them in the centre of the investigated area, is presented. In c and d a 
typical representative of an analysis uncovering a larger accumulation of clustered events 
at the rim of the investigated area is shown. a and c plot the L(r)−r values of the 
measured data (× and cyan line) and for homogeneous random data of the same number 
of events (○ and magenta line) as a function of r. In b and d the overlay of the Ripley 
density maps and the corresponding clustered events (red) and all other events (black) 
are shown. For details see caption of Figure 3.18. 

 

Most of the 15 force maps measured by anti-Syx-NBs on PC12-WT-1 cell membrane sheets 

at a retraction speed of 1 µm∙s−1 were recorded with an edge length of 1 µm. However, since 

large accumulations of clustered events were identified in these maps, the investigation of a 

larger area seems to be intuitive. By this means it might, moreover, be possible to identify 

more clusters as compared to the smaller maps, which might bare the risk of measuring in an 

area depleted of clusters. Furthermore, by measuring in a smaller area, one might identify 

tiny clusters which are too small to be uncovered by a map of 1×1 µm2 in size. To this end, 

two maps with 5 µm, one with 3 µm and two with 0.25 µm edge length were measured 

among these 15 maps. However, in the larger maps even larger regions of clustered events, 

in one case similar to the situation shown in Figure 4.15 d, were detected. The analysis of 

the small-sized maps yielded in one case where the force curves were recorded with a dwell 
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time of only 0.05 s few small clusters of about 20 nm in diameter. Thus, the detection of 

regions of clustered events at the border of the investigated area is probably not just caused 

by the small size of the map. Generally, the organisation of clustered events within the maps 

is quite similar, regardless of the size of the investigated area. 

A measurement of one of the aforementioned maps took almost three hours. Besides the 

time consumption, a further problem of such long measurements might be a lateral drift of 

the cantilever relative to the sample. In two independent experiments under the same 

conditions as used for the MR-AFM experiments described above lateral drifts of 1.3 µm and 

0.6 µm were identified from two FD-AFM images recorded immediately before and after the 

measurement of the force map. To speed-up the measurement in order to decrease the 

lateral drift and to render the measurements less time consuming, an increase of the 

hydrodynamic drag and therefore a larger inaccuracy of the detected forces was accepted by 

increasing the approach speed to 25 µm∙s−1 and the retraction speed to 5 µm∙s−1. 

Additionally, the ratio of cysteamine to AUT was changed to 3:1 for increasing the amount of 

flexible linkers. In two corresponding MR-AFM measurements with an anti-Syx-NB-

functionalisation of the cantilever on PC12-WT-1 membrane sheets inside an area of 

0.5×0.5 µm2, again few small clusters were identified (see Supplementary Figure 1). 

Taken together, the experiments described in this section have revealed the presence of 

spatially clustered interaction events in the recorded MR-AFM maps on PC12-WT-1 

membrane sheets. However, as described in section 4.1.3 for measurements with 

IgG-antibodies coupled to the cantilever, it is not known whether these events are caused by 

specific interactions, and therefore show clustering of syntaxin-1, or other heterogeneously 

arranged structures cause unspecific interactions with the cantilever. To elucidate this 

question, a couple of control experiments were carried out, which are described in the 

following section. 

 

 

4.1.6 Control experiments for MR-AFM investigations of syntaxin-1 clustering 

4.1.6.1 Competition by free nanobodies in solution 

To probe the specificity of the observed interactions between cantilevers modified by 

anti-Syx-NBs and PC12 membrane sheets, a first set of control experiments (N = 2 maps on 

two sheets from two independent preparations with two cantilevers from two independent 
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functionalisations) was performed by adding a solution of nanobodies (final concentrations of 

0.02 and 0.10 µM), to the measuring buffer to compete for the epitopes on the syntaxin-1 

molecules. The solution of nanobodies was identical to the solution used for the coupling 

procedure of the cantilevers utilised for the same experiment. The measurements were 

carried out at a retraction speed of 1 µm∙s−1 with cantilevers coupled by a 9:1-mixture of 

cysteamine and AUT. In independent measurements a dependency of the relative frequency 

of events on the dwell time was observed in the presence as well as in the absence of free 

nanobodies in solution (see Supplementary Figure 3). Therefore, for the second 

measurement the dwell time was decreased to 0.05 s and the edge length of the map to 

0.25 µm. Prior to the addition of the nanobodies, a map to obtain data for the unbiased 

situation was recorded. Due to the small size of the measured maps and to the necessity to 

remove the cantilever for the addition of the nanobodies, the second map under presence of 

free nanobodies in solution could not be measured at exactly the same location. However, it 

was tried to record the map as close as possible to the first one. In the first measurement 

with a dwell time of 0.5 s the relative frequency of events was fe = 36.6 % and fe = 22.3 % 

and in the second experiment with a dwell time of 0.05 s the relative frequency of events was 

fe = 19.6 % and fe = 42.3 %, before and after the addition of the nanobodies, respectively. In 

the first experiment the relative frequency of events is smaller in the map recorded after the 

addition of the nanobodies, however, it almost perfectly matches the mean value of all the 14 

maps, mentioned in section 4.1.5.2 which were recorded without free nanobodies in solution 

with the same dwell time.  

 

 
Figure 4.16: Ripley analysis of a close-to random distribution for a MR-AFM 
measurement under presence of free nanobodies in solution. The L(r)−r values of 
the measured data (× and cyan line) and for homogeneous random data of the same 
number of events (○ and magenta line) are plotted as a function of r. For details see 
caption of Figure 3.18. 
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For the second experiment the value of the relative frequency is even larger after the addition 

of the nanobodies. Nevertheless, it might be that clustering is altered. Indeed, for the first 

measurement the L(r)−r-values hardly deviate from the homogeneous random distribution 

(see Figure 4.16). However, in the second experiment clusters were observed with and 

without free nanobodies in solution (see Supplementary Figure 2).  

This outcome might point to a predominate detection of unspecific interactions meaning that 

the identified clusters do not stem from syntaxin-1. On the other hand, possible explanations 

are that nanobodies from solution are somehow attached to the cantilever and induce further 

events or that the competition is not sufficient (see also discussion in section 5.1.2). 

Therefore, control experiments were to be carried out with a system that is not capable of 

showing specific interactions. 

 

 

4.1.6.2 Control experiments with cantilevers modified by non-recognisable 
nanobodies 

In order to perform experiments which exclude specific interactions, OBL-10 cantilevers were 

functionalised with a nanobody raised against mCherry, which is as a mutant protein derived 

from Discosoma, not present in mammalian cells.[147] In both experiments carried out with this 

functionalisation, a 3:1 mixture of cysteamine and AUT was used for the amination of the 

cantilever. Figure 4.17 shows a selection of force curves which were picked randomly from 

these maps. Here, the relative frequency of events was determined to be fe = 23.3 % and 

fe = 19.4 %, and thereby lying within the mean ± SD-interval of the corresponding maps with 

anti-Syx-NBs coupled to the cantilever. The events were in both cases distributed non-

homogeneously and the maps showed two or three regions of clustered events (see 

Supplementary Figure 4).  

Consequently, interactions between the cantilever and membrane sheets do also occur when 

specific interactions are prohibited by the use of a, with respect to the biological system 

which is investigated, non-functional nanobody. Moreover, even these unspecific interaction 

events organise into cluster-like regions.  
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Figure 4.17: Arbitrarily chosen force curves obtained from MR-AFM experiments 
with nanobodies against mCherry coupled to the cantilever on PC12-WT-1 
membrane sheets. The force curves were recorded with a cantilever retraction speed of 
1 µm∙s−1. In a 15 randomly picked force curves per force map, 30 in total, are shown. A 
magnification close to the zero-force point is plotted in b. The functionalisation was 
performed with a 3:1 molar ratio of cysteamine and AUT. The colours of the force curves 
are chosen arbitrarily to provide better distinguishability. Note that in a one curve is cut at 
negative distances for this representation. 

 

 

4.1.6.3 Control experiments with membrane sheets derived from syntaxin-1 
knockdown PC12 cells 

The results obtained in section 4.1.6.2 have revealed the occurrence of clusters caused by 

unspecific interactions. With the purpose of unravelling discrepancies in the relative 

frequency of events and possibly in the frequency of appearance and morphology of clusters, 

a flexible system which enables switching between enabled and disabled specific 

interactions was to be used. As doubts about the reliability of a competition experiment have 

been raised before (see section 4.1.6.1), membrane sheets derived from syntaxin-1A and 

syntaxin-1B double knockdown PC12 cells (PC12-Syx-KD) were utilised for further 

experiments. 

To test the efficiency of the knockdown and to state on the remaining fraction of syntaxin-1, 

western blots of cell lysates from different types of PC12 cells were carried out first. Parts of 

the gel electrophoresis, the western blotting and luminescent staining were performed by 

Jonas Schäfer (department of Prof. Claudia Steinem, Institute of Organic and Biomolecular 

Chemistry, University of Göttingen) (PC12-WT-1 and PC12-Syx-KD: N = 4 lanes from two 

independent experiments, PC12-WT-2: N = 2 lanes from one experiment).  
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Figure 4.18: Representative western blot of cell lysates derived from different types 
of PC12 cells. For all lanes the same total mass of protein was applied to gel 
electrophoresis. The captions of the lanes denote: marker: protein ladder, WT-1: 
PC12-WT-1 cells, WT-2: PC12-WT-2 cells, KD: PC12-Syx-KD cells. Parts of the gel 
electrophoresis, western blotting and immunostaining were performed by Jonas Schäfer 
(department of Prof. Claudia Steinem, Institute of Organic and Biomolecular Chemistry, 
University of Göttingen). 

 

The representative photograph of a western blot in Figure 4.18 indicates that the amount of 

syntaxin-1 is drastically decreased in PC12-Syx-KD cells as compared with both types of wild 

type cells. Nevertheless, still a small amount of syntaxin-1 is detected in the rightmost lane. 

By numbers, the integrated luminescence intensities of the bands of cell lysate from 

PC12-Syx-KD cells were 8 %, 9 %, 10 % and 10 % of that of the corresponding bands from 

PC12-WT-1 cells and 4 % and 5 % of that of PC12-WT-2 cells. 

To further test the knockdown on membrane sheets and to evaluate whether syntaxin-1 is 

expressed in all cells to an equal level or whether a small subset of cells is not affected by 

the knockdown at all quantitative immunostaining experiments were performed. That issue 

may be of importance since in the second case a single measurement might accidentally be 

performed on a cell with wild type phenotype. Confocal fluorescence micrographs along with 

the quantitative analysis of the syntaxin-1 level are presented in Figure 4.19. From the 

fluorescence of the syntaxin-1 label of the PC12-Syx-KD membrane sheet (Figure 4.19 f) as 

compared with that of a PC12-WT-1 (Figure 4.19 d) and a PC12-WT-2 (Figure 4.19 e) 

membrane sheet, a considerably smaller level of syntaxin-1 in the membrane sheet of the 

knockdown cell is evident, consistent with the results of the western blot (Figure 4.18). A 

non-homogeneous distribution of syntaxin-1 on the membrane sheet can be assumed from 

images of the wild type membrane sheets (Figure 4.19 d and e).  

 

  



4.1 Heterogeneity and Clustering in PC12 Membrane Sheets 

- 95 - 

       

       
 

       
 

       
 

 
Figure 4.19: Test of the efficiency of the knockdown by CLSM. a-i show 
representative CLSM images of different types of PC12 cell membrane sheets, 
immunostained for syntaxin-1. The magenta channel (a, b and c) shows the fluorescence 
of the membrane marker, the green channel (d, e and f) that of the syntaxin-1 marker. In 
the third row (g, h, i) an overlay is presented. The sheet shown in a, d and g is derived 
from a PC12-WT-1, the one in b, e and h from a PC12-WT-2 and the one in c, f and i 
stems from a PC12-Syx-KD cell. Scale bars: 10 µm. In j and k the normalised intensities 
of the fluorescence of the syntaxin-1 marker of two independent experiments are plotted. 
The bars correspond to the mean values of the intensity of membrane sheets derived 
from PC12-WT-1 cells (WT-1, red), PC12-WT-2 cells (WT-2, magenta) and PC12-Syx-KD 
cells (KD, blue). Error bars indicate the standard deviations. The grey circles correspond 
to individual values from single membrane sheets. In the representation in k, four outliers 
of WT-2 above 30 a.u. and one of KD at negative values were left out.   
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In Figure 4.19 j and Figure 4.19 k the results of the quantitative analyses of the fluorescence 

of the syntaxin-1 label from two independent experiments are shown (PC12-WT-1: N = 44 

and N = 23 sheets, PC12-WT-2: N = 62 and N = 47 sheets, PC12-Syx-KD: N = 41 and 

N = 49 sheets, for the two independent preparations, respectively). In both experiments a 

lower syntaxin-1 level is identified for the knockdown cells. In the first experiment (Figure 

4.19 j) the difference between the knockdown and both wild type cells is significant, as the 

intervals of the mean ± SD do not overlap. In the second experiment (Figure 4.19 k) the 

difference is not as pronounced as in the first one, but still the mean value of the 

PC12-Syx-KD membrane sheets does not fall into the mean ± SD interval of the PC12-WT-1 

cells and vice versa, and the mean value of the knockdown cell membrane sheets 

corresponds roughly to the mean SD−  value of the PC12-WT-2 cells. This quantitative 

analysis of a larger dataset reproduces the statements given for the CLSM images before.  

In Figure 4.19 j there is not a single value for knockdown cells on a level determined for wild 

type cells, pointing to the hypothesis that all cells are affected by the knockdown. However, 

this does not hold for the second experiment. Here, the larger relative error for the 

knockdown and the PC12-WT-2 cells as compared with the corresponding relative errors of 

the first experiment might point to a better reliability of the first experiment.  

Having shown that most probably all PC12-Syx-KD cells express a diminished amount of 

syntaxin-1, control experiments can be considered as trustable without major concerns to 

accidentally measure on cell membrane sheets containing a wild type level of syntaxin-1.  

Measurements with anti-Syx-NB functionalised cantilevers on PC12-Syx-KD membrane 

sheets (N = 5 maps on four sheets from two independent preparations with four cantilevers 

from two independent functionalisations) were performed within an area of 0.5 µm edge 

length and with cantilevers functionalised with a 3:1 mixture of cysteamine and AUT (two 

maps with two different cantilevers) or with a 9:1 mixture (three maps with two different 

cantilevers). In the first case the retraction speed was set to 1 µm∙s−1, in the latter one to 

5 µm∙s−1. For two maps recorded with the fast retraction speed the dwell time was decreased 

to 0.05 s. With that diversity of settings it was intended to identify parameters leading to a low 

amount of unspecific interactions. In Figure 4.20 a randomly chosen selection of force curves 

from the two maps recorded with a retraction speed of 1 µm∙s–1 is shown.  
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Figure 4.20: Arbitrarily chosen force curves obtained from MR-AFM experiments 
with nanobodies against syntaxin-1 coupled to the cantilever on PC12-Syx-KD 
membrane sheets. The force curves were recorded with a cantilever retraction speed of 
1 µm∙s−1. In a 15 randomly picked force curves per force map, 30 in total, are shown. A 
magnification close to the zero-force point is plotted in b. The functionalisation was 
performed with a 3:1 molar ratio of cysteamine and AUT. The colours of the force curves 
are chosen arbitrarily to provide better distinguishability.   

 

Essentially, these experiments show the same as the other control experiments and those 

supposed to identify the distribution of syntaxin-1 specifically. The maps recorded with the 

first cantilever functionalisation method mentioned above yielded smaller clusters, the latter 

one more or less larger accumulations of clustered events. For the measurements with a 

dwell time of 0.5 s the relative frequency of events was determined to be fe = (40 ± 20) % 

(mean ± SD) (N = 3 maps on three sheets from two independent preparations with three 

cantilevers from two independent functionalisations), thereby even larger than that of the 

corresponding measurements on membrane sheets derived from wild type cells. Since a 

shorter dwell time leads to less interactions between sample and probe (see Supplementary 

Figure 3) only force maps recorded with the same dwell time as used for the measurements 

supposed to show specific interactions were taken into account. In essence, these 

measurements confirm the outcome of the other control experiments: Presumably unspecific 

interactions are abundant and group into clusters. A more detailed discussion will be given in 

section 5.1.2. A cumulative probability plot of the measured maximum interaction forces and 

rupture distances is given in Figure 4.22. Further experiments which directly compare maps 

recorded on knockdown and wild type membrane sheets with exactly the same cantilever are 

described in section 4.1.7. 
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4.1.6.4 Insight into the nature of the unspecific interactions 

The results obtained in sections 4.1.6.1-4.1.6.3 indicate a frequent occurrence of unspecific 

interactions. To figure out whether these interactions are caused by the lipid membrane 

alone or by additional structures such as proteins residing on the membrane sheets, 16×16 

force maps with anti-Syx-NB functionalised gold coated cantilevers were recorded inside a 

quadratic area of 2 µm edge length on membrane patches derived from pure lipid giant 

unilamellar vesicles (N = 36 maps on twelve GUV-MPs from two independent preparations 

with four cantilevers from two independent functionalisations). These experiments yielded a 

relative frequency of events of fe = (28 ± 20) % (mean ± SD). For comparison, corresponding 

16×16 maps inside a quadratic area of one time 10 µm and two times 20 µm edge length 

with anti-Syx-AB functionalised silicon nitride cantilevers showed relative frequencies of 

fe = 12.1 %, 1.6 % and 3.9 % (N = 3 maps on three GUV-MPs from a single preparation with 

a single cantilever). These values indicate that the gold coated and NB-functionalised 

cantilever, presumably in contrast to the AB-functionalised silicon nitride cantilever, already 

interacts frequently with a lipid membrane on glass. It has to be noted that the values for the 

silicon nitride cantilever are just to be interpreted as a rough estimate due to insufficient 

number of data. To state whether the interactions observed with the gold coated and 

nanobody-functionalised cantilever when measuring on membrane sheets are indeed caused 

by the lipid membrane alone, a more detailed look at the force- and distance distributions is 

necessary. To this end, in Figure 4.21 histograms and plots of the cumulative probability 

(cum. probability) of the measured maximum interaction forces and rupture distances are 

presented. For comparison serve force maps recorded on PC12-WT-1 membrane sheets 

(N = 36 maps on twelve sheets from two independent preparations with four cantilevers from 

two independent functionalisations) with the same settings as applied for the GUV-MPs, 

including the retraction speed of 5 µm∙s−1. For these the relative frequency of events was 

determined as fe = (45 ± 22) % (mean ± SD). This mean value is larger than that of the 

measurements on GUV-MPs, but not significantly when regarding the standard deviations.  

The median forces are 73 pN and 33 pN, the 30th percentiles are 49 pN and 28 pN and the 

70th percentiles are 129 pN and 38 pN for membrane sheets and for GUV-MPs, respectively. 

The median rupture distances are 54 nm and 5 nm, the 30th percentiles are 32 nm and 3 nm 

and the 70th percentiles are 80 nm and 7 nm for membrane sheets and for GUV-MPs, 

respectively. 
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Figure 4.21: Force and distance distributions obtained by MR-AFM on membrane 
sheets and on GUV membrane patches. In a the histograms of the maximum 
interaction forces are shown, in b the cumulative probability plots of the forces, in c the 
histograms of the rupture distances and in d the cumulative probability plots of the 
rupture distances. Plots in blue denote data of membrane sheets (N = 4101), plots in red 
data of GUV-MPs (N = 2604). Note the different force and distances scales in the plots: 
The histograms show the small force or small distance regime, whereas the cumulative 
probability plots show the whole range of positive values. The plots of the distance are 
cut at D = 0. Thereby negative values, stemming from an inaccuracy in data recording, 
are omitted. These omitted values account for 2.0 % and 1.5 % of all data for membrane 
sheets and GUV-MPs, respectively.  

 

Even though the most probable interaction force is quite similar for PC12 membrane sheets 

and artificial lipid bilayers (Figure 4.21 a), all other quantities differ. The distribution of the 

interaction forces with PC12 membrane sheets exhibits a pronounced positive skew, leading 

to a much larger median force. The distribution of the interaction forces with the artificial lipid 

membrane resembles a Gaussian like distribution which points to a simpler kind of 

interaction (for a more detailed discussion see section 5.1.3). More importantly, the distances 

at which the rupture takes place differ significantly. As the linker used in measurements on 

membrane sheets and on GUV-MPs is the same, the origin of the longer interaction in case 

of the PC12 derived membrane sheets has to lie in the structure of the sample. Therefore, it 

can be hypothesised that elongated structures, such as protein filaments, induce unspecific 
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interactions which unbind at long distances. This hypothesis will be further investigated in 

section 4.1.9.  

 

 

4.1.6.5 Comparison of force and distance distributions 

MR-AFM experiments performed with anti-Syx-NB functionalised cantilevers on PC12-WT-1 

cells have revealed relative frequencies of events similar to the corresponding control 

experiments, except for the knockdown cells which show larger relative frequencies in two of 

three maps. For a more sophisticated analysis, the cumulative probabilities of the measured 

maximum interaction forces and of the rupture distances are plotted in Figure 4.22.  

 

 
Figure 4.22: Force and distance distributions of MR-AFM experiments with 
anti-Syx-NB functionalised cantilevers on PC12-WT-1 membrane sheets and 
corresponding control experiments. The cumulative probability plots of the maximum 
interaction forces (a) and of the rupture distances (b) are shown. Data of experiments 
supposed to show specific interactions are plotted in red, data obtained by nanobody 
competition experiments in cyan, data measured with nanobodies raised against mCherry 
coupled to the cantilever in orange and those obtained from membrane sheets derived 
from PC12-Syx-KD cells in blue. Dotted lines correspond to experiments performed with 
a dwell time of 0.05 s, experiments corresponding to the dashed lines were performed 
with cantilevers which were aminated with a 3:1 mixture of cysteamine and AUT. In all 
other cases a dwell time of 0.5 s and a 9:1 mixture of aminoalkanethioles was used 
(experiments supposed to show specific interactions (0.5 s dwell time): N = 12446, 
experiments supposed to show specific interactions (0.05 s dwell time): N = 802, 
nanobody competition (0.5 s dwell time): N = 914, nanobody competition (0.05 s dwell 
time): N = 1732, nanobodies raised against mCherry: N = 1748, PC12-Syx-KD: 
N = 2438). Force curves of all data were measured with a retraction speed of 1 µm∙s−1. In 
b distances smaller than zero were omitted, accounting for up to 5.5 % (see offset at 
small values of D). 
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In these plots only measurements with a retraction speed of 1 µm∙s−1 were used, thereby 

excluding one more measurement for PC12-Syx-KD membrane sheets. This is of importance 

since the Bell-Evans theory predicts an increase of the unbinding force with rising retraction 

speed.[148,149] The detailed statistics of the performed measurements can be found in 

sections 4.1.5.2 and 4.1.6.1-4.1.6.3.  

In general the shapes of the curves are in both plots quite similar. However, some slight 

deviations can be seen: The force distribution of the nanobody competition experiment with a 

dwell time of 0.5 s (solid cyan line in Figure 4.22 a) is shifted towards larger forces, as well 

as the curve for the knockdown cells at medium force values (dashed blue line in Figure 

4.22 a). More importantly, for MR-AFM experiments with PC12-WT-1 membrane sheets, 

anti-Syx-NBs coupled to the cantilever and a dwell time of 0.5 s (experiments supposed to 

show specific interactions, solid red line in Figure 4.22 a) a larger fraction of interaction 

forces is found at small forces below 25 pN. Small force values might correspond to specific 

interactions. However, this fraction only accounts for less than 20 % of all values measured 

and the corresponding forces are probably even too small (see discussion in section 5.1.2). 

Regarding the distribution of the distances all curves exhibit a similar shape, only that for the 

measurement with a PC12-WT-1 membrane sheet, anti-Syx-NBs coupled to the cantilever 

and a dwell time of 0.05 s (experiments supposed to show specific interactions, dotted red 

line in Figure 4.22 b) shows slightly smaller distances. However, these data just stem from a 

single measurement. Taken together, MR-AFM measurements on PC12-WT-1 membrane 

sheets with nanobodies against syntaxin-1 coupled to the cantilever and their corresponding 

control measurements show generally the same results. However, in some minor details the 

obtained results differ, which might point to a slight difference in the nature of the interaction 

events. 

 

 

4.1.6.6 Evaluation of varying binding efficiencies 

In order to obtain information about the variability of the probability of an event to occur, the 

data derived from MR-AFM measurements with anti-Syx-NB functionalised cantilevers on 

PC12-WT-1 membrane sheets with a retraction speed of 5 µm∙s−1, which were used for 

comparison in section 4.1.6.4, are plotted in Figure 4.23 in more detail. These data were 

used since they are the most systematic ones for comparing different cantilevers and 

different membrane sheets. The figure plots the relative frequencies of events, discriminated 
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by the individual membrane sheets and cantilevers. Force maps obtained from the same 

membrane sheet were recorded at different locations. 

 

 
Figure 4.23: Relative frequencies of events of different membrane sheets and 
cantilevers. The plot shows the relative frequency of events for twelve PC12-WT-1 
membrane sheets measured by four anti-Syx-NB-functionalised cantilevers. The circles 
indicate the values of individual maps, the crosses denote the mean values of the three 
maps recorded on the respective membrane sheet. The different colours indicate the four 
individual cantilevers used. 

 

The data in Figure 4.23 show that the variability in fe is rather small for maps recorded on a 

single membrane sheet, usually smaller than ∆fe = 0.2. When comparing values obtained 

from different membrane sheets but with the same cantilever (same colour of the circles in 

Figure 4.23), the variability is larger. Notably, the variability between values obtained with 

different cantilevers is even larger. Therefore, this analysis indicates that probably unknown 

properties of the membrane sheet and especially of the cantilever influence the determined 

relative frequency of events significantly. This is discussed in section 5.1.3. 

 

 

4.1.7 Facilitated cantilever functionalisation 

Sections 4.1.6 and 4.1.9 focus on unspecific interactions and possible reasons for their 

occurrence. Besides abundant unspecific interactions, a lack of specific ones might impede 

the detection of syntaxin-1 clusters as well. This might be caused by an insufficient or 

unsuccessful functionalisation of the cantilever. However, a chemical characterisation on a 

tiny surface such as an AFM cantilever or even on its curved tip is not straight forward. To 

circumvent the probably most critical steps of the cantilever functionalisation, namely the 
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amination of the gold surface and as a further step the amine - N-hydroxysuccinimide 

reaction, aminated and maleimide terminated cantilevers were utilised for further 

experiments (see Figure 3.5). Moreover, in these experiments exactly the same cantilever 

was used for subsequent measurements on membrane sheets from wild type and syntaxin-1 

knockdown cells.  

Two experiments using pre-aminated cantilevers functionalised with anti-Syx-NBs were 

performed. These experiments comprise one experiment comparing interactions on a 

PC12-Syx-KD membrane sheet (fe = 35 %, N = 1 map) with those of a sheet of a PC12-WT-1 

cell (fe = 71 % and fe = 53 %, N = 2 maps). In a second experiment first a force map was 

recorded on a membrane sheet derived from a PC12-WT-2 cell (fe = 36 %, N = 1 map) and 

afterwards a second one on a PC12-Syx-KD sheet (fe = 47 %, N = 1 map). Since no clear 

conclusion can be drawn from the relative frequencies of events, the corresponding 

cumulative probabilities of the measured forces and distances are plotted in Figure 4.24. 

 

 
Figure 4.24: Force and distance distributions obtained by MR-AFM measurements 
with anti-Syx-NBs coupled to a cantilever aminated by the manufacturer on PC12 
membrane sheets of different types. The cumulative probability of the measured forces 
is plotted in a, the corresponding distances are plotted in b. Data obtained from 
measurements on PC12-WT-1 membrane sheets are shown in red (N = 5069), those 
from PC12-WT-2 membrane sheets in magenta (N = 1458) and those from PC12-Syx-KD 
membrane sheets in blue (N = 3372). In b distances smaller than zero were omitted, 
accounting for 0.5 % of the data for PC12-WT-1, 1.6 % for PC12-WT-2 and for 0.2 % for 
PC12-Syx-KD membrane sheets. 

 

The plot of the maximum interaction forces (Figure 4.24 a) indicates a discrepancy between 

the values measured on knockdown and on wild type cell membrane sheets. Below forces of 

approximately 200 pN and below distances of 50 nm, in the probably more relevant part for 

the interactions between the nanobody and syntaxin-1, both distance and force values of 

PC12-WT-1 cells are more similar to the other wild type than to the knockdown cells. Only at 
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large forces and distances, the distributions belonging to PC12-WT-1 membrane sheets 

rather resemble those of the values of knockdown membrane sheets. The statistical 

parameters of these distributions (Table 4.1 and Table 4.2) show the difference, especially 

regarding the maximum interaction forces. 

 

Table 4.1: Statistical parameters of the maximum interaction force (F) distributions 
in MR-AFM experiments performed with cantilevers aminated by the manufacturer. 

cell type F (median) / pN F (30th percentile) / pN F (70th percentile) / pN 

PC12-WT-1 153 122 198 

PC12-WT-2 173 136 311 

PC12-Syx-KD 103 86 130 

 

Table 4.2: Statistical parameters of the rupture distance (D) distributions in 
MR-AFM experiments performed with cantilevers aminated by the manufacturer. 

cell type D (median) / nm D (30th percentile) / nm D (70th percentile) / nm 

PC12-WT-1 69 47 105 

PC12-WT-2 85 46 180 

PC12-Syx-KD 52 30 100 

 

These statistics might indicate the presence of other types of interactions in measurements 

on knockdown membrane sheets as compared to wild type membrane sheets. Note that the 

order of measurement on wild type and knockdown membrane sheets was interchanged 

between both experiments. However, the cluster analyses indicate a more pronounced 

clustering for membrane sheets derived from PC12-knockdown cells, as shown for the 

example of the preceding measurement on a PC12-WT-2 membrane sheet in Figure 4.25. 

Here, the L(r)−r values of the measurement on the knockdown sheet clearly shows clustering 

at distances between 0.1 and 0.4 µm (Figure 4.25 c), whereas for the wild type membrane 

sheet a broad plateau is observed (Figure 4.25 a). 
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Figure 4.25: Ripley cluster analyses of MR-AFM experiments employing cantilevers 
aminated by the manufacturer. In a and b the cluster analysis of a MR-AFM force map 
measured on a membrane sheet derived from a PC12-WT-2 cell is shown, in c and d the 
analysis of a subsequent measurement on a membrane sheet derived from a 
PC12-Syx-KD cell. a and c plot the L(r)−r values of the measured data (× and cyan line) 
and for homogeneous random data of the same number of events (○ and magenta line) 
as a function of r. In b and d the overlay of the Ripley density maps and the 
corresponding clustered events (red) and all other events (black) are shown. For details 
see caption of Figure 3.18. 

 

This finding indicates that even though specific interactions might have been measured on 

membrane sheets derived from wild type cells, a detection of specific syntaxin-1 clusters is 

highly unlikely. For a deeper discussion see section 5.1.2. 

To also circumvent the reaction step between the aminated surface and the 

N-hydroxysuccinimide on the bifunctional PEG-linker, cantilevers which were linked in that 

way by the manufacturer were used next. Furthermore, since membrane sheets of 

PC12-WT-1 and PC12-WT-2 cells show distinct morphological features in fluorescence 

images of membrane stainings (see Figure 4.2) and PC12-Syx-KD cells are derived from the 

latter, these cells were used for a final set of MR-AFM experiments with native membrane 

sheets. Another advantage might be that the discrepancy in the observed maximum 

interaction forces and rupture distances from knockdown membrane sheets is larger for 
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PC12-WT-2 than for PC12-WT-1 cells (vide supra). With anti-Syx-NBs coupled to the 

cantilevers mentioned above, experiments were carried out by measuring with exactly the 

same cantilever on wild type membrane sheets first and subsequently on knockdown 

membrane sheets and vice versa (N = 4 maps each on four sheets each from two 

independent preparations with four cantilevers from two independent functionalisations). The 

determined relative frequencies of events are fe = (42 ± 12) % and fe = (55 ± 25) % for 

MR-AFM measurements on membrane sheets derived from PC12-WT-1 cells and 

PC12-Syx-KD cells, respectively. These values might indicate a larger overall probability of 

interactions with knockdown membrane sheets. The mean value of the PC12-Syx-KD 

membrane sheets is, however, strongly influenced by a single map with fe = 87 %. The 

cumulative probability of the maximum interaction forces and the rupture distances are 

plotted in Figure 4.26, the corresponding histograms can be found in Supplementary Figure 

5.  

 

 
Figure 4.26: Force and distance distributions obtained by MR-AFM measurements 
with anti-Syx-NBs coupled to a cantilever maleimated by the manufacturer on 
membrane sheets from wild type and syntaxin-1 knockdown PC12 cells. The 
cumulative probability of the measured forces is plotted in a, that of the corresponding 
distances in b. Data obtained from measurements on PC12-WT-2 membrane sheets are 
shown in magenta (N = 6958) and those from PC12-Syx-KD membrane sheets in blue 
(N = 8960). In b distances smaller than zero were omitted, accounting for 0.3 % and 
1.4 % of the data of membrane sheets derived from PC12-WT-2 and PC12-Syx-KD cells, 
respectively. For corresponding histograms see Supplementary Figure 5. 

 

The median forces are 96 pN and 117 pN, the 30th percentiles are 72 pN and 81 pN and the 

70th percentiles are 138 pN and 186 pN for PC12-WT-2 and for PC12-Syx-KD membrane 

sheets, respectively. The median rupture distances are 33 nm and 83 nm, the 30th 

percentiles are 20 nm and 50 nm and the 70th percentiles are 57 nm and 133 nm for 

PC12-WT-2 and for PC12-Syx-KD membrane sheets, respectively. A significant difference in 

the rupture distance between knockdown and wild type membrane sheets is evident from 
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Figure 4.26 b and is observed for all four cantilevers which were used for measurements on 

both types of membrane sheets successively (data not shown). The situation is not as clear 

for the maximum interaction forces. Here, the distribution of the forces is slightly shifted to 

larger values for the knockdown sample, but this difference does not seem to be significant, 

when comparing the statistical values. Furthermore, no clear tendency can be observed 

when regarding the cumulative probability plots for the individual cantilevers (data not 

shown). The discrepancy in the rupture distances is an indicator of distinct modes of 

interaction between the cantilever and either type of membrane sheet. However, since the 

interaction forces are similar in both cases and since the number of interaction events might 

be even slightly larger for membrane sheets derived from PC12-Syx-KD cells, specific 

interactions between the nanobody and syntaxin-1 seem to be unlikely to be the main 

contributor to this discrepancy (see section 5.1.2 for a discussion).  

Moreover, a specific interaction is not supported by the cluster analysis. Among the four pairs 

of force maps, two were recorded inside an area of 1×1 µm2 and one pair each inside an 

area of 0.5×0.5 µm2 and 2×2 µm2. Regardless of the size and of the cell type of origin of the 

membrane sheets, two types of spatial organisation were found. These types of 

organisations can be described as two or three larger accumulations of events almost 

exclusively spread to the border of the investigated area, and a gradient of the Ripley density 

map reaching from one border to the opposed one. For examples, see Supplementary Figure 

6. However, no small clusters as described in the previous sections were detected. 

 

 

4.1.8 Refinement and analytical controls of the cluster detection 

By the analyses performed so far no clear evidence of the detection of specific syntaxin-1 

clusters could be obtained. However, it might be that specific events are present but that 

their detection is cumbersome due to a heterogeneous lateral organisation of localisations 

with unspecific interaction events. To separate specific from unspecific interactions and to 

identify clusters, a subset of the force maps obtained in the present study were analysed in 

more detail as described in the following subsections.  
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4.1.8.1 Exclusion of colocalisation of events in the retraction force curve with the 
events in the approach force curve  

Sudden declines in the contact regime of the approach force curve, possibly stemming from 

breakthrough events through structures on the membrane sheet, might by followed by a 

pronounced adhesion of material of the membrane sheet on the cantilever tip leading to 

interaction events in the retraction force curve. Two exemplary approach force curves with a 

breakthrough-like event are presented in Figure 4.27. 

 

 
Figure 4.27: Approach force curves showing breakthrough-like events. In a an 
approach force curve with a sudden decline of the force in the contact regime and in b a 
force curve with a plateau in the contact regime is shown. Both curves are cut at a 
distance of D = 200 nm.  

 

To exclude the possibility that such events account for the majority of the events observed in 

the retraction force curves and thus for the identified clusters, corresponding events in the 

approach curve were identified and compared with the respective map of events of the 

retraction force curves. For this purpose, three force maps obtained from MR-AFM 

measurements with anti-Syx-NB functionalised OBL-10 cantilevers on PC12-WT-1 

membrane sheets were chosen arbitrarily. Table 4.3 shows the relative amount of events in 

the approach force map which colocalise with the localisation of events in the map of the 

retraction force curves. For comparison, the corresponding expectation value for the same 

number of events is added (calculated by the number of events in the approach force curve 

divided by the overall number of force curves inside the map). 
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Table 4.3: Number of colocalisations of the localisations of events between the 
map of events of the approach and retraction force curves and their corresponding 
expectation values, normalised by the number of retraction force curves showing 
an event for three exemplary force maps. 

colocalisation expectation value of colocalisation 

7.97 % 7.67 % 

13.2 % 14.1 % 

13.2 % 9.61 % 

 

The comparison of the colocalisations of events with their respective expectation values 

shows that the determined amount of colocalisation in two cases almost perfectly matches 

the expectation value. In one case the colocalisation is larger than to be expected, but still 

only about 1.4 times the expectation value. Thus, this analysis reveals that events observed 

in the retraction force curves probably do not stem from breakthrough-like or other events 

visible in the approach force curve. 

 

 

4.1.8.2 Force and distance range selection 

The analyses of MR-AFM measurements described in the present chapter have revealed 

broad distributions of maximum interaction forces and rupture distances. It is reasonable 

that, if present at all, only a small part of these ranges comprise specific interaction events. 

Therefore, it seems promising to perform cluster analyses only of events accounting for a 

limited range of the measured maximum interaction forces and rupture distances. To this 

end, in a first approach all events inside a range of about 30-40 pN around the most probable 

maximum interaction force were extracted from two MR-AFM maps showing small clusters 

and subject to Ripley’s K-function cluster analysis. In one case the clusters seen before were 

detected more precisely, however, in the other case cluster detection became worse. Thus, 

in a more sophisticated analysis, an upper or a lower force or distance threshold was 

applied. This threshold was varied over a broad range of forces or distances until only few 

events were left. The whole range was divided into 100 steps. For all resulting threshold 

values a Ripley cluster analysis was performed and the moving mean of L(r)−r was 

extracted. This analysis was performed for all eight maps measured using cantilevers which 

were already maleimated by the manufacturer and modified by anti-Syx-NBs.  
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Figure 4.28: Ripley cluster analyses of selected force ranges. In a-c moving mean 
values of L(r)–r are plotted against r. The colour indicates the force threshold, where the 
darkest colour corresponds to the lowest and the lightest colour to the largest force 
threshold. a shows plots for which the lower force threshold was varied, b shows plots of 
the same map for which the upper threshold was varied. In c plots for another map are 
shown for which the lower force threshold was varied. Both maps were recorded on 
membrane sheets derived from PC12-WT-2 cells. Most corresponding plots are quite 
similar to a and b, however, for some a situation such as that in c was found. In a and b 
the lightest colour corresponds to a force threshold of 500 pN, the darkest colour in a 
corresponds to a force threshold of 30.2 pN. In b the five curves with the lowest force 
thresholds were omitted because they show irregular shapes due to an extremely low 
number of events, thus the darkest colour corresponds to a force threshold of 53.7 pN. In 
c the lightest colour corresponds to a lower force threshold of 1 nN and the darkest colour 
to a lower force threshold of 32.0 pN. In d single moving mean values of L(r)–r of the 
same dataset as used for c are plotted against the force threshold. The dotted curves 
correspond to the upper force threshold, the solid ones to the lower force threshold. The 
moving mean values of L(r)–r found at r = rmax of an analysis in which the whole force 
range is used are shown in red, the maximum of the moving mean curve of the current 
force range is shown in blue. 

 

In Figure 4.28 a and b typical results for the moving means of L(r)−r for the individual steps of 

increase of the lower and upper force threshold are shown. The presented examples were 

obtained from a measurement on a membrane sheet derived from a wild type PC12 cell. 

Curves for varying lower force threshold in Figure 4.28 a are shifted to larger L(r)−r values 

and the peak is shifted towards larger r with increasing threshold, only at very high threshold 
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values the maximum declines again. Almost the same holds for the lower force thresholds in 

Figure 4.28 b. A Ripley cluster analysis at rmax of the curve showing the largest values of 

L(r)−r when increasing the lower force threshold yields a large accumulation in one corner of 

the map. The slight shifts of the curves indicate that no pronounced new structure, which 

might correspond to previously hidden clusters, is present in the map of events subject to 

force range selection.  

In few cases, a previous local maximum evolves to a new global maximum when the 

threshold value is increased, as shown in Figure 4.28 c. When a Ripley cluster analysis is 

performed here in the same way as described before for the data shown in Figure 4.28 a, i.e. 

by using the lower force threshold corresponding to the maximum of the solid blue line in 

Figure 4.28 d, a small cluster is found which has not been identified before (see 

Supplementary Figure 7). However, the lower force threshold is large (Flow = 468 pN). 

Furthermore, a similar result is obtained from a measurement on a knockdown membrane 

sheet. In other cases as that shown in Figure 4.28 c a similar analysis yielded only a peak in 

the Ripley cluster analysis which was not distinguishable from the values of a homogeneous 

random distribution of the same number of events. For comparison, for homogeneous 

random data a reduction of the overall number of events leads to a gradual flattening of the 

moving mean curve reaching values of L(r)–r close to zero which are predominantly caused 

by the constraints of the grid asymptotically (see Supplementary Figure 8). To construct 

these random data a threshold was applied to a 64×64 array of uniformly distributed random 

numbers. In general, the results are similar for the variation of the distance threshold.  

Figure 4.28 d shows plots of the moving mean of L(r)–r against the force threshold (Fthreshold) 

for a constant rmax value, found for a Ripley analysis without applying a force threshold (red), 

and a value of rmax adapted to the maximum of the L(r)–r curve by using the current force 

threshold (blue). The similarity between the curves of the upper force thresholds (dotted 

lines), which is representative for all analyses, also indicates that rather the L(r)–r values of 

the whole curve are increased instead of the appearance of a new maximum at another r 

accompanied with a large increase of L(r)–r, which might indicate the identification of a new 

cluster. More importantly, among the regarded maps no systematic differences between 

membrane sheets derived from wild type and knockdown PC12 cells were evident from this 

analysis. Thus, as far as analysed, this approach does not lead to a more pronounced 

detection of previously hidden clusters in wild type membrane sheets as compared with 

knockdown sheets.  
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4.1.8.3 Wormlike chain analysis of force curves and cluster maps 

When after successful binding between a nanobody and a syntaxin-1 molecule the cantilever 

is retracted, the PEG linker will be extended.[108] Since PEG chains have a defined 

persistence length and depending on the number of monomers also a defined contour 

length,[30,150] an extraction of specific interactions might be possible based on these 

parameters. To this end, a function corresponding to a wormlike chain model according to 

equation (3.11) was fitted to all force curves recorded with cantilevers maleimated by the 

manufacturer which exhibit an event in the retraction part (see section 4.1.7). Furthermore, 

the force curves recorded on GUV-MPs were fitted accordingly. Figure 4.29 shows a 

representative example of a force curve measured on a PC12-WT-2 membrane sheet and 

fitted with a high coefficient of determination (R2 > 0.95) by the WLC model. 

 

 
Figure 4.29: Force curve with a representative WLC-fit. The measurement was 
performed on a PC-WT-2 membrane sheet. Between the zero-force point and the point of 
the maximum interaction force, the force curve (blue) is fitted according to a WLC model 
(red). The obtained fit parameters are Lc = 167 nm and Lp = 23 pm. R2 = 0.959. 

 

Next, in Figure 4.30 the cumulative probability distributions of the contour length and the 

persistence length are plotted for measurements on membrane sheets derived from 

PC12-WT-2 cells, PC12-Syx-KD cells and GUV-MPs. For these plots and the following 

analysis only fits with R2 ≥ 0.6 were included. 
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Figure 4.30: Distributions of the contour length and the persistence length. The 
cumulative probability of the contour length is plotted in a and that of the persistence 
length in b. Magenta lines indicated data obtained from measurements on PC12-WT-2 
membrane sheets (N = 5615) and blue lines correspond to measurements on 
PC12-Syx-KD membrane sheets (N = 6872). For comparison data derived from fitting the 
force curves obtained from measurements on GUV-MPs (N = 586) are added by the red 
lines. For the plots only fits with R2 ≥ 0.6 were regarded.  

 

The median, the 30th percentile and the 70th percentile of the contour length and of the 

persistence length are listed in Table 4.4 and Table 4.5, respectively. 

 

Table 4.4: Statistical parameters of the contour length distributions in MR-AFM 
experiments performed with cantilevers maleimated by the manufacturer. 

sample Lc(median) / µm Lc (30th percentile) / µm Lc (70th percentile) / µm 

PC12-WT-2 0.20 0.074 0.47 

PC12-Syx-KD 0.29 0.16 0.58 

GUV-MP 0.067 0.018 0.21 

 

Table 4.5: Statistical parameters of the persistence length distributions in MR-AFM 
experiments performed with cantilevers maleimated by the manufacturer. 

sample Lp(median) / pm Lp (30th percentile) / pm Lp (70th percentile) / pm 

PC12-WT-2 15 3.5 50 

PC12-Syx-KD 23 7.1 57 

GUV-MP 18 3.8 97 

 

Compared to force curves from GUV-MPs, the contour lengths (Figure 4.30 a) obtained from 

measurements on knockdown membrane sheets are shifted about one order of magnitude to 

larger values. The distribution of the latter is also slightly shifted to larger contour length as 
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compared with the values of wild type cells. Note that for measurements on membrane 

sheets the PEG linker has about three times the length of that used for the experiments 

performed with GUV-MPs. The medians of the contour lengths for measurements on 

membrane sheets exceed the expected contour lengths by more than a factor of 10. This 

might indicate that longer linkers stemming from the membrane sheet might have adhered to 

the cantilever. The distribution functions of the persistence lengths (Figure 4.30 b) are much 

less shifted relative to each other. In all cases only a small amount of values can be found in 

the order of the persistence length of a PEG chain of Lp(PEG) = 0.38 nm,[150] most values are 

much smaller. This might be explained by the formation of multiple parallel bonds between 

the membrane sheet and the cantilever. In all three cases both quantities exhibit a broad 

distribution over about three orders of magnitudes. These findings do not point to the 

detection of specific interactions (see also discussion in section 5.1.3). Nevertheless, the fit 

with the wormlike chain model performs much better for the membrane sheets as compared 

to the fits of the data obtained from GUV-MPs, as indicated by the relative amount of force 

curves which are fitted by the WLC model with R2 ≥ 0.6. This quantity is 81 % and 77 % for 

membrane sheets of PC12-WT-2 and PC12-Syx-KD cells, respectively, but only 23 % for 

GUV-MPs (compare N values given in the caption of Figure 4.30 with those of Figure 4.26 

and Figure 4.21). 

To test the influence on cluster detection, a threshold variation procedure was performed for 

the contour and the persistence length similar to that for the maximum interaction force and 

the rupture distance in section 4.1.8.2. Again the eight maps recorded with cantilevers which 

were previously maleimated by the manufacturer were analysed. In essence, the results are 

quite similar to those described in section 4.1.8.2 for the variation of the force and the 

distance threshold. After applying thresholds of the contour and the persistence length, only 

the cluster already found by applying the lower force threshold for the analysis of a map 

recorded on a PC12-WT-2 membrane sheet described in section 4.1.8.2 was found again for 

the application of a large lower threshold of the contour length (Lc,low = 2.94 µm). This length 

is not compatible with the polyethylene glycol chains used to couple the nanobodies (see 

discussion in section 5.1.3). However, it cannot be excluded that a more detailed analysis will 

yield the detection of further clusters. Exemplary plots can be found in Supplementary Figure 

9. Again, no systematic difference between membrane sheets derived from wild type and 

knockdown cells were found.  
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4.1.9 Investigation of the topography of membrane sheets 

As identified in section 4.1.6, the MR-AFM experiments performed on PC12 cell membrane 

sheets are perturbed by a huge number of unspecific interactions between the sample and 

the cantilever. With the purpose of unravelling details about the presumably large ratio 

between unspecific and specific interactions which might be related to the morphology of the 

membrane sheets, topographical images of membrane sheets were recorded by FD-AFM.  

 

 

4.1.9.1 Detailed morphological investigations of membrane sheets by AFM height 
imaging 

The introductory example in Figure 4.3 has already indicated that the membrane sheets 

display some elevated structures. To further investigate the morphology of membrane sheets 

and thereby possibly obtain more information about the reasons for unspecific interactions to 

occur in MR-AFM, PC12-WT-1 membrane sheets were stained for actin by fluorescent 

phalloidin and imaged in detail by FD-AFM. The representative example in Figure 4.31 a 

shows an epifluorescence micrograph of such a membrane sheet. The corresponding AFM 

height image in Figure 4.31 b again indicates the presence of elevated structures on the 

membrane sheet. Interestingly, an annular structure with a height of partially more than 

300 nm can be seen which colocalises with the fluorescent signal of the actin label shown in 

Figure 4.31 a. Thus, even membrane sheets with a rather small amount of actin like the one 

in Figure 4.31 a possess large elevations caused by actin. The further magnified scan 

(Figure 4.31 c) inside the red square drawn in Figure 4.31 b, shows small globular structures 

with a size of up to a few hundreds of nanometres in lateral and axial direction, which are 

abundant in all membrane sheets measured. In Figure 4.31 d a further step of magnification 

is realised by a scan inside the cyan square in Figure 4.31 c.  

These experiments reveal a heterogeneous organisation of the surface of the membrane 

sheets derived from PC12 cells. The observed structures might play a major role in force 

measurements performed on membrane sheets. Obviously, the question of the nature of 

these structures arises, which will be addressed in the next section. 
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Figure 4.31: Topographical investigation of membrane sheets by AFM. The 
membrane sheets were derived from PC12-WT-1 cells. An immunofluorescence image of 
a selected membrane sheet is shown in a. The sheet was stained for the membrane 
(magenta) and for actin (green). AFM height images can be seen in b-d, where c shows 
a magnified recording of the region marked by the red square in b and d shows a 
magnified recording of the cyan square in c. The colour scale shown in b holds for c and 
d as well. Pixels marked in blue correspond to height values exceeding the colour scale 
or to missing values due to errors in the record. Scale bars: a: 10 µm, b: 10 µm, c: 1 µm, 
d: 100 nm. 

 

 

4.1.9.2 Investigation of membrane sheets subject to protein digestion 

To investigate a possible proteinaceous nature of the globular structures residing on PC12 

cell membrane sheets, PC12-WT-1 membrane sheets were subject to a protein digestion by 

the addition of proteases (pronase from Streptomyces griseus). FD-AFM images were 

recorded before and after the addition of the proteases. Already 20 min after the addition, 

which was the smallest time span possible to investigate due to the experimental procedure, 

the structures observed before were diminished (N = 12 maps on eight different sheets from 

six digestions and four independent preparations of membrane sheets). Figure 4.32 shows 

representative AFM height images recorded before and about 1 h after the addition of 
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proteases. After protein digestion, most of the structure observed on untreated membrane 

sheets is gone (Figure 4.32 b). However, even after digestion smaller structures remain. 

These structures have a much smaller size of well below 100 nm, as evident from Figure 

4.32 c. The histogram in Figure 4.32 d uncovers the decrease in height in more detail, 

showing that the most frequent height is decreased from approximately 30 nm to less than 

10 nm. In a single control experiment, BSA was added at the same concentration as used for 

proteases. In two FD-AFM images on a single membrane sheet structures similar to those of 

untreated membrane sheets were observed (data not shown).  

 

    
 

 
Figure 4.32: AFM images for the morphological investigation of membrane sheets 
of PC12-WT-1 cells treated with proteases. The image in a shows a selected region of 
a membrane sheet before the addition of proteases. In b a representative region of a 
membrane sheet after incubation with a solution of proteases for about 1 h is presented. 
The image was recorded on the same membrane sheet as the one shown in a, in a 
region nearby or partially overlapping with the region in a. The colour scale holds for a as 
well. c shows the same as b, but with an adapted colour scale to visualise smaller 
structures on the membrane sheet treated with proteases. Blue pixels represent values 
above the end of the colour scale (h > 30 nm). The histograms in d plot the relative 
frequency of height values of all pixels of the image before (blue) and after (red) the 
addition of proteases. Scale bars: 500 nm. 
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These experiments indicate that the heterogeneous structures observed on membrane 

sheets are either proteins themselves or at least structures which depend on the presence of 

certain proteins, such as vesicles.  

To investigate whether the structure observed before the addition of the proteases is the only 

cause of unspecific interaction events with large maximum interaction forces, samples of 

PC12-WT-1 membrane sheets were washed after digestion (5× with PBS) and MR-AFM 

maps were recorded with anti-Syx-NB-functionalised cantilevers (N = 36 maps on twelve 

sheets from two independent preparations with three cantilevers from two independent 

functionalisations). The obtained relative frequency of events is fe = (19 ± 14) % 

(mean ± SD), which is significantly smaller than the corresponding value of untreated 

membrane sheets (see section 4.1.6.4). Figure 4.33 plots cumulative probabilities of the 

measured maximum interaction forces and rupture distances. For comparison, 

corresponding data for MR-AFM measurements on untreated membrane sheets and on 

GUV-MPs, which are already shown in Figure 4.21, are added as well. 

 

 
Figure 4.33: Force and distance distributions obtained from MR-AFM 
measurements on membrane sheets treated with proteases along with 
distributions from comparative measurements. The cumulative probabilities of the 
maximum interaction forces (a) and the rupture distances (b) are plotted. The cyan line 
represents the data obtained from MR-AFM measurements on PC12-WT-1 cells treated 
with proteases (N = 1796). For comparison, the data of untreated membrane sheets 
(N = 4101) and GUV-MPs (N = 2604), which are already shown in Figure 4.21, are 
plotted additionally by the blue and the red line, respectively. In b distances smaller than 
zero were omitted, accounting for 3.6 % of the data for PC12-WT-1 membrane sheets. 

 

The determined median force for measurements on protease treated membrane sheets is 

61 pN, the 30th percentile is 43 pN and the 70th percentile is 110 pN. The median rupture 

distance is 102 nm, the 30th percentile is 55 nm and the 70th percentile is 185 nm. For 

comparison with the values of untreated membrane sheets and GUV-MPs see 

section 4.1.6.4. Without the necessity to compare the numerical statistical values, directly 



4.1 Heterogeneity and Clustering in PC12 Membrane Sheets 

- 119 - 

from the plots it is evident that the distribution of the forces is quite similar among protease 

treated and untreated membrane sheets. However, the distribution of the rupture distances is 

shifted towards larger distances for the protease treated as compared to the untreated 

membrane sheets. This experiment shows that interactions with the sample still occur after 

protein digestion, but possibly to a smaller extent. These interactions may be caused by the 

remaining structures, other binding partners which are not observed in the AFM height 

images or, even if unlikely, by remaining specific interactions. The similar distribution of 

forces of the protease treated and the untreated membrane sheets may point to the 

occurrence of the same interactions in both cases, which for the treated sheets for some 

reason take place at larger distances. In section 5.1.3 these results will be discussed in more 

detail.  

 

 

4.1.9.3 Delayed fixation of membrane sheets 

The observation that the globular structures observed on PC12 membrane sheets are 

proteins or protein dependent might offer the opportunity to decrease the amount of these 

structures, and especially of actin, when the fixation of the proteins is not performed 

immediately after the disruption of the cells, but instead after 25 min of storage in buffer. Two 

samples with PC12-WT-1 membrane sheets were treated according to this procedure. One 

sample was stored on ice during the delay time, the other one was kept at room temperature. 

However, for both samples a huge amount of actin was residing on the membrane sheets as 

identified by epifluorescence microscopy (data not shown). Furthermore, on the three 

membrane sheets of the sample stored at room temperature which were investigated by 

FD-AFM imaging the same structures as observed before when the fixation was performed 

immediately after the generation of the membrane sheets are found (data not shown). 

Therefore, this procedure has not been performed any longer. 

 

 

4.1.10 Combination of topographic AFM imaging and STED measurements 

The observed globular structures on the membrane sheets might hinder the interaction 

between the nanobodies on the cantilever and their binding partner on the membrane. The 

distribution of syntaxin-1 might, furthermore, be related to these structures. In that sense, a 
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hindrance of the interaction will be expected if the syntaxin-1 clusters observed in STED 

microscopy (Figure 4.4) colocalise with the elevations measured by AFM. To test this 

hypothesis, membrane sheets from PC12-WT-2 cells were stained for syntaxin-1, imaged 

with STED microscopy and subject to AFM height imaging afterwards (N = 3 sheets from a 

single preparation). Figure 4.34 shows an overlay of obtained AFM and STED images. 

 

  
Figure 4.34: Overlay of an AFM height and a STED image of syntaxin-1 of a PC12 
membrane sheet. The greyscale image shows the topography of a membrane sheet 
derived from a PC12-WT-2 cell. Blue pixels correspond to erroneous values or heights 
above 1 µm. The syntaxin-1 label measured by STED microscopy is shown in green. 
Scale bar: 5 µm. 

 

For the membrane sheet shown in Figure 4.34 the correlation analysis between the height 

and the binarised fluorescence image of the syntaxin-1 label was performed inside a 

quadratic ROI of 9.6×9.6 µm2 in a central region. In Figure 4.35 the cumulative probability of 

the height of all pixels inside that ROI (black), of the ones colocalising with syntaxin-1 in the 

binarised STED image (red) and for control purposes those obtained from rotating the STED 

image stepwise by 90° (cyan and blue, see caption of Figure 4.35) are shown. Generally, the 

distribution of height values of the regions which are, according to the STED image, occupied 

by syntaxin-1 (red line in Figure 4.35) resembles that of all pixels inside the ROI (black line in 

Figure 4.35). The slight deviation from control curves (blue and cyan lines in Figure 4.35) at 

around 0.4 µm is a unique feature of that membrane sheet and not found for the other two 

investigated membrane sheets. Consequently, the heights of the membrane sheets in 

regions with present signal from the syntaxin-1 label do not deviate from the overall height 

distribution. Thus, it can be concluded that the apparent distribution of syntaxin-1 is most 

probably not related to the topographical features of the membrane sheet.  
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Figure 4.35: Quantification of the topography of regions of the membrane sheet 
occupied by syntaxin-1 compared with the whole ROI. The cumulative probability is 
plotted against the height of the membrane sheet measured by AFM. The back line 
corresponds to height values of all pixels inside a ROI on the membrane sheet shown in 
Figure 4.34. The red line represents height values of pixels inside the ROI which 
colocalise with syntaxin-1. For control purposes the cyan lines correspond to pixels 
detected by rotating the binary mask used to identify regions occupied by syntaxin-1 by 
90°, 180° and 270°. The blue line is the cumulative probability of the height values of all 
three cyan control curves. 

 

 

4.1.11 Topography of membrane sheets derived from primary neurons 

PC12 cells have the advantage of relative time efficient procedures in cell culture. However, 

as pronounced elevations on membrane sheets derived from PC12 cells have been revealed 

by AFM height imaging as shown in section 4.1.9, it was sought for an alternative system for 

MR-AFM imaging of syntaxin-1 for future experiments. To this end, the topography of 

membrane sheets derived from primary rat hippocampal neurons was imaged by FD-AFM, 

as shown for a representative example in Figure 4.36 (N = 7 images from three sheets).  

The image recorded at the border of the membrane sheet (Figure 4.36 a) shows the 

membrane sheet (middle grey) distinguishable from the substrate (dark grey) with present 

elevated structures (light grey). The image recorded closer to the centre (Figure 4.36 b) 

details the presence of structures which are quite similar to the ones found on PC12 cell 

membrane sheets. 
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Figure 4.36: Topographical investigation of membrane sheets derived from primary 
neurons. In a a FD-AFM height image of a region at the border of a membrane sheet is 
shown, the one in b is recorded exclusively on the membrane of the same sheet. Blue 
pixels denote erroneous values and in a heights above 300 nm, additionally. The colour 
scale holds for both images. Scale bars: 1 µm. In c histograms of the height values are 
shown. The magenta coloured histogram corresponds to the image shown in a and the 
red one to that shown in b. For comparison, the histogram of the PC12-WT-1 membrane 
sheet already shown in Figure 4.32 is added in blue. The histograms are cut at 
h = 200 nm, thereby not showing height values accounting for 1.7 % and 0.06 % of all 
values for the histogram shown in magenta and red, respectively.  

 

At first glance, these structures do not seem to be as dense as in PC12 cell membrane 

sheets, suggesting the possibility to perform MR-AFM measurements in between the 

elevations. However, a more detailed analysis of the distributions of height values shown in 

Figure 4.36 c indicates a good agreement in the distributions of heights in the images shown 

for primary neurons (red histogram) and for PC12-WT-1 cells (blue histogram). The larger 

offset in the magenta coloured histogram, which corresponds to the image measured at the 

border of the membrane sheet (Figure 4.36 a), is caused by the fact that the substrate is set 

to a height of zero instead of the lowest height on the membrane sheet, thereby shifting the 

height distribution about 10 nm towards larger height values as compared to the histogram 

shown in red. This shift can therefore serve as an estimate of a hypothetical flat membrane 

without the additional elevations.   
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4.2 Mechanics of GUVs Containing Synaptophysin 

Synaptic vesicles are described to exhibit an increase in surface area by about 50 % or even 

more than 100 % upon uptake of neurotransmitters.[19,20] Jahn and coworkers observed this 

increase by dynamic light scattering experiments when synaptic vesicles took up 

glutamate.[20] However, due to limited tolerability to membrane tension such a large increase 

is not feasible by dilation of a lipid membrane alone which is only able to be dilated not more 

than about 4 %.[21,22] Thus, is was hypothesised that synaptophysin might be a key player in 

the facilitation of this process. To test that hypothesis, micromechanical experiments with 

giant unilamellar vesicles were performed. A special focus is set on the area compressibility 

modulus, since a decrease in that quantity leads to a larger maximum area expansion at 

constant rupture tension according to equation (3.10) and equation (3.16). The results of 

these experiments are described in the current section. This project was performed in 

collaboration with Dr. Julia Preobraschenski and Prof. Reinhard Jahn (Max Planck Institute 

for Biophysical Chemistry, Göttingen), who isolated synaptophysin, produced the GUVs and 

suggested the mentioned physiological role of synaptophysin. Most of the experiments and 

parts of the basic analyses were performed by Theresa Hune (Institute of Physical 

Chemistry, University of Göttingen) for her bachelor’s thesis and in work performed 

thereafter. 

 

 

4.2.1 Indentation experiments by atomic force microscopy 

As an initial approach to probe the mechanics of GUVs which contain synaptophysin 

indentation experiments were performed by AFM (GUVs without synaptophysin: N = 19 

(N = 6 remaining after data exclusion), GUVs with synaptophysin: N = 25 (N = 8 remaining 

after data exclusion), single experiment). A representative fitted force curve and the 

determined values of the area compressibility modulus and the pre-tension are shown in 

Figure 4.37. 
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Figure 4.37: AFM indentation experiments to investigate the mechanics of GUVs 
containing synaptophysin. In a a representative force curve (blue) of the indentation of 
a GUV containing synaptophysin is shown along with the corresponding fit of the contact 
regime (red). The radius of the investigated vesicle was 9.9 µm. The resulting fit 
parameters are KA = 20 mN∙m−1 and τ0= 0.58 mN∙m−1 (R2 = 0.9996). In b the area 
compressibility moduli are presented, in c the pre-stresses. The blue bars correspond to 
the respective mean values of vesicles without (control) and the red ones to that of 
vesicles with synaptophyin (Syp). Grey circles denote values from individual GUVs and 
the error bars indicate the standard deviations. 

 

The fit shown in Figure 4.37 a indicates that the shape of the indentation curve is well 

described by the tension model (see section 3.4.8). Even though the mean area 

compressibility modulus of GUVs with synaptophysin is slightly lower than that for vesicles 

without synaptophysin, the fact that the mean values lie within the mean ± SD-interval of the 

other group (Figure 4.37 b) indicates a non-significant difference. For the values of the pre-

stress there is hardly any difference between GUVs with and without synaptophysin (Figure 

4.37 c). Thus, no clear evidence supporting the hypothesis that synaptophysin facilitated 

membrane dilation can be drawn from these AFM experiments. However, the throughput of 

this method is quite low because some preparations yielded hardly any adhered vesicles and 

vesicles ruptured or slipped away during indentation. Furthermore, the fluctuation of the 
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values of KA in Figure 4.37 b is large. Therefore, another method was to be used to obtain 

more reliable results. 

 

 

4.2.2 General results of micropipette aspiration experiments 

To determine the area compressibility modulus of GUVs containing synaptophysin based on 

a larger number of vesicles and with higher accuracy than in section 4.2.1, a micropipette 

aspiration device was set up (see section 3.3.5.2) and the software necessary for the 

analysis of the obtained raw data was developed (see section 3.4.9). For test purposes 

GUVs composed of DOPC were aspired. A successful aspiration of such a GUV is shown in 

Figure 4.38 at different stages of aspiration.  

 

       
Figure 4.38: Fluorescence micrographs of the aspiration of a GUV composed of 
DOPC. The individual images show a GUV at different time-points of the aspiration: a: 0 s 
(∆p = 0 kPa, τ = 0 mN∙m−1 (per definitionem)), b: 200 s (∆p = 0.49 kPa, τ = 0.85 mN∙m−1), 
c: 480 s (∆p = 2.5 kPa, τ = 4.9 mN∙m−1), d: 636 s (∆p = 3.9 kPa, τ = 6.8 mN∙m−1). The 
experiment was performed by Theresa Hune. Scale bar: 10 µm. 

 

Plots like the one in Figure 4.39 a were used to identify individual steps of increase and 

plateaus of constant aspiration pressure (shown in blue) and corresponding increases of the 

tube length (shown in red). All plateaus which are especially visible in the plot of the pressure 

were selected manually. The logarithmic mean membrane tension values (equation (3.5)) 

obtained from each plateau are plotted in Figure 4.39 b against the corresponding mean 

apparent area strain (equation (3.6)). The assigned low- and high-pressure regimes are 

shown in green and cyan, respectively. A change in the course of the tension values, which 

was used as criterion for the separation of the regimes, is apparent from the plot (both 

regimes are separated by the magenta coloured circles). These distinct regimes were used 

to fit individual straight lines to the data points. The values of the mechanical parameters 

obtained from these fits according to equations (3.7), (3.8) and (3.10) are written in the 

caption of Figure 4.39.  
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Figure 4.39: Analysis of an aspiration experiment of a GUV composed of DOPC. a 
plots the aspiration pressure ∆p (blue dots, left ordinate) and the tube length ∆L (red dots, 
right ordinate) for the measurement of the vesicles shown in Figure 4.38 as a function of 
time since the beginning of the aspiration process. In b the logarithm of the membrane 
tension is plotted against the apparent area strain. The green circles denote the data 
points assigned to the low-pressure regime, the cyan circles were assigned to the high-
pressure regime and the magenta coloured ones show the transition between both 
regimes and were excluded from further analysis. In c the data points assigned to the 
low- and the high-pressure regime in b are shown again with their calculated errors. 
Green squares denote the tension values in the low-pressure regime on a logarithmic 
scale (left ordinate) as a function of the apparent area strain. The red and the blue circles 
correspond to the tension values in the high-pressure regime on a linear scale (right 
ordinate) as a function of the apparent and the direct area strain, respectively. Error bars 
are obtained by Gaussian error propagation of the mean values obtained from a (see 
section 3.4.9). The linear fits of each of the three datasets are shown in the same colour. 
The analysis of these fits yielded κ = (5.0 ± 0.5)∙10−20 J, Kapp = (122 ± 1) mN∙m−1 and 
Kdir = (137 ± 2) mN∙m−1. For the calculation of Kdir the individual value of κ obtained from 
this vesicle was used. The experiment was performed by Theresa Hune. 
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4.2.3 Test measurements with GUVs composed of DOPC 

To test the magnitude of the mechanical parameters obtained with the micropipette 

aspiration setup a larger number of GUVs composed of DOPC, which are well described in 

literature,[140,141] were subject to micropipette aspiration (N = 27 GUVs from two independent 

preparations, N = 14 GUVs remaining after all steps of data exclusion). Figure 4.40 shows 

the determined bending modulus and the apparent and direct area compressibility moduli of 

GUVs composed of DOPC. For the plot of the direct area compressibility modulus and the 

determination of the corresponding statistic parameters four negative values of Kdir for single 

GUVs were excluded additionally (see description in section 4.2.5).  

 

 
Figure 4.40: Mechanic moduli of GUVs composed of DOPC determined by 
micropipette aspiration. The mean value of the bending modulus (κ) is indicated by the 
green bar (left ordinate) and the mean values of the apparent (Kapp) and the direct area 
compressibility modulus (Kdir) by the red and the blue bar, respectively (right ordinate). 
Error bars denote the standard deviations. The grey circles indicate the values measured 
by the aspiration of a single GUV. Note that for the direct area compressibility modulus 
data of four measurements resulting negative values are not shown. The experiments 
were performed by Theresa Hune. 

 

The determined mechanical parameters are: κ = (4.5 ± 2.8)∙10−20 J (mean ± SD), 

Kapp = (102 ± 33) mN∙m−1 (mean ± SD) and Kdir = (122 ± 33) mN∙m−1 (mean ± SD). A 

discussion of the determined values and of possible errors will be given in section 5.2.1.  
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4.2.4 Behaviour of GUVs containing synaptophysin during aspiration 

In aspiration experiments of GUVs prepared from small unilameller vesicles which were 

obtained by the detergent removal method (see section 3.2.7) a continuous flow of the 

vesicles into the pipette, i.e. a growth of the length of the membrane tube inside the pipette, 

without an intended increase in suction pressure was observed frequently (explicit numbers 

will be given in section 4.2.5). Figure 4.41 shows an example of the pressure and the 

corresponding tube length of an aspired GUV containing synaptophysin which exhibits a 

continuous aspiration during phases of constant pressure.  

 

 
Figure 4.41: Flow of a GUV into the micropipette not related to the increase of 
aspiration pressure. A GUV containing synaptophysin was aspired by a micropipette. 
The aspiration pressure ∆p is plotted by the blue dots (left ordinate) and the tube length 
∆L by the red dots (right ordinate). The experiment was performed by Theresa Hune. 

 

From this plot it is evident that the aspiration persists and is even accelerated when the 

pressure is kept constant for a while. Furthermore, a long tube length is reached at a relative 

low aspiration pressure, as compared to the example of the GUV in Figure 4.39 a which even 

has a radius two times as large as that of the vesicle containing synaptophysin. Since the 

vesicle keeps on being aspired during phases of constant aspiration pressure, there is 

probably no equilibrium reached between the aspiration pressure and the membrane tension 

of the vesicle. Therefore, the theory introduced in section 3.3.5.1 does not hold any more and 

the mechanical moduli cannot be determined accurately.  
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4.2.4.1 Aspiration of GUVs at constant set-pressure 

To shed more light on the continuous aspiration during plateaus of constant pressure 

described before, aspiration experiments were carried out where the vesicles were aspired 

by an intermediate pressure and that pressure was kept constant while the progress of 

aspiration was monitored. Provided that the aspiration length reaches a constant value after 

a certain relaxation time, the data could be used to describe the kinetics of the underlying 

process. 

During these experiments fission events of the aspired vesicles frequently occurred (69 % of 

the vesicles showing at least one fission event). In these events a neck is formed in the 

aspired tube, followed by complete fission, as shown exemplarily in Figure 4.42 b and c. 

Such events were observed in ordinary aspiration experiments with stepwise increase in 

aspiration pressure as well, however, less frequently (see section 4.2.5).  

 

       
Figure 4.42: Fission of a vesicle during aspiration. A GUV containing synaptophysin 
was aspired at constant set-pressure. The fluorescence images were taken t = 680 s (a), 
t = 726 s (b), t = 728 s (c) and t = 740 s (d) after begin of the aspiration. The experiment 
was performed by Theresa Hune. Scale bar: 10 µm. 

 

Importantly, a saturation of the aspiration length was never observed (N = 13 GUVs from 

three independent preparations). Therefore, the reason for this continuous aspiration was to 

be investigated, as it might be the case that in a slow process some kind of transition takes 

place by the action of synaptophysin which enables the large dilation of the membrane. To 

this end, the surface area of the curved side of the tube (second term in equation (3.20)), the 

volume of the aspired vesicle (equation (3.19)) and the aspiration pressure as a function of 

time were fitted with a straight line to obtain rates of the respective quantities. When fission 

events or other sudden changes in the rates occurred a further straight line was fitted. Non-

linear increases of the tube length immediately before fission events were excluded from the 

fits. An exemplary plot of the fitted tube length and aspiration pressure is shown in Figure 

4.43. Because of the fission events and other changes in the rates for most vesicles multiple 

rates were obtained for each quantity (blue circles in Figure 4.44). The mean value of the 

rates obtained from a single vesicle were calculated additionally (red circles in Figure 4.44).  
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Figure 4.43: Aspiration of a GUV without intentional increase of the aspiration set-
pressure. The aspiration pressure ∆p is plotted by the blue dots and the corresponding 
fits by the cyan lines (left ordinate) and the tube length ∆L by the red dots and the 
corresponding fits by the magenta lines (right ordinate) against the time after beginning of 
the pressure measurement. The experiment was performed by Theresa Hune. 

 

Then, possible correlations between the three rates were investigated by plotting the rates 

(Figure 4.44) and calculating Pearson correlation coefficients in order to state on possible 

reasons for the continuous aspiration like loss of volume or slightly increasing aspiration 

pressure. 

Although the pressure was set to be constant, a slight increase in aspiration pressure was 

observed (0.08 Pa∙s–1 on average, 0.23 Pa∙s–1 at maximum, compared to 2.3 Pa∙s–1 on 

average and at least 0.4 Pa∙s–1 for experiments with intentional increase of the aspiration 

pressure with GUVs containing synaptophysin). However, the plot of the rate of tube area 

change against the pressure rate in Figure 4.44 a with Pearson correlation coefficients of 

ρ = −0.15 for all corresponding rates and ρ = −0.10 for the mean rates shows that this 

increase seems not to be the cause for the continuous aspiration.  

On the other hand, the rate of volume change correlates negatively with the change of the 

aspired area (Figure 4.44 b), indicated by Pearson correlation coefficients of ρ = −0.86 for all 

rates and ρ = −0.92 for the mean rates. 

Regarding the dependency of the loss in volume on the pressure change, the Pearson 

correlation coefficient of the mean values (ρ = −0.27) might indicate a correlation (data not 

shown). However, regarding the values of all individual fits (ρ = 0.08) there seems not to be a 

pronounced correlation. Such a correlation should, furthermore, lead to a dramatic loss of 

volume when the aspiration pressure is increased intentionally. Similar analyses were 

performed with regard to the rate of change of the tube length and of its volume. Since the 

radius of the tube is quasi the same for all pipettes used, this did not result in major changes 
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of the appearance of the plots. Here, the area of the tube was regarded because it is the 

most convenient quantity when talking about the aspiration of a defined quasi-constant 

surface. 

 

 
Figure 4.44: Relationships between the rate of pressure change, the rate of 
vesicle’s surface area aspiration and the change of vesicle’s volume. In a the rate of 
aspiration, described by the change in area of the aspired tube, is plotted against the rate 
of pressure change, in b the rate of the change of the vesicle’s volume is plotted against 
the area change, which is plotted on the ordinate in a. Blue circles denote the values 
obtained from a single linear fit of the respective quantity, red circles denote the mean 
values of these slopes obtained from a single vesicle. The experiments were performed 
by Theresa Hune. 

 

These data indicate that the continuous aspiration is probably caused by the loss of volume. 

However, for cells such a behaviour is well known to be caused by mechanic imbalance (for 

a discussion see section 5.2.3).[151,152] Alternatively, a loss of the vesicle’s volume creates 

excess membrane leading to further aspiration even at constant pressure and possibly also 

constant membrane tension. Therefore, the data obtained from the experiments performed 

with constant set-pressure were analysed in more detail.  

In Figure 4.45 a the normalised total volumes of the 13 investigated vesicles are shown. The 

quantity was normalised to the mean of the first 15 values. The colours denote the rate of 

increase of the surface area of the aspired tube (the darker the colour, the faster the 

aspiration rate). The plot shows a faster decrease of the volume for fast aspired GUVs. 

Sudden decreases in the volume are caused by fission events. This faster loss of volume is 

not exclusively attributed to fission but also the decrease of the volume is faster in between 

fission events for fast aspired vesicles (see sections 5.2.3 and 5.2.4 for a detailed 

discussion). A corresponding plot of the total surface areas is presented in Figure 4.45 b. 

This shows that vesicles which are faster aspired are more prone to fission. The plateaus in 
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between fission events indicate a faster and larger surface area increase for fast aspired 

vesicles (darker colours) than for the slowly aspired ones.  

 

  

  

 
Figure 4.45: Time courses of different quantities during aspiration with constant 
set-pressure to investigate the continuous flow. The normalised total volumes of 
aspired vesicles are plotted in a, the normalised total surface areas of aspired vesicles 
are plotted in b, the normalised total surface areas divided by the normalised volumes of 
the vesicles are plotted in c and their membrane tensions in d. In all plots the colour 
represents the change of the aspired membrane surface with time, i.e. the change of the 
area of the curved side of the tube. The colour scale shown below c and d holds for all 
plots. Note that in b the diagram is cut at Anorm = 1.2, but two data points of a single curve 
exceed this value at about 100 s. The experiments were performed by Theresa Hune. 

 

To get insight into the aspiration of excess area, the normalised total surface area divided by 

the normalised total volume (Anorm/Vnorm) is plotted against time in Figure 4.45 c. By the 

normalisation one gets rid of the inverse radius dependency of the quotient of the area and 

the volume which is to be expected for a sphere. A larger GUV should show smaller values 
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of the total surface area divided by the total volume for the same tube length as compared 

with smaller GUVs. This influence is now removed by normalisation. The increase of 

Anorm/Vnorm is much larger for fast aspired vesicles, as compared with slowly aspired ones, 

even though the first show frequent drops in Anorm/Vnorm caused by fission. This quantity is a 

measure of the deviation from a spherical shape by extension of the tube. As such, a faster 

increase is somehow to be expected for GUVs exhibiting a high aspiration rate. Aspiration 

caused by a slight increase of the aspiration pressure should be accompanied by an 

increase of the membrane tension. On the other hand, liquid droplet-like objects are aspired 

without an increase in tension (see discussion in section 5.2.3).[152] Therefore, in Figure 

4.45 d the membrane tension is plotted against time. This plot shows an increase of the 

membrane tension independent of the aspiration rate. Notably, the two GUVs exhibiting 

extraordinary large aspiration rates (purple curves in Figure 4.45) possess an almost 

constant membrane tension. However, there are also GUVs present which have a significant 

increase in tension (see discussion in section 5.2.3). 

The fission described in this section was only observed inside the micropipette but not 

spontaneously without aspiration of the GUV. Most vesicles investigated in experiments with 

constant set-pressure show fission events. Numbers of the relative amount of GUVs 

exhibiting fission events are presented in the next section for vesicles containing 

synaptophysin or synaptobrevin and for control vesicles in measurements with intentionally 

increased suction pressure.  

To summarise, faster aspired vesicles are more prone to fission, show a faster loss of 

volume not only caused by fission and provide excess surface area faster which is, notably, 

not caused by an increase in membrane tension. These findings taken together point again 

to the loss of volume as the cause of continuous aspiration.  

 

 

4.2.5 Mechanical moduli of GUVs containing synaptophysin 

In this section the mechanic moduli determined from measurements with stepwise increase 

of the aspiration pressure are presented. In the previous section a frequently occurring 

continuous aspiration of GUVs without further increase of the aspiration pressure was 

described. Since the loss of volume violates assumptions used in the theory utilised for the 

calculation of the mechanical moduli of aspired vesicles, such measurements have to be 

excluded from analysis. The most convenient way to account for such an influence would be 

to exclude data based on the rate of increase of the tube surface area or the rate of volume 
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loss during the plateau phases of constant pressure. However, an attempt to exclude 

vesicles based on the rate of tube area increase failed due to large fluctuations and few data 

points for each plateau, which is accompanied by large errors of the obtained rates. 

Therefore, plots such as shown in Figure 4.41 were checked manually to exclude data 

without apparent steps in the tube length which correlate with steps in pressure.  

From all aspired vesicles (control: N = 30 from four independent preparations, 

synaptophysin: N = 93 from seven independent preparations, synaptobrevin: N = 35 from 

three independent preparations) only a minor fraction remained after all steps of exclusion 

(control: N = 5, synaptophysin: N = 9, synaptobrevin: N = 3) for the calculation of the area 

compressibility moduli. For comparison, from 27 aspired GUVs composed of DOPC 14 

remained. Due to the data exclusion criterion that at least three data points have to lie in a 

single pressure regime to accept the data, the corresponding numbers for the bending 

modulus are even lower. By the final step of data exclusion due to continuous aspiration 

during plateaus of constant pressure 80 % and 77 % of the data present before were 

discarded for vesicles containing synaptophysin and synaptobrevin, respectively. Even 55 % 

of the data of control GUVs electroformed from small vesicles produced by the detergent 

removal method were removed in that step. For comparison, only 18 % of data from vesicles 

produced directly by electroformation of a lipid film of DOPC were discarded. This indicates 

that this continuous flow is probably more pronounced for GUVs containing proteins and 

possibly also for GUVs containing remains of detergents.  

 

 
Figure 4.46: Fraction of vesicles showing fission events. The number of vesicles 
exhibiting fission events in experiments with intentional increase of the aspiration 
pressure are shown by magenta coloured bars, the number of vesicles not exhibiting 
fission events by green coloured bars for control vesicles (control), for vesicles containing 
synaptophysin (Syp) and vesicles containing synaptobrevin (Syb). The experiments were 
mostly performed by Theresa Hune. 
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An inspiring insight in a possible effect of synaptophysin can be gained from the number of 

vesicles which have shown fission events during these experiments (see Figure 4.46). 

Among the GUVs which provided data capable of evaluating the occurrence of fission 

events, 7 % of the control vesicles, 34 % of vesicles containing synaptophysin and 5 % of 

vesicles containing synaptobrevin showed fission events (control: N = 15, synaptophysin: 

N = 67, synaptobrevin: N = 19). This finding indicates that GUVs containing synaptophysin 

might be more prone to fission. A possible influence of synaptophysin on the integrity of 

GUVs is discussed in section 5.2.4. 

 

 

 
Figure 4.47: Mechanic moduli of GUVs containing synaptophysin or synaptobrevin 
compared to control vesicles without proteins. The diagram in a shows the apparent 
area compressibility moduli, the one in b the direct area compressibility moduli and that in 
c shows the bending moduli. The respective quantity of control vesicles (control) is shown 
by the blue coloured bar, that of vesicles containing synaptophysin (Syp) by the red and 
that of vesicles containing synaptobrevin (Syb) by the cyan coloured bar. The height of 
the bars indicate the mean value and the error bars correspond to the standard 
deviations. The grey circles show values of individual GUVs. For Kdir of GUVs containing 
synaptophysin one value lying above 500 mN∙m–1 is not shown. The experiments were 
mostly performed by Theresa Hune. 
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Figure 4.47 shows the apparent and direct area compressibility moduli and the bending 

moduli for control vesicles and for those containing synaptophysin or synaptobrevin in their 

membranes.  

The numerical values of the mean and the standard deviation plotted in Figure 4.47 can be 

found in Table 4.6. 

 

Table 4.6: Apparent area compressibility moduli, direct area compressibility moduli 
and bending moduli of control vesicles, vesicles with synaptophysin and vesicles 
with synaptobrevin (mean ± SD). 

sample (protein) Kapp / N∙m−1 Kdir / N∙m−1 κ / 10−20 J 

control 0.119 ± 0.075 0.096 ± 0.055 5.9 ± 3.9 

synaptophysin 0.072 ± 0.064 0.19 ± 0.29 4.8 ± 1.7 

synaptobrevin 0.090 ± 0.022 0.151 ± 0.046 5.3 ± 1.7 

 

The mean value of the apparent area compressibility modulus of control vesicles is the 

largest and that of the vesicles containing synaptophysin is the smallest (Figure 4.47 a). 

However, there is no significant difference in Kapp when comparing vesicles containing 

synaptophysin with control vesicles nor with vesicles containing synaptobrevin. Especially 

the data of vesicles containing synaptobrevin have to be treated with care due to the small 

amount of values.  

For vesicles containing proteins, the direct area compressibility modulus (Figure 4.47 b) is 

larger than the apparent one, as to be expected. However, for the control sample this value 

is smaller than the corresponding apparent area compressibility modulus. Here, one negative 

value of Kdir was excluded additionally before the calculation of the mechanical moduli. This 

negative value results from overcorrection for thermal undulations (see section 3.3.5.1), 

which leads to a negative slope of the fit of the tension versus the direct area strain. That 

results in the lower mean even when it is excluded because that individual value is the 

largest one of Kapp measured (central data point for control vesicles in Figure 4.47 a). The 

order of the mean values of the direct area compressibility modulus among control, 

synaptophysin and synaptobrevin vesicles is inverted as compared with the apparent area 

compressibility modulus. The mean values of the bending modulus are even more similar to 

each other than the values of the area compressibility moduli. To conclude, no significant 

differences can be found for the mechanical moduli among control vesicles and vesicles 

containing synaptophysin or synaptobrevin. A discussion of the data can be found in 

section 5.2.2.  
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It has to be noted that the first five data points of vesicles containing synaptophysin in Figure 

4.47 a originate from a single introductory experiment in an unbuffered glucose solution and 

the latter four points from measurements in buffered solutions. The mean value of the 

measurements of GUVs containing synaptophysin in the buffered solution lies below the 

mean ± SD interval of the measurements in the unbuffered solution (see Figure 4.48). 

However, one vesicle which loses volume during aspiration (see section 4.2.6) corresponds 

to the lowest value of Kapp in Figure 4.47 a. When neglecting that vesicle, the mean value of 

the measurements performed in buffered glucose solution lies within the mean ± SD interval 

of the measurements in unbuffered solution. The mean value of the measurements 

performed in unbuffered glucose solution still exceeds the mean ± SD interval of the 

measurements performed in unbuffered solution. Moreover, the two values of control 

vesicles which were obtained from measurements in a buffered solution are also smaller 

than the ones from measurements in an unbuffered solution (see Figure 4.48). The former lie 

within the mean ± SD interval of the vesicles containing synaptophysin even when the value 

of the vesicle which loses volume (see section 4.2.6) is included.  

Note that all measurements performed in unbuffered solutions stem from a single preparation 

and were measured on a single day.  

 

 
Figure 4.48: Apparent area compressibility modulus of GUVs containing 
synaptophysin or synaptobrevin and of control vesicles without proteins with 
regard to the solution used for the aspiration experiment. The mean values of control 
vesicles are shown by the blue coloured bars, that of vesicles containing synaptophysin 
(Syp) by the red ones and that of vesicles containing synaptobrevin (Syb) by the cyan 
coloured bar. Further abbreviations on the abscissa are: ub: unbuffered solution, b: 
buffered solution, cv: constant volume. The error bars correspond to the standard 
deviations. Grey circles show values of individual GUVs. The experiments were mostly 
performed by Theresa Hune. 
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Furthermore, the pH of the unbuffered glucose solution only deviated up to ∆pH = 0.4 from 

the pH of the buffered solution and the pH of the GUV dispersion was not more than ∆pH = 1 

smaller than that of the glucose solution. When comparing the data of Figure 4.48 the poor 

statistics have to be considered. For these reasons values measured in unbuffered and 

values measured in buffered solution were merged for the main results in Figure 4.47 (see 

also discussion in section 5.2.2). 

 

 

4.2.6 Time courses of the volume 

In order to investigate whether the vesicles used for the determination of the mechanical 

moduli lost volume during aspiration, the time courses of an arbitrarily chosen subset of 

vesicle’s volumes are regarded. From the plots shown in Figure 4.49, furthermore, 

constituents of the GUVs which might drive the loss of volume can be suggested.  

The vesicles used for the determination of mechanical moduli generally show a constant 

volume (Figure 4.49 a and b), only a single GUV containing synaptophysin exhibits a steep 

decrease of the volume. This vesicle results in the lowest value of the apparent area 

compressibility modulus which is shown in Figure 4.47 a, as already noted above. This 

indicates that the data plotted in Figure 4.47 is reliable. If vesicles are included which were 

previously excluded due to continuous aspiration during plateaus of constant pressure 

(Figure 4.49 c and d) it can be found that only GUVs which lose a significant amount of 

volume during aspiration lead to the determination of values of the apparent area 

compressibility modulus below 10 mN∙m–1
 (Figure 4.49 d). Not for a single measurement 

which resulted in an apparent area compressibility modulus larger than 10 mN∙m–1
 (Figure 

4.49 c) a significant loss of volume can be found. 
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Figure 4.49: Time courses of vesicle’s volumes during aspiration experiments 
capable of determining mechanical moduli. In a the volumes corresponding to data 
used for the determination of mechanical moduli, which are shown in Figure 4.47, are 
plotted against time. b shows a magnification of the data plotted in a at low times. In c 
and d data of measurements which were discarded because of fast aspiration during 
plateaus of constant pressure are included as well. c shows volume data of 
measurements with values of Kapp which were calculated to be larger than 10 mN∙m–1, d 
shows a corresponding plot for values smaller than 10 mN∙m–1. Blue coloured curves 
show data of control vesicles, red coloured curves show data of vesicles containing 
synaptophysin and cyan coloured curves data of vesicles containing synaptobrevin. The 
experiments were mostly performed by Theresa Hune. 

 

As already observed in section 4.2.4.1, vesicles which lose a large amount of their initial 

volume show a combination of a continuous decline of the volume and spontaneous events 

caused by fission. Regarding the different samples, pure lipid vesicles without proteins in 

their membranes do not show a pronounced reduction of the volume during aspiration. 

Various vesicles containing synaptophysin lose volume during aspiration. In numbers, among 

all vesicles whose volume course is plotted in Figure 4.49 c and d 18 of 38 GUVs containing 

synaptophysin (47 %), two of twelve GUVs containing synaptobrevin (17 %) and none of the 

control vesicles lose permanently volume below Vnorm = 0.975 (see Figure 4.50).  
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Figure 4.50: Fraction of vesicles which permanently lose volume below 97.5 % of 
its initial value. The number of vesicles losing considerable volume in experiments with 
intentional increase of the aspiration pressure are shown by magenta coloured bars, the 
number of vesicles not losing considerable volume by green coloured bars for control 
vesicles (control), for vesicles containing synaptophysin (Syp) and vesicles containing 
synaptobrevin (Syb). The experiments were mostly performed by Theresa Hune. 

 

 

4.2.7 Maximum apparent area strain and maximum membrane tension 

The results presented in section 4.2.5 do not provide significant evidence for the hypothesis 

that a reduction of the area compressibility modulus caused by synaptophysin enables a 

larger dilation of lipid membranes. However, even with an unchanged area compressibility 

modulus the maximum possible membrane dilation might be increased in membranes 

containing synaptophysin provided they withstand larger membrane tensions. To test this 

hypothesis, the maximum apparent area strains and the maximum membrane tensions were 

extracted from the experimental data described in section 4.2.5. These values were 

extracted from the last pressure plateau measured during aspiration. It has to be recognised 

that these values only provide a lower estimate, since some vesicles were completely 

aspired instead of being ruptured. A distinction between complete aspiration and rupture was 

for most vesicles not possible because at a frame rate of 0.5 Hz the majority of these events 

were not recorded by fluorescence images. However, the existence of both mechanisms 

could be shown exemplary for a subset of all measurements (see Supplementary Figure 10 

for images of rupturing and completely aspired vesicles). Whenever a fission event was the 

cause for the decline of the measured tube length the corresponding measurement was 

discarded for the determination of the maximum membrane tension and the maximum 

apparent area strain. Among the data remaining after the last step of data exclusion for the 

determination of the mechanical moduli this accounts for one measurement of control and 
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vesicles containing synaptophysin, each. The obtained values of the maximum apparent 

area strains and the maximum membrane tensions for vesicles containing synaptophysin or 

synaptobrevin and for control vesicles are plotted in Figure 4.51. 

 

 
Figure 4.51: Maximum apparent area strains and maximum membrane tensions of 
GUVs containing synaptophysin or synaptobrevin and of control vesicles without 
proteins. The diagram in a shows the maximum apparent area strains and the one in b 
the maximum membrane tensions. By the blue coloured bars the respective quantity of 
control vesicles (control) is shown, by the red that of vesicles containing synaptophysin 
(Syp) and by the cyan coloured bars that of vesicles containing synaptobrevin (Syb). The 
height of the bars indicate the mean value and the error bars correspond to the standard 
deviations. Grey circles show values of individual GUVs. The experiments were mostly 
performed by Theresa Hune. 

 

Table 4.7 lists the mean values and the standard deviations of the maximum apparent area 

strains and maximum membrane tensions plotted in Figure 4.51. 

 

Table 4.7: Maximum apparent area strains and maximum membrane tensions of 
control vesicles, vesicles with synaptophysin and vesicles with synaptobrevin 
(mean ± SD). 

sample (protein) αapp,max τmax / mN∙m−1 

control 0.044 ± 0.027 2.6 ± 1.9 

synaptophysin 0.056 ± 0.036 1.5 ± 1.7 

synaptobrevin 0.048 ± 0.016 2.4 ± 2.6 

 

The mean maximum apparent area strain of GUVs containing synaptophysin is slightly 

increased compared to control vesicles, however, this difference is not significant when 

regarding the standard deviations and the mean value of GUVs containing synaptobrevin is 

even closer to that of control vesicles. Regarding the maximum membrane tensions there is 
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no significant difference between the three samples, either. The maximum membrane 

tension of GUVs containing synaptophysin is on the same level as for the control and for 

GUVs containing synaptobrevin. There is no significant change of the maximum apparent 

area strain evident from Figure 4.51 which does therefore not support the hypothesis that 

synaptophysin facilitates membrane dilation. However, when regarding these values the low 

statistics have to be kept in mind. 

Finally, in Figure 4.52 the values of the maximum apparent area strain are plotted again in 

the same way as done in Figure 4.48 for the apparent area compressibility modulus, i.e. the 

values of αapp,max are not only differentiated by the protein inside the GUV membrane but also 

with regard to the fact if the solution which was used for the measurement was buffered or 

not. 

 

 
Figure 4.52: Maximum apparent area strain of GUVs containing synaptophysin or 
synaptobrevin and of control vesicles without proteins with regard to the solution 
used for the aspiration experiment. The mean values of control vesicles are shown by 
the blue coloured bars, that of vesicles containing synaptophysin (Syp) by the red ones 
and that of vesicles containing synaptobrevin (Syb) by the cyan coloured bar. Further 
abbreviations on the abscissa are: ub: unbuffered solution, b: buffered solution, cv: 
constant volume. The error bars correspond to the standard deviations. Grey circles show 
values of individual GUVs. Note that for buffered control vesicles only one value exists, 
therefore the height of the bar corresponds to this value and no error can be assigned. 
The experiments were mostly performed by Theresa Hune. 

 

When measured in a buffered solution, the vesicles containing synaptophysin exhibit a 

significantly larger maximum apparent area strain as compared with those measured in an 

unbuffered solution. However, the single value for control vesicles measured in the buffered 

solution almost perfectly matches the mean value of buffered GUVs containing 

synaptophysin. 

No clear conclusion can be drawn from this plot due to the low amount of data points for 

each category: The discrepancy between buffered vesicles containing synaptophysin and 
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unbuffered vesicles which contain synaptophysin or which do not may indicate an influence 

of the protein but the single value for buffered control vesicles may point to an influence of 

buffering rather than of the protein. 
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5 Discussion 

5.1 Heterogeneity and Clustering in PC12 Membrane Sheets 

5.1.1 PC12 cell membrane sheets show inhomogeneous organisation 

An objective of the present thesis was to investigate the heterogeneous organisation of 

proteins on membrane sheets derived from PC12 cells. Membrane sheets were chosen to 

render the inner leaflet of the plasma membrane accessible. By FD-AFM imaging the 

presence of distinct globular structures on the surface of PC12 cell membrane sheets was 

uncovered (Figure 4.31). Upon protein digestion by proteases these structures were 

drastically diminished in size (Figure 4.32). This finding confirms a proteinaceous nature of 

these structures and possibly they are protein assemblies themselves.  

Jahn and coworkers observed similar structures on PC12 membrane sheets by intermittent 

contact mode AFM.[153] A positive staining for secretory vesicles and their partial 

disappearance upon induction of fusion let them conclude that these structures represent 

docked vesicles. Since physiological docking of vesicles depends on proteins[5] a 

removement of vesicles upon protein digestion is reasonable. In that sense the results 

obtained in the present study are in agreement with the results of Jahn and coworkers. 

However, as a part of the structure was still present after stimulation of exocytosis in Jahn’s 

study it might be possible that additional objects are present on PC12 membrane sheets. 

This is supported by the observation that not all structures found in the AFM height image 

are also visible by the fluorescent membrane staining (Figure 4.3).  

Regarding the apparent size of a few hundreds of nanometres they might correspond to the 

general protein assemblies observed by Rizzoli and coworkers by STED imaging of stained 

proteins in membrane sheets derived from PC12 cells.[81] A broadening of the sizes of the 

structures by convolving the topography of the actually present structure with the geometry of 

the tip has only a minor influence on the observed lateral size since the tip radius of about 

20 nm is considerably smaller. However, Rizzoli and coworkers reported an accumulation of 
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syntaxin-1 near the edge of the protein assemblies whereas in Figure 4.34 of the present 

study no correlation between the elevated structures in the AFM height images and the 

binarised fluorescence images of the syntaxin-1 label obtained by STED microscopy could 

be found. This finding contradicts the hypothesis that the structures observed by AFM are 

identical to those described by Rizzoli and coworkers. Furthermore, the height of some of the 

observed structures of more than 200 nm is not likely to represent a protein assembly.  

Burgert et al. described that STORM imaging on three dimensional structures can lead to the 

detection of physically not present clusters.[83] If a protein imaged by STORM or PALM 

follows the elevations of the structures on PC12 cell membrane sheets observed in this 

thesis, it might give rise to the detection of false clusters as well. 

MR-AFM experiments on PC12 cell membrane sheets yielded tiny clusters or at least larger 

heterogenic accumulations of clustered events even in control measurements which are not 

supposed to identify clusters of syntaxin-1 specifically. These measurements comprise those 

performed with free nanobodies in solution to compete for the epitopes of syntaxin-1 

(section 4.1.6.1), force maps recorded with nanobodies against mCherry coupled to the 

cantilever (section 4.1.6.2) and MR-AFM experiments on syntaxin-1 knockdown membrane 

sheets (section 4.1.6.3 and Figure 4.25 c and d in section 4.1.7). For the knockdown sheets 

a significant decrease of the amount of syntaxin-1 was verified, which probably affects all 

cells (Figure 4.19). The recorded events most probably stem from unspecific interactions 

(see section 5.1.2). Therefore, these experiments reveal the presence of heterogeneously 

organised structures which cause unspecific interactions with the AFM cantilever.  

In summary, the experiments recapitulated in this section show that there is a heterogeneous 

organisation present on membrane sheets derived from PC12 cells, which are partially 

revealed to be proteins or other protein dependent structures.  

 

 

5.1.2 No evidence is found for the specific detection of clusters of syntaxin-1 

In numerous force maps recorded in MR-AFM experiments clusters were identified. This 

holds for measurements with conventional IgG antibodies raised against syntaxin-1 coupled 

to the cantilever (Figure 4.8) and with coupled nanobodies against syntaxin-1 (section 4.1.5.2 

and Figure 4.15 therein and section 4.1.7). When free IgG antibodies against syntaxin-1 

were added to the measuring buffer a significant decrease in the frequency of events was 

observed as compared with a measurement on exactly the same membrane sheet before the 
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addition. This is the strongest evidence obtained that specific interactions might have been 

detected. However, still many events were present after the addition of the antibody. Such a 

finding is reasonable, especially at long dwell times since the local concentration of the 

nanobody on the cantilever is high and a substitution of the free antibody is favoured 

entropically. An even more pronounced non-effectiveness of the competition of antibodies 

when measured by conventional force mapping was described by Creasey et al. when they 

performed MR-AFM experiments on human lenses.[101] To solve this problem they suggested 

to use TREC mode imaging instead.  

For antibody-antigen interactions most probable rupture forces of about 40-60 pN are 

reported.[28,99,101] In MR-AFM measurements from 15 maps of the present thesis recorded 

with anti-Syx-NBs coupled to gold coated cantilevers (Figure 4.14) this value is about 30 pN. 

For experiments with anti-Syx-NBs coupled to cantilevers which were maleimide 

functionalised by the manufacturer the most probable maximum interaction force is about 

65 pN, irrespective of the type of membrane sheet used for the measurement 

(Supplementary Figure 5). The latter measurements were performed with a five times 

increased retraction speed, which might explain the larger forces. When compared with the 

values reported in literature, it has to be kept in mind that the cantilever retraction speed 

influences the unbinding force. Unfortunately, except for the study of Creasey et al.[101] who 

recorded their force curves with 400 nm∙s−1, no cantilever retraction speeds or loading rates 

are reported in the cited literature. Under these circumstances, the most probable forces 

observed might be compatible with the detection of specific interactions. However, when 

regarding the direct comparison between measurements on wild type and knockdown 

membrane sheets (Figure 4.24) the similarity in the force distributions does not point to a 

detection of specific interactions in the case of wild type sheets.  

The median rupture distance obtained from MR-AFM measurements on PC12-WT-2 

membrane sheets with cantilevers which were maleimated by the manufacturer (33 nm) is 

much closer to the contour length of the used PEG spacer (M = 3.4 kg∙mol–1) of almost 

30 nm[30] than the median rupture distance observed on knockdown membrane sheets 

(83 nm) (Figure 4.26). As to be expected, the same tendency is observed for the contour 

lengths (Table 4.4) even if the absolute numbers are almost one order of magnitude larger 

than expected. A slightly longer rupture distance than the contour length of the PEG chain is 

reasonable since the size of the nanobody and that of the target protein contribute as well. 

The shorter rupture distances detected on wild type membrane sheets may indicate that the 

structures which induced the unspecific events depend on syntaxin-1. Alternatively, it might 

be explained by specific interactions with the PC12-WT-2 membrane sheets whereas for 

PC12-Syx-KD sheets, where presumably no specific interactions can occur, unspecific 
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interactions with filamentous or other elongated structures take place instead (see 

section 5.1.3), therefore giving rise to a larger rupture distance. However, such an effective 

competition for unspecific events is unlikely and can almost be excluded by other findings 

obtained in the present study (vide infra). Furthermore, this tendency is not observed when 

cantilevers which were just aminated by the manufacturer were used instead (Table 4.2). 

This might, however, be explained by a non-successful reaction between the aminated 

surface and the N-hydroxysuccinimide in the latter case. Alternatively, the genetic 

interference of the knockdown might have resulted in looser and more elongated structures 

which cause the unspecific events. Especially due to the loss of syntaxin-1, which can bind 

other proteins[73] and tether vesicles[5], a degeneration of the structures on the inner leaflet 

which leads to a looser organisation of the entire structure is reasonable. This hypothesis 

could be probed by performing MR-AFM measurements on membrane sheets derived from 

control PC12 cells which have been transfected with an empty vector corresponding to the 

one used for the knockdown but which does not induce a knockdown. Additionally, MR-AFM 

experiments with nanobodies raised against mCherry might also be performed on 

PC12-WT-2 and PC12-Syx-KD membrane sheets.  

It has to be noted that the concentration of nanobodies used for the competition experiments 

was almost two orders of magnitudes smaller than suggested by Hinterdorfer.[154] However, 

in their first study Hinterdorfer et al. described a successful competition by using a 

concentration of antibodies which was only a factor of 1.5 larger than the concentration of 

nanobodies used for one competition experiment in the present study.[93] When in an initial 

experiment nanobodies, which had not been subject to treatment with TCEP, were added to 

the measuring buffer in a final concentration of 1 µM a large frequency of events with multiple 

peaks in the force curves was observed. Thus, the concentration was decreased and TCEP 

treated nanobodies were used for further experiments. Furthermore, this indicates that added 

nanobodies might be capable of inducing further interactions between the cantilever and the 

substrate on their own, as described in section 4.1.6.1. 

A further source of cluster detection, even when only to a small extent, might be caused by 

the choice of the threshold value in the Ripley analysis: Due to the adaption of a threshold 

value of the mean plus three standard deviations of the Lj(r)–r values from 100 homogeneous 

random distributions even for a homogeneous distribution of events six pixels with Lj(r)–r 

values above the threshold are expected to be detected in a 64×64 grid.  

It cannot completely be excluded that a cluster of remaining syntaxin-1 molecules in 

PC12-Syx-KD membrane sheets was detected, e.g. in Figure 4.25 d, since a minor amount 

of syntaxin-1 was still detected in PC12-Syx-KD sheets. However, the supposed distribution 

of syntaxin-1 in PC12 membrane sheets measured by super resolution microscopic methods 
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such as STED (see Figure 4.4) or direct STORM[90] revealed zones in membrane sheets 

depleted of syntaxin-1. Thus, there are also in membrane sheets derived from wild type cells 

regions with a sparse number of syntaxin-1 which might be comparable to that of knockdown 

cells. It is reasonable that some measurements on wild type membrane sheets were 

performed in such a region. This renders the above mentioned effect very unlikely. 

Furthermore, the frequency of events is not reduced in PC12-Syx-KD membrane sheets, in 

contrast to the expectation. 

Strong evidence against the concerns that clusters detected by control experiments with 

antibody or nanobody competition or knockdown cells might be caused by remaining specific 

interactions can be gained from experiments performed with nanobodies raised against 

mCherry coupled to the cantilever. Here, in two independent experiments not only interaction 

events were observed but also identified to be segregated in clusters. 

For most experiments it was attempted to compare frequencies of events between control 

measurements and those suggested to provide specific interactions. First, it has to be noted 

that for a few force curves the presence of an interaction event could not be evaluated and 

therefore the overall amount of events is slightly underestimated, because no event was 

assigned to the corresponding location. In most cases the determined frequencies were not 

significantly different or resulted only in slight differences and sometimes even indicated a 

larger frequency of events on syntaxin-1 knockdown membrane sheets as shown in 

section 4.1.7. The main contributor to the variation of fe is probably the cantilever itself 

(Figure 4.23). This renders the obtained frequency of events kind of speculative, therefore 

direct comparisons can only be used for estimations, unless a larger number of membrane 

sheets or GUV-MPs and cantilevers were used for their determination. Nevertheless, the 

variations among different membrane sheets when using the same cantilever (Figure 4.23) 

indicate that membrane sheets of different quality are present which induces varying 

amounts of presumably unspecific events, which might be related to the structures residing 

on the membrane sheets. 

Finally, by the threshold analyses described in sections 4.1.8.2 and 4.1.8.3 no differences 

between maps of events obtained from PC12-WT-2 and PC12-Syx-KD cells could be 

identified, either. For the only map of wild type membrane sheets yielding a cluster which 

was not identified without the threshold a large force threshold of Flow = 468 pN or a large 

lower threshold of the contour length of Lc,low = 2.94 µm resulted in the maximum value of 

L(r)–r. Taking the expected maximum interaction force into account (vide supra) this value is 

unreasonably large. Thus, so far no additional clustering could be inferred in wild type 

membrane sheets which is not found in knockdown sheets similarly. However, the results of 

these analyses can only be regarded as preliminary, more intense analysis would be 
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necessary to certainly exclude a discrimination between membrane sheets derived from wild 

type and those from knockdown cells. Especially the large difference of the rupture distances 

between wild type and knockdown membrane sheets identified in Figure 4.26 b might be the 

most promising object of further analyses.  

Taken together, only sparse evidence for a detection of specific events is found which are 

almost exclusively negated by other findings. Thus, it cannot be stated on the organisation of 

syntaxin-1 in PC12 membrane sheets.  

 

 

5.1.3 Reasons for large ratio between unspecific and specific events remain 
uncertain 

As stated in section 5.1.2 it is unlikely that specific events make up a large amount of the 

events observed in MR-AFM experiments. Thus, in this section possible reasons for the 

frequent occurrence of unspecific and, if present at all, low amount of specific events are 

considered.  

Apart from the observation that the frequency of events is found to be smaller on the same 

membrane sheet after the addition of free IgG-antibodies in solution there is hardly any 

evidence for the detection of specific events when performing MR-AFM experiments with 

anti-Syx-ABs. By the non-regioselective binding of amine groups on IgG-antibodies the 

molecules might be bound in a way which does not promote interactions with the antigen, for 

example by tethering the antibody by its variable domains or by the antibody lying flat on the 

solid surface.[155] By changing to nanobodies which are coupled regioselectively to the 

cantilever by their C-terminal cysteine residue this problem should be excluded. Furthermore, 

immunostaining experiments (section 4.1.4) indicate that the antibody used for MR-AFM 

experiments might be less effective in recognising syntaxin-1 than another clone available, 

which might explain an insufficient detection of syntaxin-1 in MR-AFM force maps.  

However, even the utilisation of nanobodies did not result in a discrimination between 

specific and unspecific interactions.  

To exclude some expected reasons for a possible lack of specific interactions experimental 

precautions were taken. First, for almost all preparations a sufficient concentration of 

nanobodies was verified after size exclusion chromatography (section 4.1.5.1). Second, a 

hindrance of specific interactions by the fixation was tested and shown to be quite unlikely as 

for silicon nitride cantilevers with coupled anti-Syx-ABs the frequency of events was even 
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reduced in measurements on unfixed membrane sheets (section 4.1.3.2). Furthermore, this 

is also indicated by successful immunostaining experiments.  

As already discussed in section 5.1.2 many elevations were discovered on membrane sheets 

(Figure 4.31), which were identified before to be, at least in parts, secretory vesicles.[153] 

Obviously these vesicles which dock to syntaxin-1 might hinder the interaction between the 

nanobodies on the cantilever and the target protein sterically. Even if parts of the structures 

stem from protein aggregates it is reasonable that larger proteins also block specific 

interactions and the detection of clusters in a similar way. However, the combination of AFM 

and STED imaging shown in Figure 4.34 indicates that syntaxin-1 is also abundant in regions 

of the membrane sheet which are not occupied by large elevations. Therefore, one might 

argue that in some regions of the membrane sheet steric blocking of specific interactions 

should be a less dominant phenomenon.  

Not only plasma membrane proteins but also larger proteins on the secretory vesicles might 

be capable of inducing unspecific interactions on their own. Unspecific interactions of 

proteins and other biomolecules with cantilevers are well described in literature. For 

example, Oesterhelt et al. employed physisorption of bacteriorhodopsin on a silicon nitride 

cantilever to study the unfolding of the protein. In their experiments a dwell time of 1 s at a 

force of 1 nN resulted in a binding frequency of 15 % between the cantilever and the 

protein.[156] Dufrêne and coworkers observed a tremendously larger frequency of interactions 

of the cantilever with an extracellular matrix made up of polysaccharide intercellular adhesins 

compared with the cell surface of Staphylococcus aureus.[157] Moy and coworkers identified 

that upon interaction of a BSA-functionalised cantilever with a load force of 200 pN a dwell 

time of less than about 1-4 s is needed to keep the frequency of events below 17 % when 

interacting with a BSA-coated glass surface. When all other parameters were kept constant 

the dwell time could be increased to more than 10 s and to almost 50 s when the substrate 

was replaced by a PEG-coated glass and by an agarose bead, respectively.[158] These 

findings show that unspecific interactions are a quite common phenomenon in AFM 

measurements. When regarding the low probability of unspecific interactions on the agarose 

bead one can hypothesise a reason why so many unspecific interactions are observed in the 

present study: When taking the above mentioned results of Moy and coworkers into 

account,[158] the presence of glycolipids and glycoproteins on the outer leaflet of a cell 

membrane[33] may point to a larger risk of MR-AFM experiments being biased by unspecific 

interactions when measuring on the inner leaflet of a cell membrane as done in the present 

study. On the other hand, glycoproteins are also described to hinder specific interactions[154] 

or to induce adhesive interactions on their own.[157,159] Contamination of the cantilever by 

adsorption of molecules which might alter the interactions with the sample are described as 
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well.[160] By Creasey et al. it was noted that especially when employing standard force 

mapping one has to take care that only specific interactions are analysed.[101] This was 

implemented in the present thesis beginning with the manual check of every single force 

curve and exclusion of force curves that are very unlikely to represent specific interactions 

(see section 3.4.5). The most sophisticated approach was the fit of the force curves with a 

WLC model and the subsequently performed variation procedure of threshold values of the 

involved quantities in section 4.1.8.3. Interestingly, even structures remaining after protein 

digestion by proteases can induce strong unspecific interactions (Figure 4.33). This shows 

that unspecific interactions are a huge bias when performing MR-AFM experiments on 

membrane sheets. Notably, unspecific interactions were probably not caused by preceding 

interactions like breakthrough events or sliding away of vesicles visible in the approach force 

curve (section 4.1.8.1). 

The protein dependent structures discussed in section 5.1.1 probably influence interaction 

events. It was observed that the frequency of events on membrane sheets treated with 

proteases differs significantly from that on untreated membrane sheets (sections 4.1.6.4 and 

4.1.9.2). However, the distribution of maximum interaction forces is almost unchanged. It has 

already been noted in section 4.1.9.2 that this similarity points to the existence of the same 

kind of interactions in both cases. Since it is not expected that syntaxin-1 withstands this 

procedure, the finding mentioned before further supports the hypothesis that no or only very 

few specific interactions are detected in untreated membrane sheets. Notably, the rupture 

distance is significantly larger after protein digestion. It is unlikely that proteins are unfolded 

by proteases but the polypeptide chains withstand the treatment and thereby looser and 

unfolded filaments still interact with the cantilever in a similar way as before and thus causing 

the same maximum interaction force, but that due to the unfolded structure the rupture takes 

place at a larger distance. Instead, facilitation of lifting of the membrane in the altered 

membrane sheets might be a plausible explanation for the larger rupture distances. This is 

reasonable since the poly-L-lysine which tethers the membrane sheet to the glass cover slip 

should be affected by the protein digestion by the proteases as well and therefore the contact 

between the membrane sheet and the support should be weakened.  

Evidence was found that structures residing on the membrane and not the lipid membrane 

itself causes the observed events. Interactions with pure lipid membranes take place at 

smaller maximum interaction forces and smaller rupture distances (Figure 4.33). On 

GUV-MPs the latter are much more similar to the length of the PEG chain than on membrane 

patches, supporting the notion that proteins on membrane sheets cause interactions with the 

cantilever. However, interactions with lipids present in membrane sheets but not in the 

GUV-MPs might also cause the observed differences. On the other hand, especially the long 
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rupture distances in the case of membrane sheets and complex shapes of some force curves 

(arrowhead in Figure 4.13 a) are in agreement with unfolding of proteins by AFM described in 

literature.[156,161] The quite symmetric distribution of maximum interaction forces found for 

measurements on GUV-MPs points to a simple kind of interactions like van-der-Waals forces 

between macroscopic bodies but not to multiple parallel bonds. Measurements on GUV-MPs 

with anti-Syx-NB functionalised gold coated cantilevers show a larger frequency of events as 

compared with anti-Syx-AB functionalised silicon nitride cantilevers. This might be explained 

by the five times larger Hamaker constant of an interaction between two gold surfaces in 

water compared with two silicon nitride surfaces.[162,163] 

Unspecific interactions might also be induced by actin or other filaments present on the 

membrane sheets. The presence of actin on membrane sheets was revealed in several 

experiments (Figure 4.2 and Figure 4.31). Furthermore, the detection of quite heterogeneous 

structures in MR-AFM measurements on membrane sheets from knockdown cells might 

indicate adhesive interactions with filamentous structures (see elongated structures in Figure 

4.25 d). On the other hand, it has to be noted that the amount of erroneous height values in 

the FD-AFM image in Figure 4.31 is quite low in regions of abundant actin. This points to 

only few very strong interactions with actin since extraordinary strong adhesive interactions 

might lead to errors in FD-AFM images. Furthermore, the small persistence length 

determined (vide infra) does not point to an interaction with actin when taking its large 

persistence length of about 17 µm into account.[164] 

In Figure 4.22 cumulative probabilities from different experiments performed with varying 

cantilever functionalisation methods and experimental parameters are plotted. A varying 

mixture of aminoalkanethioles used for the functionalisation and different contact times can 

lead to varying numbers of parallel bonds. This has to be considered when comparing 

measurements performed with different conditions. The similarity of the distribution of the 

forces and the fact that most force curves only show a single peak do not point to the 

formation of different numbers of bonds or to multiple bonds at all. However, the observed 

tail towards large forces in the histograms points to the existence of multiple bonds for a 

subset of force curves. Next, in most experiments a large frequency of events was observed 

which renders the formation of multiple bonds very likely. Furthermore, the persistence 

lengths listed in Table 4.5 are significantly smaller than that of a PEG chain 

(Lp(PEG) = 0.38 nm).[150] Considering a parallel alignment of springs in equation (3.11), about 

20 parallel bonds would be necessary to reduce the apparent persistence length to the 

values determined from the fits. However, such a situation does not fit to the rather small 

interaction forces determined. Thus, the WLC model does probably not accurately describe 

the interactions observed in the MR-AFM experiments. This is further indicated by the large 
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number of force curves with a small coefficient of determination. The obtained values of the 

persistence length and of the contour length are probably further biased by the finite and 

constant slope of the force curves at larger D (see Figure 4.13), which might stem from an 

additional elastic element like the lifted membrane. 

Very likely experimental biases causing the lack of detection of syntaxin-1 in MR-AFM 

measurements on PC12 membrane sheets are illustrated schematically in Figure 5.1. 

 

 
Figure 5.1: Schematic illustration of possible reasons for the large ratio between 
unspecific and specific interactions. The nanobody (magenta) on the cantilever is 
sterically hindered from the interaction with its binding partner syntaxin-1 (green) in the 
membrane, by synaptic vesicles (blue), other proteins (red) and filaments (cyan). 
Furthermore, proteins (shown for the cyan filaments) can bind to the cantilever and 
induce unspecific interactions. Adhesive interactions between the vesicles and the 
cantilever are likely as well. The different elements are not to scale.  

 

A remaining concern is that the functionalisation of the cantilever might not have been intact 

or that the nanobodies do not bind their target any more when coupled to a surface, i.e. the 

tip. Varying frequencies of events among different cantilevers (Figure 4.23) do not 

necessarily point to more or less successful functionalisations of the cantilever but can also 

be caused by differences in the tip radius as a larger tip radius should lead to a larger 

probability of any kind of interaction. As already mentioned in section 4.1.7 a chemical 

characterisation on small surfaces such as AFM cantilevers and especially their curved tips 

is hard and often replaced by an indirect verification by observed interaction events and their 

successful competition.[27,28,101,110] For the sake of completeness it should be noted that for 

the present thesis in single experiments it was attempted to characterise functionalisations 

performed by the methods described in section 3.2.5 on oxidised silicon or gold coated 
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wafers (not described in previous chapters). By AFM imaging few tiny structures of a few 

nanometer in height and lateral size were found on an unfunctionalised gold coated wafer 

and on a wafer presumably functionalised with nanobodies. By a qualitative investigation the 

amount of these structures was not increased on the presumably functionalised wafer which 

might point to a non-successful functionalisation. However, since a discrimination between 

nanobodies and the structures on the unfunctionalised wafers might be difficult, this kind of 

experiment was not performed any longer. On the other hand, in an attempt to couple avidin 

to oxidised silicon wafers, measured contact angles increased or decreased with each step 

of functionalisation as it was to be expected. This might point to a successful 

functionalisation, but this measurement was not repeated and further experiments with avidin 

were not carried out. The amination of gold coated cantilevers by aminoalkanethioles was, in 

contrast to most reports, not performed in ethanol but in water. Due to less concerns about 

evaporation of the solvent, this method was adapted from Wirde et al. who revealed the 

coupling of cysteamine to gold surfaces in water to be as efficient as in ethanol.[165] 

Furthermore, in situ coupling of cysteine residues of a protein to gold coated cantilevers in 

aqueous buffer is also described.[166] Thus, in principle this reaction can be expected to be 

successful. Even if the first steps of cantilever functionalisation were not successful, they 

would be circumvented by the utilisation of cantilevers which had already been functionalised 

with a maleimide group by the manufacturer. However, since the experiments performed with 

those cantilevers did not lead to a detection of specific interactions either, the first steps of 

functionalisation were either not the cause of a lack of detection of specific events or there 

has to be another problem. Hinterdorfer and coworkers reported an average interaction force 

between a bare or a PEG-functionalised cantilever and a mica surface which was coated 

with chromatin of (118 ± 134) pN and (116 ± 63) pN,[28] respectively. For the corresponding 

antibody-antigen interaction they obtained an average force of (57 ± 20) pN.[28] In the 15 

maps recorded with anti-Syx-NB functionalised cantilevers and a retraction speed of 1 µm∙s–1 

in the present study the determined maximum interaction force is (179 ± 375) pN 

(mean ± SD). This points to a non-successful functionalisation of the cantilever, however, for 

an accurate evaluation a cumulative probability plot of the data described by Hinterdorfer and 

coworkers would be beneficial, since the median force observed in the present study 

matches the average reported by Hinterdorfer and coworkers for the antibody-antigen 

interaction quite well.  

Provided that the reaction between the maleimide and the nanobody is successful, a lack of 

specific interactions might still originate from non-functional nanobodies for example caused 

by denaturation of the nanobodies on the solid surface of the cantilever tip.  
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It has to be noted that some experiments suffer from few repetitions. Therefore, results of 

some kind of experiments can only be regarded as preliminary and more repetitions would 

be necessary to certainly state on the indications presented before. However, the vast 

amount of different indications obtained from varying kinds of experiments and approaches 

all pointing to the lack of specific and to abundant unspecific interactions together draw a 

clear picture. 

 

 

5.1.4 Outlook 

The lack of specific interactions and the huge amount of unspecific ones in MR-AFM 

measurements on membrane sheets derived from PC12 cells by different experimental 

approaches stress the need for changes in the experiment and for further characterisation of 

the functionalisation. Provided that the elevated structures on the membrane sheets cause 

these problems, a first investigation of membrane sheets derived from primary neurons 

(section 4.1.11) does not reveal this system to be a reasonable substitute since elevated 

structures are also present on these membrane sheets.  

To probe the functionalisation of the cantilever a verification of proteins present on the 

cantilever is probably feasible by secondary ion mass spectrometry.[167] This, however, does 

not provide insight into the functionality of the coupled nanobodies. To check the functionality 

a technique could be utilised which uses the cantilever directly as a mass sensor by 

employing the dependency of the eigenfrequency of the cantilever on the bound mass or the 

deflection of the cantilever by compressive stress induced by bound molecules.[168,169] But 

this approach needs a sophisticated experimental setup. An indirect verification of the 

functionalisation in a much simpler system by successfully performing MR-AFM 

measurements on an artificial supported lipid membrane with reconstituted syntaxin-1 might 

be a feasible approach as well. 

Even if the nanobodies were not functional in the present study and if in future 

functionalisations they are somehow bound in a way to the cantilever which provides 

functional nanobodies, most probably the large amount of unspecific interactions would still 

be a bias which would have to be circumvented. 

Therefore, to reduce the amount of unspecific interactions in the present system there are 

several possible approaches. First, docked secretory vesicles could be removed by inducing 

fusion as reported by Jahn and coworkers.[153] This might, however, block syntaxin-1 
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because if not disassembled it is engaged in the fusion complex afterwards.[5] Another 

possibility might be to remove the vesicles mechanically, e.g. by hydrodynamic forces of a 

stream of buffer or by applying lateral forces by AFM imaging. Alternatively, PC12-Syx-KD 

membrane sheets, which should not be capable of docking vesicles which otherwise might 

hinder interactions with the proteins of interest in the membrane, could be used to detect 

specific interactions with other proteins. The synaptic protein bassoon might be a feasible 

candidate because of its large size, because it is suggested to contribute to vesicle 

recruitment[48] and also described to be organised heterogeneously.[81] A mild treatment with 

detergents could remove the structures which, however, also bears the risk of denaturing the 

protein of interest and destroying the membrane. To reduce the number of unspecific 

interactions, functionalised agarose beads could be used as a probe similar to the 

suggestion by Moy and coworkers to utilise agarose beads in single molecule force 

measurements as substrates.[158] This will, however, reduce the lateral accuracy of the 

localisation of events. Provided that unspecific interactions are significantly less probable 

with a lipid membrane than with functionalised cantilevers used in the present thesis, 

cantilever tips could be coated with a lipid membrane as done by Pera et al..[170] Afterwards, 

nanobodies could be bound to functionalised lipids. This is probably the most promising 

approach. 
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5.2 Mechanics of GUVs Containing Synaptophysin 

5.2.1 Home-built micropipette aspiration device was successfully 
implemented and applied for the aspiration of GUVs 

For this project, a micropipette aspiration device was successfully implemented. The 

exemplary aspiration of a GUV presented in section 4.2.2 shows that the micropipette 

aspiration device constructed for the present thesis is capable of aspiring vesicles. By 

analysing the images recorded during the aspiration experiment and by using the 

simultaneously measured aspiration pressure, the software developed for this project yields 

parameters of the apparent and direct area compressibility moduli and of the bending 

modulus.  

A few GUVs composed of DOPC were aspired and the mechanical moduli were determined. 

The obtained mean apparent area compressibility modulus of the DOPC membrane 

(Kapp = (102 ± 33) mN∙m−1) is on the same order of magnitude but somewhat smaller than the 

ones obtained by other micropipette aspiration studies like reported by Lu et al. 

(Kapp = (174 ± 20) mN∙m−1)[140] and by Rawicz et al. (Kapp = (237 ± 16) mN∙m−1)[141]. However, 

the absolute difference between the values determined by Rawicz et at. and Lu et al. is 

almost identical to that between the values of Lu et al. and the one obtained in the present 

study. The resulting direct area compressibility modulus of the present study 

(Kdir = (122 ± 33) mN∙m−1) is also smaller than the literature values 

(Kdir = (210 ± 25) mN∙m−1[140] and Kdir = (265 ± 18) mN∙m−1[141]) determined by Lu et al. and 

Rawicz et al., respectively. Like the apparent area compressibility modulus, the bending 

modulus (κ = (4.5 ± 2.8)∙10−20 J) is also roughly half the values described in literature 

(κ = (9.1 ± 1.5)∙10−20 J and κ = (8.5 ± 1.0)∙10−20 J reported by Lu et al. and Rawicz et al., 

respectively).[140,141] Regarding the standard deviations, the discrepancies seem unlikely to 

be explained by statistic variations. The representative fits in Figure 4.39 show that the data 

points are fitted well by a linear function. Thus, the deviation of individual values at different 

aspiration pressures from the linear correlation is rather low. On the other hand, the errors of 

the individual tension values are large. This is predominantly caused by the large error of five 

pixels estimated for the radius of the pipette and the error propagation of equation (3.5). 

When changing the threshold for the detection such that smaller values of the radius of the 

pipette are detected, Kapp is even decreased. Changing the binarisation procedure such that 

larger radii of the pipette are detected is not appropriate when regarding the detected radius 

in Figure 3.20 b. However, if the contour of the projected vesicle is underestimated by not 
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setting the focal plane to the equatorial plane of the GUV, the radius of the pipette will be 

underestimated as well. Most micropipette aspiration studies use label free microscopy 

techniques instead of fluorescence microscopy.[32,137,140,141] This might give rise to a 

systematic error by the method used in the present study. A systematic error causing a 

constant factor of about one half for every single value of the tension could fully explain this 

discrepancy.  

 

 

5.2.2 No significant influence of synaptophysin on the mechanical moduli is 
found 

Next, the focus is set on possible contributions of synaptophysin on the behaviour of GUVs 

during aspiration. Micropipette aspiration experiments were carried out to test a possible 

influence of synaptophysin on the large membrane dilation observed in synaptic vesicles by 

Preobraschenski et al. during uptake of glutamate.[20] Such a behaviour was observed before 

by Budzinski et al. and was attributed to synaptic vesicle protein 2A.[19] To test whether 

synaptophysin can contribute to the observed increase in vesicle’s surface of more than 

100 %, which is not compatible with ordinary values of the maximum area strains,[21,22] the 

area compressibility modulus of lipid membranes containing synaptophysin was examined by 

micropipette aspiration. A smaller area compressibility modulus should lead to a larger 

possible area strain at unchanged rupture membrane tension.  

Bassereau and coworkers developed a theory which describes a reduced bending modulus 

of membranes containing curvature inducing proteins.[171] When considering the 

proportionality between the bending and the apparent area compressibility modulus[141] and 

the possible curvature inducing effect of synaptophysin,[18,115] a reduction of the area 

compressibility modulus caused by synaptophysin seems to be plausible. However, the 

determined apparent area compressibility moduli are not significantly different between 

vesicles containing synaptophysin and those containing synaptobrevin or protein free control 

vesicles (Figure 4.47). The mean bending moduli are even more similar to each other. These 

slight decreases of the mean values of the bending moduli correspond to a factor of 0.8 and 

0.9 for synaptophysin and synaptobrevin, respectively. Bassereau and coworkers found 

corresponding factors of 0.8[171] and 0.9[46] in micropipette aspiration experiments with GUVs 

containing the sarcoplasmic reticulum Ca2+-ATPase in the absence of ATP. In the presence 

of ATP that ratio was found to be even smaller.[171] Along the same lines, Evans and 

Needham described a substantial decrease of the area compressibility modulus when 
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reconstituting artificial transmembrane peptides into GUVs as revealed by micropipette 

aspiration experiments.[172] Therefore, it cannot be excluded that the slightly lower mean 

values of the bending and area compressibility moduli of GUVs containing proteins observed 

in the present study, which are not significant based on the comparison of the standard 

deviations, are caused by a general protein effect. Regarding the maximum apparent area 

strains and maximum membrane tensions (section 4.2.7) significant differences cannot be 

found either. When comparing only measurements performed in buffered solutions the 

difference in the apparent area compressibility modulus between GUVs containing 

synaptophysin and control vesicles is more pronounced (Figure 4.48). A similar influence on 

the maximum apparent area strain cannot be found (Figure 4.52). However, the low amount 

of data points for each category renders any conclusion drawn from these results quite 

speculative. Thus, it seemed reasonable to merge data of measurements carried out in 

buffered and those carried out in unbuffered solution for the main results (Figure 4.47 and 

Figure 4.51). It should be noted that only a single experiment was performed in an 

unbuffered solution but most measurements which were not discarded stem from that 

experiment. This might point to a negative influence of the buffer on the quality of the 

measurement, since in the buffered solution more measurements had to be discarded. 

Furthermore, an influence of the buffer even on protein free control vesicles cannot be 

excluded when regarding the respective values of the apparent area compressibility modulus 

(Figure 4.48) and the maximum apparent area strain (Figure 4.52). Taken together, these 

findings do not support the above hypothesis.  

Nevertheless, these results should not be interpreted as evidence against the hypothesis for 

several reasons. First, a lower mean value of the apparent area compressibility modulus of 

GUVs containing synaptophysin might indicate a tendency of an effect necessary for 

supporting the hypothesis. The mean value for vesicles containing synaptophysin is even 

lower than the one of vesicles containing synaptobrevin, which were investigated to exclude 

a general effect caused by transmembrane proteins. Note that except for the value of one 

vesicle containing synaptophysin which lost volume during aspiration the remaining values of 

Kapp should be accurate since the vesicles were proved to maintain their volume (Figure 

4.49). Second, the amount of synaptophysin reconstituted into GUVs might be smaller than 

present in synaptic vesicles. Third, the number of vesicles which provided reliable data for 

the determination of the mechanical moduli is quite low (nine vesicles for synaptophysin for 

the controls even lower). Regarding the large fluctuation of the individual values a larger 

number of data points would be necessary to draw a clear conclusion. Fourth, the results 

obtained by AFM (section 4.2.1) show the same, but also not significant, tendency. Fifth, the 

corrected direct area compressibility modulus, which should better be used for comparison, 
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is biased by even larger fluctuations and overcorrection for thermal undulations (see 

section 4.2.5) and is therefore not taken as reference in the present study. Finally, the model 

membrane in which 98 % of all lipid molecules are DOPC is a huge simplification of the 

complex lipid composition of synaptic vesicles.[111] This non-natural environment of the 

proteins might influence their functionality tremendously. Bassereau and coworkers reported 

that a ternary mixture of lipids has to be close to phase separation for lipid sorting caused by 

curvature to occur.[173] Therefore, when considering the above mentioned possible 

spontaneous curvature dependent effect of synaptophysin for the reduction of the area 

compressibility modulus the concern about the simplification of the lipid mixture of the 

membrane is reinforced. 

 

 

5.2.3 Reason for continuous aspiration of vesicles at constant set-pressure 
is a loss of volume 

In section 4.2.4 a continuous aspiration of GUVs at constant set-pressure was described. 

The increase in the aspired tube length is roughly linear with time as shown in Figure 4.43. 

Such a behaviour is described for micropipette aspiration of cells multiple times. For 

example, Guillou et al. attributed the continuous flow of T-lymphocytes into the micropipette 

at constant aspiration pressure accompanied with an increase in cell’s surface area to the 

unfolding of membrane reservoirs like microvilli and folds of the membrane.[174] If 

synaptophysin somehow provided excess area in an artificial membrane, this would be a 

plausible explanation for the continuous flow of the vesicles into the micropipette described in 

this thesis. However, a significant increase of the area dilation was not observed either by 

comparison of the maximum apparent area strain between GUVs containing synaptophysin 

and control vesicles (Figure 4.51), nor did the aspiration at constant set-pressure lead to a 

substantial expansion of the total surface of GUVs containing synaptophysin (Figure 4.45).  

Further reports attribute a continuous aspiration of cells without increase of their surface area 

to a liquid droplet-like behaviour.[151,152,175,176] Liquid droplets possess a constant surface 

tension. By rearranging equation (3.5) for ∆p  

 
P V

1 12p
R R

τ
 

∆ = − 
 

 (5.1) 

it becomes evident that as soon as the spherical cap inside the micropipette has formed 

(∆L = RP), a further increase of the aspiration pressure, which is accompanied by a decrease 
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of RV, without the possibility to increase the membrane tension leads to a mechanic 

imbalance.[152] Remarkably, in the present thesis the observed tube length as a function of 

time increases for the longest period of time linearly until, just before a fission event, it 

increases non-linearly (Figure 4.43). This might be caused by the beginning formation of the 

fission neck, nevertheless it resembles the shapes of corresponding plots for the aspiration 

of liquid-like cells obtained experimentally[176] and by finite element analyses[175]. As shown in 

Figure 4.44 a this gain in the tube length is not caused by the generally present slight 

increase of the suction pressure. However, for extendable lipid membranes like in GUVs 

which are described as elastic bodies,[32] the membrane dilation should render the membrane 

tension variable. On the other hand, if the vesicles reduce their volume while maintaining the 

surface area, they will gain excess area which can be aspired without the need to increase 

the tension. This will end up in a similar situation as for liquid droplet-like cells. Indeed some, 

especially two very fast aspired, vesicles maintain their tension during aspiration at constant 

set-pressure as shown in Figure 4.45 d. Nevertheless, some vesicles exhibit a modest 

increase in tension which might be attributed to the slight increase of the suction pressure. 

Pure kinetic or viscous effects are unlikely since no saturation of the aspired tube length was 

observed. A faster decrease of the volume for fast aspired vesicles is proved by Figure 

4.44 b and Figure 4.45 a. The vesicles do not only lose their volume by fission of vesicles but 

also continuously in between fission events. For pure lipid vesicles the volume is described 

to be maintained within 0.1 % of its initial value.[32] In the present study no detectable loss of 

volume of control vesicles without proteins in their membrane could be found either (Figure 

4.49). The further investigation of the time course of the normalised total surface area divided 

by the normalised volume for slower and faster aspired vesicles shows that the suggested 

provision of excess surface area is plausible (Figure 4.45 c).  

To summarise, the loss of volume observed while aspiring GUVs most probably causes a 

continuous aspiration of the vesicles which is probably attributed to excess surface area 

resulting from the loss of volume while keeping the membrane tension at low values. 

 

 

5.2.4 Synaptophysin possibly drives continuous loss of vesicle’s volume and 
vesicle fission 

The results discussed in section 5.2.2 have hardly shown any difference of the mechanical 

properties of GUVs containing synaptophysin and protein free GUVs or those containing 

synaptobrevin. Nevertheless, remarkable differences in the behaviour of GUVs containing 
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synaptophysin compared to the control samples were observed upon aspiration. First, the 

relative amount of vesicle fission was unexpectedly larger for vesicles containing 

synaptophysin (Figure 4.46). Furthermore, Figure 4.49 c and d indicate, that the loss of 

volume during aspiration, which was already discussed in section 5.2.3, is a feature of GUVs 

containing proteins. This is further quantified by numbers given in section 4.2.6 and Figure 

4.50. Among the measurements performed this effect was predominantly found for vesicles 

containing synaptophysin. This might point to another specifically synaptophysin driven 

phenomenon. 

Fission events, or also called fragmentation, during micropipette aspiration has been 

described before. Already in 1964, Rand described fragmentation of red blood cells and 

attributed it to insufficiently osmotically swollen cells which, therefore, possess a large 

amount of excess membrane area.[177] This is a reasonable explanation for GUVs containing 

synaptophysin which lose volume continuously already before and in between fission events 

as shown in Figure 4.45 a and Figure 4.49 b. The provision of excess area while keeping the 

membrane tension at low values was shown in Figure 4.45 c and d. Evans et al. explained 

this phenomenon by insufficient sealing between the aspired red blood cell and the pipette 

wall.[21] More importantly, Baumgart and coworkers observed fragmentation of phase 

separated vesicles when the suction pressure was applied to the liquid disordered phase.[178] 

Staining of GUVs containing synaptophysin from batches used for this thesis by fluorescent 

antibodies against synaptophysin (unpublished results of Preobraschenski and Jahn) 

indicate a heterogeneous, domain-like organisation of synaptophysin in the vesicle 

membrane. If present, aspiration of a synaptophysin rich domain could cause fragmentation 

of the vesicles similar to the description of Baumgart and coworkers.[178] However, the length 

of the transmembrane domains of synaptophysin of 18 amino acids[113] and a length of 

0.15 nm[33] per amino acid in an α-helix results in a length of the transmembrane domain of 

2.7 nm. This value perfectly matches the thickness of the hydrophobic core of a DOPC 

membrane.[141] Thus, a formation of synaptophysin domains by hydrophobic mismatch as 

observed for syntaxin-1[79] is not possible, at least at zero membrane dilation. Along the same 

lines, Emami et al. recently described spontaneous fission in phase separated GUVs of plant 

lipids without aspiration of the vesicles when subject to osmotic stress. These fission events 

occurred at the phase boundary.[179] Thus, in GUVs containing synaptophysin a possible 

domain boundary might nucleate fission events as well.  

A function of synaptophysin in endocytosis is, however, only attributed to an indirect role for 

example by binding to dynamin-1,[180] which is the actual compound enabling vesicle fission, 

or only for increasing the number of simultaneously endocytosed vesicles, but not 

contributing to the fission efficiency of individual vesicles.[18] Nevertheless, this observation of 
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fission events is in accordance with a decreased bending modulus which would facilitate the 

large curvature just before the completion of fission. The reduction of the bending modulus 

again would be an indicator of a possibly also facilitated membrane dilation. 

As noted before, besides losing membrane and volume via fission, GUVs containing 

synaptophysin also lose volume continuously. The larger frequency of fission events in 

vesicles containing synaptophysin as compared with those containing synaptobrevin points 

to an effect which is favoured by synaptophysin. This supports the hypothesis that 

synaptophysin molecules might form a channel which is permeable for water. As a suction 

pressure is applied, squeezing-out of water might be energetically favoured over aspiration 

as indicated by the aspiration experiments at constant set-pressure summarised in Figure 

4.45. Indeed, a multimeric structure of synaptophysin that resembles mechanosensitive 

protein channels was observed by electron microscopy.[113] Especially the formation of 

mechanosensitive channels could explain the loss of water from the lumen of the GUV when 

subject to an aspiration pressure. Furthermore, a voltage-dependent and cation-selective 

channel activity of synaptophysin reconstituted into artificial lipid membranes was 

observed.[181] A channel structure might, furthermore, give rise to a boundary between 

domains which could initiate vesicle fission. Moreover, an increase of the pore opening 

diameter might be a further explanation for a possibility for synaptic vesicles to increase their 

membrane area as accordingly suggested by Budzinski et al..[19] These hypotheses are 

illustrated in Figure 5.2. However, the fact that vesicles containing synaptobrevin also lose 

volume cannot be neglected.  

An influence of remaining detergent is unlikely for several reasons. First, there is no 

significant difference in the apparent area compressibility modulus found between GUVs 

prepared directly from a lipid film (Figure 4.40) and those prepared via detergent removal 

(Figure 4.47), which both consist mainly of DOPC. Second, GUVs which were prepared by 

detergent removal and do not contain proteins do not lose volume (Figure 4.49). Third, the 

number of vesicles discarded due to continuous aspiration at constant set-pressure is 

smaller for control vesicles without proteins (section 4.2.5). 
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Figure 5.2: Hypothetical contributions of synaptophysin to the observations in 
micropipette aspiration experiments and to membrane dilation. Synaptophysin might 
form channels segregating into domains which are enriched in the protein (left). Upon 
micropipette aspiration mechanosensitive channels might be opened leading to the efflux 
of water and fission might be induced at the domain boundaries (upper right). 
Furthermore, wide opening of the channels might contribute to a possible membrane 
dilation (lower right).  

 

Taken together, GUVs containing synaptophysin are more prone to fission and lose solvent 

from their interior which might be related to effects of synaptophysin. The formation of a 

channel, which has been described before, might possibly be the cause of this effect. 
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5.2.5 Outlook 

The results discussed in the previous sections suffer from low amounts of reliable data. 

Therefore, all conclusions can only serve to indicate tendencies. Especially the determination 

of the mechanical moduli is only preliminary and more data are necessary. Due to the low 

throughput of the method (see section 4.2.5) the utilisation of a complementary method could 

be beneficial. Indirect evidence for a reduced area compressibility modulus in GUVs 

containing synaptophysin could be drawn from a method reported by Steinem and 

coworkers, who inferred a reduction of the area compressibility modulus upon binding of a 

protein domain from the shape of numerous adhered GUVs simultaneously by spinning disc 

confocal microscopy.[182] For the production of the GUVs, the utilisation of a multi compound 

lipid mixture which mimics the composition of synaptic vesicles might have several 

advantages: First, the physiological function of synaptophysin might depend on its native 

environment, which would better be respected with such a mixture. Furthermore, if the loss of 

solvent from the GUVs containing synaptophysin was an artefact, the addition of cholesterol 

might lower the permeability of water as observed by Rawicz et al..[22] 

The remarkable finding that possibly GUVs containing synaptophysin are more prone to a 

reduction of volume by fission and by a continuous loss of solvent as compared with GUVs 

containing synaptobrevin should be further investigated. To this end, more experiments with 

constant set-pressure should be performed which also include the investigation of GUVs 

containing synaptobrevin and of control vesicles lacking proteins.  

Experiments to elucidate the mechanism of the fission events are desirable. Therefore, 

fluorescently labelled synaptophysin could be utilised. This could show if domains are formed 

and according to the hypothesis suggested in the previous section if fission is favoured when 

the GUVs are aspired at such a domain. Furthermore, provided that the loss of solvent from 

the lumen of the vesicles is indeed driven by synaptophysin, experiments to exclude a 

merely artificial effect could be performed. As a first step PC12 cells, which possess 

synaptophysin on their membranes,[81] could be aspired by micropipette aspiration and a 

specific effect could be tested by comparison with synaptophysin knockout PC12 cells. 
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6 Summary 

The objective of this thesis was to investigate the lateral organisation and possible functions 

of selected neuronal proteins in the plasma membrane and to infer how they contribute to the 

structure and the mechanics of the respective system. To this end, atomic force microscopy 

and especially molecular recognition atomic force microscopy imaging was utilised to obtain 

insights into the heterogeneous structure of membrane sheets derived from PC12 cells and 

the assumed arrangement of syntaxin-1 in clusters. Furthermore, it was an aim to establish a 

micropipette aspiration device and to develop the corresponding analysis software to finally 

infer possible functions of synaptophysin and to state on the hypothesised mechanical 

influence of synaptophysin on the mechanics of lipid membranes.  

By high resolution force distance based atomic force microscopy imaging details of the 

elevated structure of PC12 membrane sheets, which have already been described before, 

were visualised. Furthermore, the presence of actin on the membrane sheets was revealed 

by fluorescence staining and that structure was identified in AFM height images as well. 

Molecular recognition AFM imaging of syntaxin-1 was attempted by conventional IgG 

antibodies and by nanobodies coupled to the cantilever tip. Ripley’s K-function cluster 

analyses of the obtained spatial distributions of recognition events revealed the significant 

segregation of these events into clusters or large accumulations. However, tests by 

nanobody competition, measurements performed with nanobodies incapable of binding any 

target on the membrane sheets specifically and the utilisation of membrane sheets derived 

from syntaxin-1 knockdown PC12 cells have shown that the vast majority if not all of these 

events stem from unspecific interactions. These interactions were mainly attributed to the 

adsorption of proteins residing on the membrane sheets to the cantilevers. Evidence for that 

hypothesis was found from the lower frequency of events in measurements on membrane 

sheets which have been treated with proteases. However, a lack of bound or a missing 

functionality of bound antibodies or nanobodies cannot be excluded. In any case the 

structures present on the membrane sheets are likely to block specific interactions sterically. 

Nevertheless, these experiments revealed a heterogeneous arrangement of the elements 

which cause the unspecific interactions. 
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The aims to set-up a micropipette aspiration device and to develop software to infer 

mechanical moduli of aspired vesicles were fulfilled. For the investigated GUVs composed of 

DOPC the area compressibility moduli and the bending modulus are on the same order of 

magnitude as those found in literature but somewhat smaller. No significant difference 

between the area compressibility moduli, the bending moduli, the maximum apparent area 

strains and the maximum membrane tensions of GUVs containing synaptophysin and those 

containing synaptobrevin or no protein at all could be found. These results, however, suffer 

from a low amount of measurements which were suitable to determine the desired quantities 

accurately. A larger amount of data optionally measured with a complementary method 

would be beneficial. Therefore, the hypothesis that synaptophysin enables a larger possible 

area dilation could not be tested reliably.  

Two effects of GUVs containing synaptophysin were found. First, GUVs containing 

synaptophysin are more prone to fission when being aspired by a micropipette than those 

containing synaptobrevin or no protein. Second, many vesicles containing synaptophysin 

showed a considerable loss of volume which was attributed to squeezing-out of solvent from 

the vesicular lumen. This might point to the hypothesis that synaptophysin forms a multimeric 

channel, which has been described before. However, the corresponding loss of volume in 

GUVs containing synaptobrevin, even though to a smaller extent, stresses the necessity to 

perform a larger number of comparative measurements to finally state on the hypothesis of a 

synaptophysin induced loss of water and on the possible existence of a synaptophysin 

channel.  
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Appendices 

Supplementary Figures 

 
Supplementary Figure 1: Ripley analysis of a MR-AFM measurement with a 
retraction speed of 5 µm∙s–1 and with anti-Syx-NBs coupled to the cantilever with a 
3:1 mixture of cysteamine and AUT. a plots the L(r)−r values of the measured data (× 
and cyan line) and for homogeneous random data of the same number of events (○ and 
magenta line) as a function of r. In b the overlay of the Ripley density map and the 
corresponding clustered events (red) and all other events (black) is shown. For details 
see caption of Figure 3.18. 
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Supplementary Figure 2: Ripley cluster analyses of MR-AFM measurements before 
and after addition of free nanobodies in solution. In a and b the cluster analysis of a 
MR-AFM force map measured on a membrane sheet derived from a PC12-WT-1 cell 
before the addition of free nanobodies in solution is shown, in c and d the analysis of a 
subsequent measurement on the same membrane sheet under presence of 0.1 µM free 
nanobodies in solution. a and c plot the L(r)−r values of the measured data (× and cyan 
line) and for homogeneous random data of the same number of events (○ and magenta 
line) as a function of r. In b and d the overlay of the Ripley density maps and the 
corresponding clustered events (red) and all other events (black) are shown. For details 
see caption of Figure 3.18. 
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Supplementary Figure 3: Frequency of events as a function of the dwell time. 
MR-AFM experiments were performed with anti-Syx-NBs coupled to the cantilever on 
PC12-WT-1 cell membrane sheets without (a) and with (b) free nanobodies in solution 
(0.1 µM). Blue circles correspond to the first series of measurements with a successive 
increase of the dwell time, red circles correspond to the second series with a successive 
decrease. Both measurements stem from different membrane sheets from independent 
preparations. All data points of the same plot were measured at the same location of the 
membrane sheet in a 16×16 force map.  

 

 
Supplementary Figure 4: Ripley analysis of a MR-AFM measurement on a 
PC12-WT-1 membrane sheets with nanobodies raised against mCherry coupled 
with a 3:1 mixture of cysteamine and AUT to the cantilever. a plots the L(r)−r values 
of the measured data (× and cyan line) and for homogeneous random data of the same 
number of events (○ and magenta line) as a function of r. In b the overlay of the Ripley 
density map and the corresponding clustered events (red) and all other events (black) is 
shown. For details see caption of Figure 3.18. 

  



Appendices 

- XVI - 

 
Supplementary Figure 5: Force and distance histograms of MR-AFM measurements 
with anti-Syx-NBs coupled to a cantilever maleimated by the manufacturer on 
membrane sheets derived from wild type and syntaxin-1 knockdown PC12 cells. In 
a the force and in b the distance histograms are shown, which plot the relative frequency 
of force and distance values within a bin size, respectively. The magenta coloured 
histograms correspond to measurements performed on membrane sheets derived from 
PC12-WT-2 cells (N = 6958) and the blue coloured histograms correspond to 
measurements performed on membrane sheets derived from PC12-Syx-KD cells 
(N = 8960). In Figure 4.26 the corresponding cumulative probability plots are shown. The 
force histogram is cut at 300 pN (13.6 % of the values of the magenta coloured and 
18.5 % of the blue coloured histogram) and the distance histogram is cut at 0 nm (0.29 % 
of the values of the magenta coloured and 1.4 % of the blue coloured histogram) and at 
200 nm (6.9 % of the values of the magenta coloured and 15.8 % of the blue coloured 
histogram).  
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Supplementary Figure 6: Results of Ripley analyses of experiments performed with 
a cantilever which was maleimated by the manufacturer. In a and b examples for 
maps of events with two or three larger accumulations are shown. Both maps were 
recorded with exactly the same cantilever. In c and d two examples of maps with a 
gradient of the density of events are shown. The maps in a and c were recorded on 
membrane sheets derived from PC12-WT-2 cells and the ones in b and d on sheets 
derived from PC12-Syx-KD cells. All plots show the overlay of the Ripley density maps 
and the corresponding clustered events (red) and all other events (black). For details see 
caption of Figure 3.18. Force threshold analysis of the map in a yielded an additional 
cluster as shown in Supplementary Figure 7. 
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Supplementary Figure 7: Detection of a cluster when applying a lower force 
threshold of Flow = 468 pN. The map used for the analysis is the same as shown in 
Supplementary Figure 6 a. a plots the L(r)−r values of the measured data (× and cyan 
line) and for homogeneous random data of the same number of events (○ and magenta 
line) as a function of r. In b the overlay of the Ripley density map and the corresponding 
clustered events (red) and all other events (black) is shown. For details see caption of 
Figure 3.18. 

 

 

 
Supplementary Figure 8: Ripley cluster analyses of selected ranges of random 
numbers from a 64×64 array of uniformly distributed random numbers. The moving 
mean values of L(r)–r are plotted against r. The colour indicates the threshold, where the 
darkest colour corresponds to the lowest and the lightest colour to the largest threshold. a 
shows plots for which the lower threshold was varied, b shows plots of the same map for 
which the upper threshold was varied. Note that in a a larger threshold leads to a smaller 
number of events whereas in b a larger threshold leads to a larger number of events. The 
ordinates are cut at ±10 nm. 
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Supplementary Figure 9: Ripley cluster analyses of selected ranges of the contour 
length. Moving mean values of L(r)–r are plotted against r. The colour indicates the 
contour length threshold, where the darkest colour corresponds to the lowest and the 
lightest colour to the largest contour length threshold. a shows plots for which the lower 
contour length threshold was varied, b shows plots of the same map for which the upper 
threshold was varied. The corresponding map (the same as used for Figure 4.28 c and 
Supplementary Figure 7) was recorded on a membrane sheet derived from a PC12-WT-2 
cell. The lightest colour corresponds to a contour length threshold of 3.5 µm, the darkest 
colour corresponds to a threshold of 0 µm. 

 

     
 

     
Supplementary Figure 10: Fluorescence micrographs of vesicles which ruptured 
during aspiration or which were completely aspired. In a and b two vesicles which 
presumably ruptured during aspiration are shown. c depicts a vesicle which was 
completely aspired instead of being ruptured. In d and e another vesicle which was 
aspired completely is shown. The time difference between both images is 2 s. In the 
images recorded 2 s after the ones shown in a, b, c and e the respective vesicle is not 
visible any more. Scale bars: 10 µm. 
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