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Abstract 

While the role of Synaptotagmin-1 in living cells has been described in detail, it 
remains a challenge to dissect the contribution of membrane remodelling by its 
two cytoplasmic C2 domains (C2AB) to the Ca2+-secretion coupling mechanism. 
Here, we study membrane remodeling using pairs of optically-trapped beads 
coated with SNARE-free synthetic membranes. This activity is compared to that 
of Doc2b, which contains a conserved C2AB domain and induces membrane 
tethering and hemifusion in this cell-free model. We find that the soluble C2AB 
domain of Syt1 strongly affects the probability and strength of membrane-
membrane interactions in a strictly Ca2+- and protein-dependent manner. 
Single-membrane loading of Syt1 yielded the highest probability and force of 
membrane interactions, whereas in contrast, Doc2b was more effective after 
loading both membranes. A lipid-mixing assay with confocal imaging reveals 
that both Syt1 and Doc2b are able to induce hemifusion; however, significantly 
higher Syt1 concentrations are required. Consistently, both C2AB fragments 
cause a reduction in the membrane bending modulus, as measured by an AFM-
based method. This lowering of the energy required for membrane deformation 
likely contributes to Ca2+-induced fusion. In living systems, this activity may add 
to the previously characterized interactions with proteins of the secretory 
apparatus. Overall, our study sheds new light on the mechanism of Ca2+ induced 
fusion triggering, which is essential for a fundamental understanding of 
secretion of neurotransmitters and endocrine substances.  
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5.1 Introduction 

Ca2+ sensor proteins tightly control the secretion of neurotransmitters and 
endocrine substances. After the arrival of an action potential to the synaptic 
terminal, Ca2+ influx triggers the fast fusion of synaptic vesicles with the 
presynaptic plasma membrane. This process depends on SNAREs, Munc18-1, 
Munc13s, complexins and Ca2+ sensor proteins such as Synaptotagmin-1 (Syt1), 
among other proteins1. Syt1 contains a single transmembrane domain and two 
cytoplasmic C2 domains (together named C2AB). The C2A and C2B domains can 
bind three and two Ca2+ ions, respectively, accompanied by binding to 
phosphatidylserine in the membrane2. The C2AB domain also binds to 
phosphatidylinositol 4,5-bisphosphate and SNARE proteins3-6. Ca2+ binding is 
thought to be the direct trigger for vesicle fusion1,2,7. Other C2-domain-
containing proteins such as Doc2b, which contributes to spontaneous 
neurotransmitter release, similarly interact with membranes and SNARE 
proteins to trigger fusion8,9. 
Despite extensive research, the exact role of Syt1 in membrane fusion, and in 
particular, its membrane-bound configuration before and during fusion, remain 
uncertain. Several mechanisms have been suggested; the “clamping hypothesis” 
proposes that Syt1 (together with complexin) prevents fusion in the absence of 
Ca2+ signal10. Syt1 is also proposed to bring the vesicle and plasma membranes 
into close proximity upon Ca2+ binding, thus assisting fusion11,12. The C2AB 
domain of synaptotagmin-1 was demonstrated to directly bridge the membranes 
through simultaneous binding of the Ca2+-binding loops and other regions of the 
C2B domain – coined the ‘direct bridging mechanism’12,13. These other regions 
may involve conserved basic lysines14-16 (K326,327) and, although debated, two 
conserved arginines12,17 (R398 and R399). It was also demonstrated that upon Ca2+ 
binding, the Ca2+-binding loops not only associate with, but insert into the 
membrane18-20. This insertion penetrates one leaflet of the membrane to 
approximately the depth of lipid glycerol backbones7,21, thereby inducing local 
membrane curvature 22-24. Full membrane fusion is associated with complete 
SNARE complex assembly, leading to pore formation and release of the vesicle 
cargo, while Syt1 contributes also to pore expansion25-27. Two other studies led 
to another possible mechanism involving the interaction of protein oligomers 
bound on both membranes or so called ‘oligomerization mechanism’28,29, 
although such oligomerization may arise because of insufficient purification of 
the soluble synaptotagmin-1 fragment used13. Nevertheless, very recent work 
proposed a different mechanism according to which synaptotagmins form ring-
like oligomers that facilitate vesicle docking, while their disassembly, coupled to 
Ca2+ influx, triggers SNARE-driven fusion30-32. There is also evidence that Syt1-
SNARE interactions are critical for neurotransmitter release, although the 
relevant binding mode(s) are still under debate3-5. In summary, despite the 
wealth of information available, the mechanisms by which Syt1 and other Ca2+ 
sensor proteins facilitate membrane fusion remain unclear.  
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Here, we study membrane remodeling using pairs of optically-trapped beads 
coated with SNARE-free synthetic membranes. Through the in vitro observation 
of single membrane-membrane interactions we aim to unravel how direct C2AB-
phospholipid interactions contribute to initiation of membrane fusion. We 
reveal distinct differences in membrane interactions of two structurally similar 
calcium sensor proteins, providing us with a mechanistic understanding why 
Doc2b and Syt1 act differently. Moreover, the results support the idea that Syt1 
acts according to a direct bridging mechanism and Doc2b might have 
preference for protein-protein interactions. Overall, our study sheds new light 
on the mechanism of Ca2+ induced fusion triggering, which is essential for a 
fundamental understanding of secretion of neurotransmitters and endocrine 
substances. 
 

5.2 Results 

Membrane interactions induced by Syt1-C2AB are Ca2+- and protein-

concentration dependent. We probed single membrane-membrane 
interactions induced by Syt1-C2AB using a combination of optical tweezers and 
confocal fluorescence microscopy. Two microspheres (3.84µm in diameter) 
coated with single phospholipid bilayers (PC:PS:Chol, 50:20:30, unless otherwise 
specified) were brought into contact by an automated approach-and-separation 
method, as previously described33 (Fig. 5.1A). By monitoring the forces upon 
approach and retraction of the beads in the presence of proteins, we can: i) 
detect the presence of tethers from the change in force (see event 3 in Fig. 5.1A 
and force-time plot in Fig. 5.1B; ii) quantify the tether strength, which is the 
force at which the beads become disconnected upon membrane pulling (rupture 
force, Fig. 5.1B); iii) visualize, using confocal microscopy, single tethers in the 
presence of labelled proteins (Syt1-C2AB-mCherry, Fig. 5.1C top panel) or 
labelled phospholipids (1% Rhodamine-PE, Fig. 5.1C bottom panel).  
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Figure 5.1: Membrane interactions captured with optical tweezers and confocal fluorescence 
microscopy. (A) Schematic (not to scale) of the dual-beam optical trapping setup used to manipulate 
two polystyrene  microbeads (grey) coated with a phospholipid bilayer (blue) in the presence of 
proteins (green) and Ca2+ ions (yellow dots), panel 1. The liposomes are brought into contact for 5 s 
(panel 2) and moved away (panel 3) with a constant velocity, by an automated approach-and-
separation method. The force on the left fixed trap is measured. (B) Typical force-time plot showing 
8 consecutive interactions. The force is zero when the liposomes are apart (1). A positive force occurs 
during membrane contact (2) and a negative force occurs during bead separation (3), indicative of 
tether formation. The rupture force (indicated by grey arrow) is used to quantify the strength of 
each tether. (C) Confocal fluorescence images of membrane tethers visualized in the presence of 
labelled proteins (Syt1-C2AB-mCherry, top panel) or labelled phospholipids (1% Rhodamine-PE, 
bottom panel) on both beads. Scale bars: 1 µm. 
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Figure 5.2: Membrane interactions induced by Syt1-C2AB are Ca2+- and protein-concentration 
dependent. (A) Probability of membrane interactions with increasing Ca2+ concentration (in the 
absence of proteins or presence of 0.2 M Syt1 C2AB, grey and orange histogram, respectively). 
Number of approach and separation cycles (N) are indicated. At least ten bead pairs were measured 
for each sample, with ten cycles for each bead pair. Error bars are statistical error. (B) Median tether 
rupture forces at different Ca2+ concentrations, error bars are SD from bootstrapping. Inset: 
cumulative distribution functions (Norm. CDF) of the rupture forces (colour coded from yellow to 
red as the Ca2+ increases), from which the median forces are calculated. (C) Probability of membrane 
interactions with increasing Syt1-C2AB concentration (at fixed 0.5 mM CaCl2). Number of 
interactions (N) are indicated. Error bars are statistical error. (D) Median rupture forces with 
increasing Syt1-C2AB concentration. Error bars are SD from bootstrapping. Inset: normalized CDF 
of the rupture forces recorded (colour coded from light to dark green as the Syt1 concentration 

increases). In (B) and (D), the grey background gradient marks the maximum force region that can 
be determined with the optical trap at the set laser power (5 W) and beads size (Ø=3.84 m). Error 
bars in rupture forces plots are standard deviation of the bootstrapped median rupture force values. 
 
To use this approach for studying C2AB – membrane interactions, we first 
established that the observed membrane tethers were Syt1-C2AB–dependent 
(Fig. 5.2 and supplementary Fig. S5.1). By increasing the Ca2+ concentration in 
the presence of 0.2 µM Syt1-C2AB in solution, the probability of interactions 
increased from 40% at 100 µM Ca2+ to 83% at 500 µM Ca2+ (Fig. 5.2A). In the 
absence of protein, the probability of tether formation was lower than 3% at any 
of the Ca2+ concentrations tested (Fig. 5.2A). The normalized cumulative 
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distributions of the tether rupture forces (Fig. 5.2B, inset) and the median of 
these distributions (i.e. the forces at which half of the observed interactions 
break; Fig. 5.2B) reveal that the tether strength is approximately proportional to 
the Ca2+ concentration. Furthermore, the probability of interactions (Fig. 5.2C) 
and the median rupture forces (Fig 5.2D) at constant Ca2+ concentration (500 
M) increased as a function of the protein concentration. These results 
demonstrate that our method is suitable for detecting C2AB specific 
interactions. 
 

Optimal membrane bridging. To investigate how the above described 
membrane binding activity is supported by different protein-membrane binding 
modes we employed two experimental arrangements, called “symmetric” and 
“asymmetric”. In the asymmetric configuration, illustrated in Fig. 5.3A, upper 
panel, the proteins were bound only on one membrane-coated microsphere and 
brought into contact with a protein-free membrane on the other microsphere. 
In the symmetric case, proteins were bound to both membranes, as 
schematically shown in Fig. 5.3A (bottom panel) and visualized with fluorescence 
in Fig. 5.1C. The confocal imaging confirms that, in the asymmetric 
configuration, Syt1-C2AB-mCherry remained bound only to a single membrane-
coated microsphere, suggesting that protein redistribution by membrane 
dissociation and re-association was minimal over the time course of the 
experiment. Syt1-C2AB-mCherry was also present on a tether that extended 
from the protein-coated bead (fluorescence image Fig. 5.3A, middle panel, and 
supplementary Fig. S5.2A). This tether configuration, i.e. extension from one of 
the beads, was observed also in symmetric protein configurations with a single 
phospholipid-labeled bead (supplementary Fig. S5.2). We note that all force 
measurements presented in this manuscript were obtained with unlabeled 
proteins, while mCherry Syt-1 was only used for imaging. As shown in Fig. 5.3B, 
Syt1-C2AB was more effective in the asymmetric configuration, resulting in a 
more than 2-fold higher probability of interactions and 3-fold stronger tethers 
(Fig. 5.3B). This behavior was consistent at different Syt1 concentrations, as 
shown in supplementary Fig. S5.1, which also demonstrates that the protein was 
not saturated under these conditions. Our liposome aggregation assay provides 
further evidence that the protein concentrations used throughout the optical 
tweezers experiments are below the saturation limit, as shown in supplementary 
Fig. S5.3. Performing the same experiments with Doc2b revealed the opposite 
behavior: the probability of interactions and rupture forces were strongly 
enhanced in the symmetric configuration (Fig. 5.3C).  Statistical significance of 
the results was determined by a two sample Kolmogorov–Smirnov test. This is a 
two-tailed nonparametric test that quantifies the distance between the 
empirical distributions of two data sets, where the null hypothesis states that 
the two samples are drawn from the same distribution. Rupture forces in 
symmetrical vs asymmetrical configurations were found to be significantly 
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different for both Syt-1 and Doc2b with P<0.05. The distinct results obtained 
with the two proteins are unlikely to arise from differences in their membrane 
affinities, as measurements of liposome aggregation as a function of protein 
concentration yielded similar EC50 values for the two proteins (Fig. S5.3). The 
activity of Syt1-C2AB showed an optimum at 0.8 µM in the liposome aggregation 
assay. The reduced clustering activity at higher Syt1 concentrations may be due 
to prevalence of symmetric (protein-protein) interactions under such 
conditions.  

 
Figure 5.3: Optimal tethering by Syt1 and Doc2b loaded on single and dual membranes, 
respectively. (A) Schematic of the two experimental configurations used. Asymmetric: protein was 
bound to a single membrane-coated bead (upper panel), as confirmed by confocal imaging where 
Syt1-C2AB-mCherry (0.5 M Syt1, 0.25 mM CaCl2) was bound to the left bead and decorated the 
tether structure, but not the other bead.  Note that at other times the tether was drawn from the 
dark bead and no bias of tether extension towards labelled lipids was observed. Symmetric: proteins 
were bound to both beads (bottom panel, see Fig 5.1C for confocal image). Scale bar: 1µm. (B) Left: 
Probability of Syt1-mediated membrane interactions in the asymmetric (dark grey) and symmetric 
(green) configurations. Error bars are statistical error. Right: Median rupture force in the two 
configurations. Error bars are SD from bootstrapping. (C) Left: Probability of Doc2b-mediated (0.05 
M Doc2b, 0.25 mM CaCl2) membrane interactions in the asymmetric (light grey) and symmetric 
(magenta) configurations. Error bars are statistical error. Right: Median rupture force in the two 
configurations. The gradient in the symmetric configuration indicates a lower limit of this 
quantification (i.e. upper limit of our trapping force). Error bars are standard deviation of the 
bootstrapped median rupture force values. Note: the lower concentration of Doc2b compared with 
Syt1 is so chosen in order to be within the range of break forces that can be experimentally 
quantified. 
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The impact of lipid composition. The presence of cholesterol is known to 
increase the efficiency of membrane fusion, likely by facilitating membrane 
curvature changes that lower the energy barrier for fusion34,35. To explore the 
effect of cholesterol on C2AB-mediated membrane-membrane interactions by 
Syt1 and Doc2b, we performed the same experiments in the presence or absence 
of cholesterol (PC:PS, 80:20 and PC:PS:chol, 50:20:30). We tested the two Ca2+ 
sensors in their most efficient configurations, (i.e. asymmetric for Syt1 and 
symmetric for Doc2b). The probability of interactions did not increase further 
for Syt1-C2AB (Fig. 5.4A, left panel), but a trend of increase in the median rupture 
force was observed, (Fig. 5.4A, right panel). In the case of Doc2b, cholesterol 
significantly increased both the probability of interactions and the tether 
strength (Fig. 5.4B, cumulative distribution functions for the data presented in 
supplementary Fig. S5.4). Statistical significance of the results was determined 
by a two sample Kolmogorov–Smirnov test. Using this test to compare the 
distributions of tether break forces with and without added cholesterol in the 
membrane, we find that the difference for Doc2b and Syt1 mediated tether break 
forces are statistically significant with P<0.005.  
 

 
Figure 5.4: Cholesterol significantly increases strength and probability for Doc2b mediated 
tethers. Probability of interactions and median rupture forces for membranes containing only 
PC/PS (80:20) and in the presence of cholesterol (30%, + Chol): (A) Syt1-mediated interactions tested 
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in the asymmetric configuration (0.5 M, 0.25 mM CaCl2). (B) Doc2b-mediated interactions tested in 
the symmetric configuration (0.05 M, 0.25 mM CaCl2). Number of approach and separation cycles 
(N) are indicated. Error bars in probability plots are statistical error; error bars in rupture forces 
plots are standard deviations of the bootstrapped median rupture force values. 
 

In addition to Cholesterol, another lipid that is believed to be important for Syt1 
activity is PIP2. It is known to play an important role in determining binding 
specificity, as well as decreasing the rate of dissociation of Syt1 from the 
membrane while also enhancing its membrane penetration. In addition, it was 
shown to lead to preferential association of the Syt1 C2B domain with the plasma 
membrane in the low Ca2+ state before fusion (and not with the vesicle 
membrane). We therefore examined the effect of 1% PIP2 addition on the 
strength and probability of interactions in our system, Fig. S5.7. With added PIP2 
at 1%, we did not find statistically significant differences in rupture forces and 
probability of interactions. 
 

Syt1 and Doc2b can form different membrane tethers. To understand 
the membrane configuration in the tether structure, we used live confocal 
fluorescent microscopy to differentiate between protein-mediated membrane 
bridging and hemifusion events. To this end, one of the trapped beads was 
labeled with a fluorescent phospholipid tracer (PC:PS:Rhodamine-PE, 79:20:1 or 
PC:PS:chol:Rhodamine-PE, 49:20:30:1) while the other bead was unlabeled 
(PC:PS, 80:20 or PC:PS:chol 50:20:30). The beads were brought into contact and 
separated to a distance of 200-300 nm in the presence of Syt1 or Doc2b, with 
the whole process of approach, waiting in contact and separation to a small 
distance lasting ~10 sec. Once tether formation was measured as a force 
increase, continuous confocal imaging was used to monitor the fluorescence of 
the dark bead. If hemifusion occurs, phospholipid mixing is expected to cause a 
fluorescence increase in the outer leaflet of the dark bead (see schematic in Fig. 
5.5A). The same method was previously used to demonstrate that Doc2b can 
induce hemifusion, while lack of full fusion is evident from a lipid mixing assay33. 
(We cannot completely exclude the less likely possibility of lipid transfer 
mediated by the protein.) Typical images from such experiments are shown in 
Fig 5.5B, for one bead pair in the presence of 0.5 M Syt1 (green) showing no 
hemifusion, and one bead pair in the presence of Doc2b (magenta) at 0.7 M 
showing hemifusion, as seen also from the corresponding fluorescence intensity 
for this bead pair in Fig 5.5C, where the fluorescent signal of the dark bead 
increased markedly due to lipid mixing. This concentration, which is higher than 
used in Fig. 5.3, was experimentally chosen in order to increase the detected 
hemifusion events. To explore the conditions that allow hemifusion, we tested 
multiple bead pairs at different protein concentrations and different 
configurations (symmetric/asymmetric), as well as different lipid compositions 
(with/without cholesterol). These measurements are summarized in Fig 5.5D; 
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for low concentration of Syt1 C2AB (0.5 M), no hemifusion occurred regardless 
of the presence of cholesterol and regardless of the symmetric or asymmetric 
configuration. However, at high Syt1 C2AB concentration, we observed a 
remarkable effect: while no hemifusion occurred in the symmetric 
configuration, the asymmetric configuration yielded hemifusion in 53% of the 
cases. Doc2b induced hemifusion already at low concentration of 0.7 M. These 
lipids-mixing experiments are limited by an experimental time window of 
around 10 minutes due to photobleaching. The observed intensity decrease 
between 300 – 700 s in Fig 5.5C is caused by such photobleaching. We conclude 
that the membrane tethers formed by Syt1-C2AB typically represent proteolipid 
structures held together by membrane bridging, unless a high concentration 
and asymmetric configuration are used, whereas Doc2b induced tethers can 
represent either membrane-bridged or hemifused states.  
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Figure 5.5: Membrane bridging and hemifusion induced by Syt1 and Doc2b. (A) Schematic of 
possible protein-mediated membrane interactions (proteins bound on the membrane are 
represented in green). Left panel: membranes bridging, where the bilayers stay separated and 
therefore labelled phospholipids (represented in red) remain on one membrane. Right panel: 
hemifusion, where the proximal membrane leaflets have fused, causing lipid-mixing. (B) Confocal 
images where only one membrane (left bead) was fluorescently labelled (1% Rhodamine-PE). Imaging 
was initiated as soon as a tether was detected. Upper panels: images recorded at t = 0 s. Lower 
panels: images recorded after 250 s. Observed interactions mediated by Syt1 (left panel) and by 
Doc2b (right panel). (C) Confocal images recorded after 250s interaction in the presence of 20 M 
Syt1 in the symmetric configuration (upper panel) and in the asymmetric configuration (bottom 
panel).  (D) Fluorescence signal recorded from the dark bead over time in the presence of 0.7 M 
Doc2b and 0.5 M or 20 M Syt1 in (B). (E) Hemifusion probabilities under different conditions. 
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Doc2b and Syt1 reduce membrane bending modulus. Several studies 
demonstrated that upon Ca2+ binding, C2AB domains insert into the lipid 
membrane7,18. Such insertion is expected to induce membrane curvature22,23. As 
it disturbs the packing of the lipid acyl chains, this might result in a change in 
the mechanical properties of the membrane. To quantitatively study how Doc2b 
and Syt1 C2AB fragment insertion into the negatively charged membrane 
influences its mechanical properties, we used a recently developed method 
based on atomic force microscopy (AFM) 36-38. By first imaging liposomes (Fig. 
5.6A) and then indenting them with the AFM tip, we can measure the membrane 
radius, stiffness and membrane tension of single liposomes. These 
experimentally determined parameters are then fitted to a Canham-Helfrich 
based model from which the bending modulus is derived36. A phospholipid 
composition of 44% cholesterol, 20% egg PS, 21% egg PC and 15% Egg SM was 
chosen because it results in stable liposomes which do not rupture during the 
experiments. The extruded liposomes, with a 120±30 nm average diameter (by 
DLS), were found to have a bending modulus κ = 9±2 kBT. When performing the 
experiments in the presence of 0.9 M Syt1, κ = 9±2 kBT was obtained, similar to 
the result in the absence of protein. In the presence of a high protein 
concentration (20 µM Syt1-C2AB), which is in the same range as the 
concentration previously estimated by western blot analysis of isolated 
synaptosomes39 and the concentration when we observe hemifusion induced by 
Syt1, the bending modulus was 3-fold reduced (Fig. 5.6C). When performing 
these experiments in the presence of Doc2b, the membrane bending modulus 
was unchanged at 0.2 M protein concentration; however, a reduction in the 
bending modulus was observed already at 0.9 M protein concentration. These 
results suggest an active role of C2AB domains in membrane remodeling during 
the fusion process: in addition to bringing the membranes into close proximity, 
Syt1-C2AB and Doc2b may also contribute to hemifusion by directly lowering the 
energy barrier.  
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Figure 5.6: High concentrations (20 µM) of Syt1-C2AB and lower concentrations (0.9 µM) of 
Doc2b-C2AB reduce the membrane bending modulus. (A) AFM image of a typical vesicle, 44% 
cholesterol, 20% porcine brain PS, 21% egg PC and 15% Egg SM. (B) Typical force plot obtained by 
nanoindentation of a vesicle. From the slope of the initial linear part, the stiffness of the vesicle is 
obtained. Two rupture events of the two bilayers can be observed, and a tether is formed upon tip 
retraction. Dark blue: approach, light blue: retraction. Inset: zoom in on the tether rupture force, 
which is used to calculate the osmotic pressure in the vesicle as described in Vorselen et al.36. Red 
arrow shows the difference in force. The experimentally obtained parameters, vesicle size, stiffness 
(slope) and tether force are used for fitting to a previously developed model, using kappa as a single 
fitting parameter, which allows estimation of the bending modulus for a population of vesicles36. (C) 
Bending modulus values for various concentrations of Syt1-C2AB and Doc2b-C2AB, with N values 
indicating the numbers of indented vesicles. Error bars mark 68% confidence intervals determined 
by bootstrapping..  
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5.3 Discussion 

In this work, we observed that the C2AB domain of Syt1 induces the formation of 
membrane tethers in a Ca2+ and protein concentration-dependent manner. 
Similar to Doc2b induced membrane tethers33, Syt1 induced tethers contained 
both protein (shown by Syt1-C2AB-mCherry labeling) and phospholipid (shown 
by rhodamine-PE labeling) and resisted high forces during bead separation. 
Our experiments highlight several important differences between Syt1- and 
Doc2b-induced membrane tethers. When comparing symmetrical (both sides) 
and asymmetrical (one side) presence of protein on the membranes, Syt1 favors 
an asymmetrical and Doc2b a symmetrical configuration. This difference is 
reminiscent of the physiological configuration of the two proteins: Syt1 is 
anchored to the vesicle membrane by a transmembrane domain, and Doc2b is a 
soluble protein that can diffuse in the cytoplasm and has access to both the 
vesicle and target membranes. When expressed as a Doc2b-EGFP fusion, the 
fluorescence is usually homogeneously distributed in the cytosol and 
accumulates Ca2+-dependently with the plasma membrane. Using subcellular 
fractionation & western blotting, Doc2b was also observed in the synaptic 
vesicle fraction (40, figure 3 therein, though a direct comparison between the 
Doc2b distribution in vivo and the membrane-bound configuration in our 
experimental setup is complicated by differences in the free Ca2+ concentration, 
membrane compositions and absence of the Doc2b N-terminal domain which 
contains a Munc13-binding site). For Syt1, two hypotheses pertaining to the 
mechanism of membrane bridging have been proposed (reviewed by Seven et 
al.13): the direct bridging hypothesis, which states that C2AB molecules bind 
simultaneously to both membranes, and the oligomerization hypothesis, in 
which interactions between C2AB oligomers formed on both membranes bridge 
the membrane gap. The higher activity of Syt1 in the asymmetric setup, which 
favors protein-membrane interactions, provides support for the direct bridging 
hypothesis. This notion was confirmed by the lack of Syt1-mCherry 
redistribution to the unlabeled bead in our experiments. Doc2b, on the other 
hand, was more efficient in the symmetric conformation, which may suggest a 
preference for protein-protein (and not protein-membrane) interactions. 
Nevertheless, we cannot exclude the possibility that while acting on both 
membranes, Doc2b increases the probability for a lipid tether formation due to 
its effect on lipid packing, without direct protein-protein interactions. 
 
Another difference is observed in membrane bridging vs hemifusion. In confocal 
fluorescence microscopy of bead pairs, the ability of the fluorescent 
phospholipid tracer Rhodamine-PE to diffuse to an unlabeled bead was used to 
discriminate between two possible membrane configurations: structures 
without membrane continuity (likely resulting from membrane bridging), and 
with membrane continuity (likely representing hemi(fused) membranes as 
observed previously)13. For lower concentration of Syt1-C2AB, all 58 membrane 
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tethers examined in our study appeared to originate from membrane bridging. 
This result is consistent with previous studies that demonstrated membrane 
bridging by Syt112,13 at similar concentrations. At 20 M protein concentration 
Syt1 induced hemifusion, in the presence of cholesterol and only in the 
asymmetrical configuration. In contrast, Doc2b induced membrane tethers 
caused both membrane-bridged and hemifused structures, already at lower 
protein concentrations. Our findings in cell-free conditions should not be 
extrapolated to live synapses without caution. Although the estimated in vivo 
concentration of 70 µM, a concentration of 20 µM is high with respect to the 
local lipid concentration and could thus cause molecular crowding at the 
membrane surface. In addition, Syt1 can engage in several other interactions in 
vivo. Thus, although our observation of hemifusion for a Ca2+ sensor implicated 
in membrane fusion triggering is of high interest, future research is necessary 
to provide definitive proof of this activity in living synapses. 
 
When comparing tether rupture forces, several factors need to be taken into 
account. The rupture is expected to occur at the weakest point, therefore most 
likely at the contact between the membranes. The contact point can either be 
composed of membrane-bound protein (bridging), a continuous outer 
membrane leaflet (hemifusion), or a fully fused membrane (which has been 
excluded in content mixing experiments33). For Doc2b and Syt1 generated 
membrane tethers, the rupture force was increased in the presence of 30% 
cholesterol, a lipid that has been suggested to assist membrane fusion34. Due to 
its effective negative curvature, cholesterol has been proposed to lower the 
energy for forming lipid hemifusion stalks that are thought to be intermediates 
in membrane fusion41,42. As for Doc2b the dramatic increase in rupture force, 
beyond the measurement limit, correlates with the increase in hemifusion 
observed in our live confocal fluorescence measurements, we hypothesize that 
upon hemifusion, stronger tethers will be formed. Possibly, such strong tethers 
are not ruptured in our experiments, as the maximal forces we can apply are 
limited by the optical trapping power. For Syt1-C2AB induced tethers, the 
median rupture force most likely represents protein – membrane interactions 
with a median rupture force in the 50 – 200 pN range, strongly dependent on 
the Ca2+ (which regulates C2AB-membrane binding) and protein concentration. 
The binding force of one Syt1 molecule to a membrane is in the range of several 
pN43.  Therefore, the differences we observe in the force probably relate to a 
variation in the number of bound molecules. 
Membrane fusion is energetically unfavorable and does not occur spontaneously 
in vivo44. One major energy barrier is associated with the strong repulsive 
hydration forces between bilayers. Other energy-costly intermediates include 
lipid splaying during initiation of hemifusion-stalk formation, stalk expansion- 
which yields the hemifusion diaphragm, and, finally, fusion pore formation45. In 
the case of synaptic vesicle fusion, the activation energy of bilayer-bilayer fusion 
is very high (≈40 kBT) and the process is aided by important proteins including 
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SNAREs, complexin and Ca2+ sensors. It has been suggested that  in response to 
Ca2+ binding, Syt1 could promote SNARE-mediated fusion by lowering this 
energy barrier via induction of positive curvature in target membranes upon 
insertion of C2-domains into the membrane23. Using AFM, we have directly 
measured a significant reduction in the bending modulus of a lipid membrane 
upon Syt1-C2AB binding (Fig. 5.6) in the presence of 20 µM protein. For Doc2b, 
a significant reduction of the bending modulus was observed already at 0.9 µM 
protein concentration. This difference could be due to larger effective 
spontaneous curvature induced by Doc2b that is expected to decrease 
membrane thickness46, thus affecting the bending modulus which depends on 
membrane thickness to the power of three47. A membrane inclusion with higher 
curvature is theoretically predicted to result in a larger reduction in the bending 
modulus48. How does this global change in the mechanical properties of the 
membrane contribute to the local event of hemi(fusion)? A possible explanation 
is that membrane “dimples” form locally due to protein insertion. The curvature 
induction hypothesis predicts the formation of a buckle-like membrane 
structure between protein insertions in the membrane. Locally, the end cap 
membrane is highly curved and thus the lipids are under stress. This stress is 
partially relieved during lipid rearrangements accompanying the fusion process, 
which reduces the overall energy cost of the reaction, thus facilitating 
membrane fusion22. We note that is difficult to compare results of bending 
moduli obtained by different methods, as a large variation exists in bending 
modulus values for the same bilayer composition obtained by different 
measurement techniques49. Nonetheless, our results are in the same range as 
other reported values50,51.  
 
Combining all observations, it is likely that membrane insertion of the C2AB 
domain of Doc2b results into a larger disruption of the lipid packing compared 
with Syt1, consequently reducing the energy barrier for hemifusion, and 
allowing hemifusion already at lower protein concentrations. Syt1, however, 
might not sufficiently disrupt membrane structure at lower concentration, and 
changing the configuration to asymmetrical or addition of cholesterol is not 
sufficient to push the membranes towards hemifusion. Only at higher 
concentration enough disruption to membrane packing is attained, which is 
manifested in lower bending modulus and concomitantly, high hemifusion 
probability in the asymmetrical configuration. The lowering of the energy 
required for membrane deformation likely contributes to the overall Ca2+-
secretion triggering mechanism by Syt1 and Doc2b, and this mechanism may 
also be relevant for other C2AB containing Ca2+ sensor proteins. 
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5.4 Materials and methods 

Bead coating. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPS) and 1-stearoyl-2-arachidonoyl-sn-glycero-3-phospho-(1'-myo-inositol-
4',5'-bisphosphate (PI(4,5)P2) were purchased from Avanti Polar Lipids. Lissamine-Rhodamine B 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine was purchased from Invitrogen. To prepare 
membrane-coated microspheres, polystyrene nonporous beads of diameter 3.84 µm±4% were 
acquired from Spherotech. Prior to the coating procedure, the beads were washed three times in 
milliQ and collected after each wash by centrifugation for 3 minutes at 900 × g. Liposomes were 
prepared by mixing lipids in chloroform solutions, extensively drying the mix under a nitrogen gas 
stream, and hydrating the lipid cake in milliQ to a final lipid concentration of 1 mg /ml. The 
suspension was then vortexed, sonicated on ice water and centrifuged for 90 min at 21,000 × g at 
4⁰C. The supernatant was mixed with bead and incubated for 16 h at 4⁰C in presence of 3 mM CaCl2 
with gentle continuous rotation to keep the beads dispersed. The beads were washed (each time 
collecting the beads for 3 minutes at 900 × g and gently resuspending them) in buffer 1 containing 
25 mM HEPES, pH 7.4, 200 mM NaCl, 1 mM Tris 2-carboxyethyl-phosphine (TCEP) and 5 mM EDTA, 
then buffer 2 (25 mM HEPES, pH 7.4, 100 mM NaCl, 1 mM TCEP, 0.25 mM CaCl2) and then twice in 
buffer 3 (25 mM HEPES, pH 7.4, 25 mM NaCl, 1 mM TCEP and 0.25 mM CaCl2). The coated beads were 
stored at 4⁰C prior to use. To visualize lipid tethers that formed in the presence of Syt-1-C2AB or 
Doc2b-C2AB, we prepared coated beads containing 1% Rhodamine PE. 
Recombinant proteins. Recombinant Doc2b-C2AB (rat, amino-acid residues 115–412) was prepared 
as previously described33 . Recombinant Syt1-C2AB (rat, amino acid residues 140-421) or Syt1-C2AB-
mCherry (same fragment) were cloned into the pGEX4T3 vector and transformed into the E. coli 
BL21 strain for expression. Cultures were grown in LB medium (VWR Life Science) enriched with 100 
μg/mL ampicillin (Fisher bioreagents), or in LB medium supplemented with both 100 μg/mL ampicillin. 
Gene expression was induced with 0.1 mM IPTG (Fisher bioreagents), after which cultures were grown 
O/N at 34°C and 210 rpm to maximize aeration. Lysate buffer (300 mM NaCl, 50 mM Tris, pH 7.5, 10 
mM EDTA, 1 mg/mL lysozyme, protease inhibitor cocktail) was added to the bacterial pellet, before 
the lysate was sonicated 4 times for 15 seconds with 1 minute intervals, while cooling on ice water. 
Pellet was incubated for 2 hours with 1% triton-X100, and then centrifuged for 30 minutes at 8500 
g to dispose of any insoluble bacterial lysate. Protein purification took place by means of glutathione 
agarose beads (Sigma) affinity assay. Glutathione agarose beads slurry was added to the lysate and 
incubated O/N at 4°C and 5 rpm. Afterwards, beads were washed with high salt buffer (300 mM 
NaCl, 50 mM Tris, pH 7.4, 10 mM EDTA) and loaded into a disposable column. After a wash with 150 
mM NaCl, 50 mM Tris, pH 7.4, 1.4 mM MgCl2, the column was incubated with DNAse I (Roche 
Diagnostics; 50U/mL) and RNAse A (Invitrogen; 50U/mL) for 15 minutes at RT. Column was washed 
with Low salt buffer (150 mM NaCl, 50 mM Tris, pH 7.4). Protein was cleaved from the glutathione 
agarose beads by incubation with thrombin (Serva) at 4°C. Protein concentration was determined 
with SDS PAGE stained with SYPRO ruby, using known quantities of bovine serum albumin for 
calibration. SYPRO ruby signal was visualized with a scan performed by the Fuji5000. For key 
experiments, Syt1-C2AB was 15N-labeled by expressing the protein in minimal medium containing 
15NH4Cl as the sole nitrogen source, and the protein was purified by gel filtration and ion exchange 
chromatography as described 11. 1H-15N HSQC spectra of the protein were then used to verify the 
absence of polyacidic contaminants that are difficult to remove from Syt1 fragments containing the 
C2B domain52,53 These key experiments included the AFM measurements and the comparison 
between symmetric and asymmetric protein binding to membrane-coated beads. Proteins were 
aliquoted and stored at -80°C until use.  
Optical tweezers. We use a C-trap confocal fluorescence optical tweezers setup (LUMICKS) made 
of an inverted microscope based on a water-immersion objective, together with a condenser top 
lens placed above the flow cell. The optical traps are generated by splitting a 1064-nm laser (10-W 
CW fiber laser) into two orthogonally polarized independently steerable optical traps. To steer the 
two traps both a one coarse-positioning piezo stepper mirror and one accurate piezo mirror were 
used. Optical traps were used to capture lipids-coated beads. The displacement of the trapped beads 
from the center of the trap was measured and converted into a force signal by back-focal plane 
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interferometry of the condenser lens using two position sensitive detectors. The beads distance was 
determined by using template-matching on the real-time imaging of a bright-field movie of the 
trapped beads. The samples were illuminated by a bright field 875-nm LED and imaged in 
transmission onto a metal-oxide semiconductor (CMOS) camera.  
Confocal fluorescence microscopy. a single, pulsed laser system (ALP-745-710-SC, 20 MHz, 100-
ps pulses, Fianium) was used for confocal fluorescence excitation at a wavelength of 543 nm, 
selected from a supercontinuum spectrum by using an AOTF (AOTFnc-VIS-TN, AA Opto-Electronic). 
For scanning, a fast tip/tilt piezo mirror (S-334.1SD, Physik Instrumente GmbH & Co.,max. scan rate 
200 Hz) was used. For confocal detection, the emitted fluorescence was descanned, separated from 
the excitation by a dichroic mirror (F33-554, AHF Analysentechnik) and filtered using an emission 
filter (F47-586, AHF Analysentechnik). Photons were counted using fiber-coupled APDs (APDs 
SPCM-AQRH-14-FC, fibers SPCM-QC9, Perkin Elmer). The multimode fibers (62 μm diameter) serve as 
pinholes that provide background rejection. Microfluidics: a 5-channel laminar flow cell (LUMICKS BV) 
was assembled onto an automated XY-stage (MS-2000, Applied Scientific Instrumentation). The 
latter allowed the controlled transfer, in a highly efficient manner, of the optically-trapped beads 
through the channels of the flow cell, containing the proteins of interest. 
Approach-and-separation routine. Repeated approach and separation of lipid coated beads was 
performed as previously described33 . Briefly, one bead was kept stationary (the left trap, Fig. 5.1A) 
and the other bead was moved towards and away from it (the x dimension). We recorded the forces 
in x and y directions on both beads, and used the force data in the x direction of the stationary bead, 
unless stated otherwise. At the initial separation of ~7 microns between the beads, the force on the 
stationary bead is zero. During an experiment, the beads were brought into contact such that a 
repulsive force of ~10 pN was exerted on the stationary bead, (step with positive force in Fig. 5.1A), 
then separated.  The contact time in such experiments was five seconds. If specific protein 
dependent interactions occur, rupture forces are recorded upon separation, observed as negative 
force peaks (arrows in Fig. 1a indicate rupture events). This procedure was repeated 20 times, or 
until a bead escaped the trap due to very strong interactions upon pulling. The speed at which the 
bead is retracted is known to influence rupture forces. Therefore, a constant trap speed of 2 m/s 
was used in all experiments. The term ‘probability of interactions’ throughout the text refers to the 
fraction of approach and separation events that resulted in the formation of a tether, as observed 
from the ‘negative’ force peaks in figure 1b. The threshold to distinguish a negative force peak from 
noise is described in Brouwer et al., 2015(44). The ‘positive’ force in this plot denotes the force during 
bead approach and a slight push into contact. We kept this force roughly constant, at 20-25 pN, to 
avoid possible effects of this force on the forces recorded during separation of the beads. 
Protein concentrations. The physiologically relevant protein concentrations previously estimated in 
synaptic boutons are ~70 µM for Syt1, and ~25 µM for Doc2b (Wilhelm et al. Science, 2014). Protein 
concentrations used in our study were always lower and were chosen based on practical 
experimental issues. When measuring tether break/unbinding forces, we tuned the concentration 
such that it was high enough to allow frequent events, but not too high to keep the forces within the 
experimental range. The maximal force we could apply with the optical trap, given our chosen beads, 
buffers and laser power, was about 300 pN (slightly varying with the bead diameter). If protein 
concentrations were too high, the measured force was limited by the force at which the bead 
escaped the optical trap. This led us to use concentrations of 0.1-0.5 µM for Syt1 and 0.05 µM for 
Doc2b in figure 3,4. To test if hemifusion or full fusion had occurred by monitoring the change in 
fluorescence, we were no longer constrained by this limitation, as there was no need to pull the 
beads far apart. Therefore, for the experiments described in figure 5.5 as well as AFM experiments 
in figure 5.6, higher and closer to physiological concentrations were used. We further comment that 
it is impossible to know the precise local effective concentration at the site of action of the protein, 
as proteins might locally associate and cluster together. 
Symmetric and Asymmetric experiments: To test the effect of protein coating configuration on 
interaction strength and probability, experiments were performed as follows: beads were flushed 
into channel 1 containing buffer 3 without protein. After catching two beads, they were moved into 
the protein containing channel 4. Following incubation in the protein channel for ten seconds, the 
beads were moved into channel 3 which contained the same buffer without protein. Symmetrical 
measurements were then conducted directly in channel 3. For asymmetrical measurements, one of 
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the beads was dropped and a different non protein coated bead was caught in channel 1. Then the 
beads were moved into the buffer-containing channel 3 and measurements were performed. The 
fluorescently labelled bead was protein coated in 50% of the cases, and the presence of the protein 
coating on either the labelled or unlabeled membrane did not have any effect on the results. 
Data acquisition and analysis. Data analysis was performed using custom written software in 
python (Gitlab link: https://gitlab.com/sorkin.raya/membrane-interactions-tweezers) to extract 
force data at a frequency of 100 Hz. To discriminate protein mediated specific interactions from 
unspecific adhesion between the membranes, a force threshold of 25 pN was used throughout the 
analysis. Median rupture forces as presented in the figures were determined by bootstrapping with 
1000 iterations, resampling 90% of the data. Error bars are standard deviation of the bootstrapped 
values. 
Liposome preparation for AFM and liposome aggregation experiments. All lipid-chloroform 
solutions and cholesterol were purchased from Avanti Polar Lipids. First, a round bottom flask was 
cleaned with 96% ethanol, then washed two times with soap followed by rinsing two times with 
acetone. After that the round bottom flask was dried under argon flow for ~15 min. The lipids were 
mixed in the round bottom flask (for spectrophotometer experiments: 50:20:30 (mole-%) DOPC: 
DOPS: chol; for AFM experiments: 44% cholesterol, 20% porcine brain PS, 21% egg PC and 15% egg 
SM). The solvent was evaporated in a rotary evaporator at 100 mbar for 60 min immersed in a water 
bath (40 °C). After that, buffer was added to the dried lipid cake to attain a final lipid concentration 
of 1 mg/ml. Vortexing this mixture together with glass beads (4 mm diameter) supported the 
resuspension of the lipids. Subsequently, the re-suspended lipids underwent 5 freeze and thaw 
cycles (~20 s in liquid nitrogen followed by 5 min in a water bath at 40 °C, each) before the liposomes 
were extruded 31 times using a mini extruder from Avanti® Polar Lipids and a 0.1 µm filter pore size. 
Prior to extrusion the mini extruder and syringes were thoroughly cleaned by rinsing with water 
and 70% ethanol. The liposomes were stored in the fridge over night and on ice throughout the 
measurements and used within 5 days. 
Liposome aggregation assay and analysis. The liposome aggregation assay was described in detail 
elsewhere8. The spectrophotometer measurements were conducted with a Varian Cary® 50 UV-Vis 
Spectrophotometer from Agilent Technologies. For all measurements, a wavelength of 350 nm was 
used, the average reading was 0.1 s and a cycle was set to 1.00 s. A precision cell (cuvette) made of 
Quartz SUPRASIL® (light path 10.00 mm) from Hellma® was used to perform the experiments. The 
blank measurement was done for 500 s with 170 µl buffer 3 + 40 µl liposomes (DOPC:DOPS:Chol 
50:20:30 (mole-%) at 1 mg/ml). Right before each measurement the cuvette was rinsed three times 
with buffer 3 and then loaded with 160 µl buffer 3 and 40 µl liposomes. The liposome dispersion was 
gently mixed twice by flipping the cuvette over. ~87 s after the starting time of the measurement, 
the cuvette was taken out of the spectrophotometer. At ~100 s of the measurement 10 µl protein 
(titrated before) was added to one side of the precision cell and mixed twice by flipping the cuvette 
carefully to the injection side. Right after, the cuvette was inserted back into the spectrophotometer 
and the absorbance measurement was continued for a total time of 500 s. Before switching samples, 
the cuvette was cleaned by rinsing multiple times with buffer 3 and milliQ water and dried under a 
nitrogen flow.  
 All curves were baseline corrected: the average absorption before extracting the cuvette (first ~87 
s) was calculated and subsequently subtracted from all absorbance data points of a measurement. 
After that, the average maximum absorbance (maximum liposome binding) and the corresponding 
S.E.M. values were determined for each measurement condition, e.g. each protein concentration. At 
least three measurements per condition were performed. 
AFM experiments. Liposomes were adhered to poly-L-lysine coated glass slides, prepared as 
follows: Slides were cleaned in a 96% ethanol, 3% HCl solution for 10 minutes. Next, they were 
coated for 1 hour in poly-L-lysine (a 0.001% , Sigma) solution, rinsed with ultrapure water, and dried 
20 hr at 37 0C. They were stored at 7 0C for maximally one month. A 10 µL drop of liposomes diluted 
in buffer 3 was incubated on the glass slide. Vesicles were imaged in PeakForce TappingTM mode on 
a Bruker Bioscope catalyst setup. Imaging was performed at RT, 220C. Force set point during imaging 
was 100 pN - 200 pN. Nano-indentations were performed by first making an image of a single 
particle, then indenting it until a trigger force of 0.5 nN is reached, and subsequently applying higher 
forces (2-10 nN) at a velocity of 250 nms-1. Importantly, both before and after the vesicle indentation, 
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the tip was checked for adherent lipid bilayers by recording a force-distance plot on the glass 
surface until a trigger-force of 5 nN.  Silicon nitride tips with a nominal tip radius of 15 nm on a 0.1 
N/m cantilever by Olympus (OMCL-RC800PSA) were used.  Individual cantilevers were calibrated 
using thermal tuning.  
AFM image analysis. Both images and force curves were processed using home-built MATLAB 
software. Size and shape were analyzed from line profiles through the maximum of the vesicle along 
the slow scanning axis. Circular arcs were fitted to the part of the vesicle above half of the maximum 
height to obtain the radius of curvature, from which the tip radius (2 nm/ 15nm, as provided by the 
manufacturer) was subtracted. The height of vesicles was derived from FDCs, and the difference 
between the height obtained from FDCs and images was used for a subsequent correction of Rc 

36. 
R0, the unperturbed vesicle radius in dispersion, was calculated under the assumption of surface 
area conservation as previously described 36.  
AFM FDC analysis. Analysis was done as described in detail previously36. Briefly, raw data of a force 
cycle, given by the deflection of the cantilever versus the Z-piezo displacement, was converted to 
force versus separation (between the tip and the sample, or FDC) by subtracting the cantilever 
deflection. Contact point between tip and vesicle was found by using a change point algorithm and 
occasionally manually adjusted. Stiffness of the EVs was found by fitting a straight line in the interval 
between 0.02 – 0.1 Rc. For finding the tether force, a step fitting algorithm based on the change point 
analysis, which divides the curve into segments with slope 0. Only adhesion events extending 
beyond the contact point were included. For fitting to the theory, described in detail elsewhere 36, 
the sum of the squared log Euclidian distance between the theoretical curve and the individual 
experimental data points was then minimized by adjusting κ as a single fitting parameter. Confidence 
intervals were estimated using the bias corrected percentile method with 1000 bootstrapping 
repetitions, for which a set of observed value combinations equal in size to the original data set was 
randomly drawn and fitted.   
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Supporting Information 

 
Figure S5.1: Effect of protein concentration. (A) Probability of interactions in symmetric and 
asymmetric configurations for different Syt1 C2AB concentrations (at 0.25 mM CaCl2). For both 
symmetric and asymmetric configuration, the probability of interactions increases with the increase 
in protein concentration. (B) Median rupture forces in symmetric and asymmetric configurations 
for different Syt1 C2AB concentrations. Only cholesterol containing membranes were used for these 
measurements. 

 

 
Figure S5.2: (A) Additional fluorescence images showing tether formation between an unlabelled 
bead (coated with PC:PS:Chol, 50:20:30) and a labelled protein-coated bead (PC:PS:Chol, 50:20:30 
and 0.5 M Syt1-C2AB-mCherry), asymmetric configuration. Images were acquired while the right 
bead was gradually pulled away from the left bead, extending the tether that is clearly visible as it is 
coated by fluorescently labelled Syt1 C2AB. The right bead remains dark throughout the experiment 
as can be seen in the images. Time between first and last image was five minutes (B) Example of a 
dark tether being pulled out from the right bead (coated with PC:PS:Chol, 50:20:30)while the left 
bead is coated with additional 1% Rhodamine-PE lipids, and dark protein (0.5 M Syt1-C2AB) is 
present on both beads (symmetric configuration). Scale bar: 1m. 
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Figure S5.3. (A) SYPRO Ruby staining of recombinant Doc2b-C2AB (aa.115–412) and Syt1-C2AB 
(aa140-421) fragments separated by SDS-PAGE electrophoresis. Molecular size markers (Prestained 
PageRuler™) are indicated on the left.  (B) Typical liposome aggregation measurements performed 
with different concentrations of Doc2b. First, the absorbance of liposomes diluted with buffer 3 were 
measured until t~100 s. Then, 10 µl protein at the corresponding concentration was added and 
carefully mixed before the cuvette was inserted again into the measurement device. The absorbance 
(which correlates with liposome clustering) was measured for total time of 500 s at a wavelength of 
350 nm. All measurements were baseline-corrected. With increasing protein concentration an 
increase in the liposome clustering is observed. (C) Similar experiments as in (B) with Syt1-C2AB. For 
higher protein concentrations a decrease of the liposome clustering was observed. (D) Maximal 
absorption (liposome clustering) versus protein concentration for Doc2b and Syt1. The values are 
averages of at least three measurements per condition. The error bars represent the standard error 
of the mean. While Doc2b shows an exponential behavior, Syt1 shows a more linear behavior until a 
maximum value is reached after which the liposome binding decreases linearly. The EC50 values for 
Doc2b and Syt1 are ~0.4 µM. 
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Figure S5.4: Normalized cumulative distribution functions (CDF) of the rupture forces for (A) Syt1 
and (B) Doc2b, in symmetric and asymmetric configurations for each protein, with and without 
cholesterol in the membranes. Gradient grey background marks the maximum force region 
determined by the stiffness of the optical trap at the set laser power and bead size. 
 
 
 

 
Figure S5.5: (A) Dimensionless pressure versus dimensionless stiffness for SUVs with and without 
added Syt1 C2AB. Red line is the theoretically predicted curve. Different colored symbols are the 
experimental data for the two vesicle types, as indicated in the inset. Bending modulus was used as 
single fitting parameter. (B) Height/ radius ratio of the two vesicle populations, with and without 
added protein. In the presence of protein, vesicles are more flattened on the surface as they are 
softer. 
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Figure S5.6: We quantified the fluorescence intensity emitted by each bead during the hemifusion 
fluorescence experiments. The figure shows the frequency (Counts, y-axis) of measuring a certain 
intensity (Intensity, x-axis) on a fixed area over each bead. Upper plot: data from the confocal image 
(shown in the inset) recorded at t = 0; the intensity profile of the dark bead is shown by the black 
peak on the left; the intensity emitted by the fluorescent bead is shown by the green peak on the 
right. Bottom plot: data from the confocal image (shown in the inset) recorded at t = 250s; we 
observed that the black peak is shifted towards higher intensities (indicated by red arrow), as the 
lipid-mixing occurs; in fact at the same time the green peak is shifted towards lower intensities 
(indicated by red arrow). Note that the two beads do not have the same intensity shift because 
photobleaching occurs during the whole fluorescence experiment, as specified in the main text. 
 

 
Figure S5.7: Membrane interactions in the presence of PIP2. (A) Schematic illustration of the 
experimental configurations used: Syt1-C2AB-mCherry (0.5 M Syt1, 0.25 mM CaCl2) was bound to 
a single membrane-coated PC/PS (80:20) bead (left); the opposite bead was coated with additional 
1% PIP2 and it was left protein-free (right bead) (+PIP2 configuration). We compare this 
configuration with the same asymmetric setting, but in the absence of PIP2 from both membrane-
coated beads (-PIP2 configuration). (B) Left plot: Probability of Syt1-mediated membrane 
interactions in the absence of PIP2 (white bar) and in the presence of PIP2 (as schematically depicted 
in panel (a), orange bar). Error bars are statistical error. Right plot: Median rupture force in the two 
configurations. Error bars are standard deviations of the bootstrapped median rupture force values. 
A Kolmogorov–Smirnov test showed no statistically significant difference at P<0.05  
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Abstract 

Small multilamellar vesicles may have benefits over unilamellar vesicles for drug 
delivery, such as increased volume for hydrophobic drugs. In addition, their 
altered mechanical properties might be beneficial for cellular uptake. Here, we 
show how atomic force microscopy (AFM) can be used to detect and 
characterize multilamellar vesicles. We quantify the size of each break event 
occurring during AFM nanoindentations, which shows good agreement with the 
thickness of supported lipid bilayers. Analyzing the size and number of these 
events for individual vesicles allows us to distinguish between vesicles 
consisting of 1 up to 5 bilayers. We validate these results by comparison with 
correlative cryo-electron microscopy (cryo-EM) data at the vesicle population 
level. Finally, we quantify the vesicle geometry and mechanical properties, and 
show that with additional bilayers adherent vesicles are more spherical and 
stiffer. Surprisingly, at ~20% stiffening for each additional bilayer, the vesicle 
stiffness scales only weakly with lamellarity. Our results show the potential of 
AFM for studying liposomal nanoparticles and suggest that small multilamellar 
vesicles may have beneficial mechanical properties for cellular uptake. 
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6.1 Introduction 

Nanovesicles are currently used as nanocarriers in drug delivery, for example 
for cancer therapeutics1,2 and protozoan infections treatment.2,3 Characteristic 
properties of these vesicles can be tuned by changing their degree of lamellarity, 
and it has been suggested that small multilamellar vesicles (sMLVs: ~100 nm) can 
have important benefits over small unilamellar vesicles (SUVs: ~100 nm). For 
instance, many drugs are hydrophobic4 and sMLVs have more volume for 
encapsulation of hydrophobic molecules than similar sized SUVs. sMLVs also 
result in slower release kinetics, and antigen carrying sMLVs have furthermore 
been shown to form a much more potent vaccine than SUVs.5 sMLVs with cross-
linked lipid bilayers seem to have enhanced therapeutic benefits.5,6 On the other 
hand, multilamellarity also occurs as an uncontrolled side effect when trying to 
achieve a high loading rate of water soluble molecules into vesicles; the high 
concentration of vesicles, which is used to achieve efficient loading, results in 
formation of multilamellar vesicles.  
The mechanical properties of vesicles, and more generally of nanoparticles, is 
potentially an important factor for interaction with cells and hence for drug 
delivery.7,8 It has been shown that increasing the stiffness of particles, and 
specifically vesicles too, significantly facilitated their uptake by cells.9–11 These 
results are supported by theoretical models which suggest that stiffer particles 
stay in a more spherical shape upon binding to a cell membrane, leading to more 
efficient cellular uptake.12,13 Furthermore, it was reported that the mechanical 
properties of nanoparticles can influence the uptake mechanism,14 as well as 
circulation and targeting.15 These results show the relevance of vesicle 
mechanics for drug delivery. Notably, multilamellarity could have a strong 
influence on the mechanical properties of vesicles and therefore potentially on 
cellular uptake. However, a quantification of the impact of the degree of 
multilamellarity on the mechanical properties is currently lacking.  
In this study, we quantify the mechanics of sMLVs using atomic force 
microscopy (AFM). AFM nanoindentation is a proven technique to study the 
material properties of nanoparticles, such as viruses,16–18 liposomes19,20 and 
natural vesicles.21–23 Recently, we applied AFM to study the mechanics of small 
unilamellar vesicles and introduced a new quantitative model based on Canham-
Helfrich theory24,25 to describe their mechanical response.20 AFM has also been 
used to study the penetration of supported lipid bilayers.26–28 However, it 
remains challenging to characterize individual breaks events during 
nanoindentation of fluid bilayer stacks.29 In this work, however, we show that by 
performing AFM nanoindentations we can determine the degree of lamellarity 
for individual vesicles by analyzing bilayer penetrations. The distribution of 
lamellarities present in the vesicle populations corresponds well to cryoEM data. 
This allows us to study the physical differences between vesicles with 1 up to 5 
bilayers. We find that sMLVs stay in a more spherical shape upon adhesion with 
a surface. sMLVs are also stiffer than SUVs, however, the stiffness of adherent 



536987-L-bw-Marchetti536987-L-bw-Marchetti536987-L-bw-Marchetti536987-L-bw-Marchetti
Processed on: 15-10-2019Processed on: 15-10-2019Processed on: 15-10-2019Processed on: 15-10-2019 PDF page: 146PDF page: 146PDF page: 146PDF page: 146

Multilamellar nanovescicles 
 

 
134 

vesicles is only weakly dependent on the degree of lamellarity. These properties 
are potentially beneficial for drug delivery. 
 
6.2 Results 

Recently, we described the mechanics of unilamellar nanovesicles.20 In the 
current work, we applied a vesicle preparation protocol, which, using a higher 
concentration of lipids and leaving out freeze-thaw cycles, gives rise to a high 
percentage of multilamellar vesicles. The vesicles were made of a complex lipid 
mixture and extruded through 200 nm filters (see materials and methods). 
Subsequently they were attached to 0.001% poly-l-lysine coated glass surfaces. 
For the mechanical probing of the vesicles, first, an image of individual particles 
was recorded. Subsequently, we performed nanoindentation experiments to 
obtain force deformation curves (FDCs)16. Initially, an indentation was made until 
a maximum force of 0.5 nN. These low-force indentations show strong overlap 
between approach and retract curves, showing that the observed behavior is 
elastic (Fig. 6.1). This first indentation was followed by at least one more 
indentation until a maximum force of 10 nN (Fig. 6.1). For high-force 
indentations we sometimes observe similar behavior as previously predicted 
and described for SUVs:20 the FDC first shows an approximately linear force 
response, which is followed by a flattening of the curve, corresponding to inward 
lipid tether formation. Next, there is a steep rise in force, supposedly due to the 
two lipid bilayers being pressed together. Finally, two discontinuities are visible, 
which likely corresponds to the penetration of the two lipid bilayers. Thereafter, 
the AFM tip touches the glass surface (Fig. 6.1A and inset), which appears 
infinitely rigid. However, for different vesicles more discontinuities occurred 
close to the glass surface, which suggests that more lipid bilayers are penetrated 
and hence that these vesicles are multilamellar (Fig. 6.1B,C). Interestingly, 
vesicle indentations also reveal discontinuities further from the glass (Fig. 
6.1C,D). This calls for a systematic analysis of these discontinuities to determine 
lamellarity. 
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Fig. 6.1: Typical force indentation curves on unilamellar and multilamellar nanovesicles. First a 
low-force indentation was performed (black = approach, grey = retract). The approach and retract 
curves highly overlap (the retract curve is mostly behind the approach curve and therefore hard to 
see in panel A & B), indicating elastic behavior. In dark blue, a subsequent indentation until a 10 nN 
max. force (retract in light blue). Force is initially zero till the contact point (at indentation 0 nm), 
then a subsequent rise in force follows. Finally, multiple breaks events can be observed close to the 
surface, which is visible as a nearly vertical response. Vesicles showing (A) 2, (B) 4 and (C) 6 break 
events close to the surface (magnified and identified with arrows in insets). The last break closest to 
the surface is visibly smaller than the other breaks. (C,D) Breaks can also occur far from the surface. 
These breaks occur in similar sized steps (~4 nm) (D, inset). 
 
In total, we recorded 561 break events in FDCs made on 124 vesicles. To examine 
these events, we separated out discontinuities occurring close to the glass 
surface, i.e. those occurring within ~3 nm from the surface or from a subsequent 
discontinuity (e.g. the discontinuities in the insets of figure panels 6.1A-C). Such 
breaks typically occur after a steep rise in force when presumably the bilayers 
are compressed into a stack. We quantified the distance of the discontinuities, 
which shows a bimodal distribution with peaks at 2.00 ± 0.05 nm and 4.98 ± 0.07 
nm (s.e.m. (standard error of the mean), N = 361) (Fig. 6.2A) for the 
discontinuities close to the surface. The 5 nm peak corresponds to previously 
reported bilayer thicknesses.30,31 The 2 nm peak is caused almost exclusively by 
the last discontinuity before the glass surface, which are 1.94 ± 0.04 nm (s.e.m., 
114 events with break size < 4 nm, from 124 in total) (Fig. 6.2A). We separately 
investigated the breaks occurring further from the surface (N=200). Unlike 
nanoparticles that behave like thin elastic shells (e.g. some viruses), which  
buckle during nanoindentations,32,33 no such discontinuity is expected during 
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indentations of vesicles with fluid membranes.20 These breaks could therefore 
correspond to bilayer penetration events. The vesicle indentations suggest that 
these discontinuities can occur in steps of a specific size (Fig. 1D, inset). Indeed, 
we observe a large peak around a break size of 4.0 ± 0.1 nm (s.e.m., N = 159) (Fig. 
6.2B), again corresponding to reported bilayer thicknesses30,31 and therefore 
suggesting that these breaks could also correspond to bilayer penetrations.  
 

 
Figure 6.2: Analysis of breaks occurring in FDCs on vesicles. (A) In blue, histogram of breaks 
occurring close to the surface (N = 361 breaks in indentations on 124 vesicles, 15 breaks showed a 
break size above 10 nm and are not shown). In grey, histogram of the final break occurring before 
reaching the surface (N = 124). In black a bimodal Gaussian fit of breaks <7 nm, with peaks at 2.00 ± 
0.05 nm and 4.98 ± 0.07 nm (s.e.m.). (B) Breaks occurring farther from the surface (>3 nm from the 
surface or a subsequent break, e.g. the discontinuities in the inset of figure panel 1D) in blue (N = 
200). In black a Gaussian fit of breaks <7 nm (N = 159) with peak at 4.0 ± 0.1 nm (s.e.m.). Some of the 
larger breaks (>7 nm) could correspond to penetration of multiple bilayers at once.   

Figure 6.3: Imaging and indentation of supported lipid bilayers. (A) Typical supported lipid 
bilayer created by AFM scanning of vesicles at a high force (~2 nN). Image recorded at peak imaging 
forces of ~100 pN. (B) Histogram of the height of each pixel of image 3A. The height of the bilayer 
was determined as the distance between the peaks (4.1 ± 0.2 nm (s.e.m.), N = 4 bilayers). (C) Typical 
FDCs performed on solid supported lipid bilayers. Different colors mark indentations at different 
locations. 
 
The thickness of lipid bilayers is typically in the range 3 – 5 nm,30,31 however, we 
wanted to compare the break sizes found during vesicle indentations with the 
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thickness of lipid bilayers with identical lipid composition. For this purpose, AFM 
imaging can be used to rupture vesicles, resulting in supported lipid bilayers;34 
in our experiments we induced vesicle rupture by imaging with a high force 
(~2nN). By subsequent AFM imaging at low force (Fig. 6.3A) we found that the 
thickness of our lipid bilayers is 4.1 ± 0.2 nm (s.e.m., N=4) (Fig. 6.3B). Note that 
for this estimate of the bilayer height we compress the bilayer somewhat due to 
the imaging force (~100 pN). By performing nanoindentations on these lipid 
bilayers we measured the thickness by quantifying the distance from the contact 
point till the surface which should give a better estimate of the thickness, 
resulting in 5.2 ± 0.2 nm (s.e.m., N = 54) (Fig. 6.3C), which indeed corresponds 
well to the size of the larger breaks occurring close to the surface. During 
indentations, we observed that our bilayers deformed strongly and continuously 
(3.6 nm ± 0.2 nm) before they show a small break (1.78 ± 0.05 nm, s.e.m., N = 54). 
The size of these breaks corresponds well to the final breaks before reaching the 
surface in vesicle indentations. This suggests that a ~2 nm break occurs when 
puncturing a deformed bilayer on a stiff surface, because the jump is between a 
highly deformed state of the bilayer and the solid surface underneath. The 4-5 
nm breaks of the indented vesicles on the other hand are then a result of 
penetrating a deformed bilayer on top of another deformable bilayer. This 
suggests that the vast majority of the observed break events in the 
nanoindentations experiments on vesicles correspond to bilayer penetrations.  
 
Next, we summed the distance of all breaks for each vesicle indentation curve 
(Fig. 6.4A). We observed a broad distribution of this total distance, with multiple 
peaks. To find the location of the peaks we fitted a mixture of five Gaussian 
distributions, revealing peaks at 7.3 ± 0.3, 15.9 ± 0.9, 22.9 ± 1.1, 29.4 ± 1.8 and 40.8 
± 1.6 nm (s.e.m. determined by bootstrapping). These values correspond well to 
multiples of 8 nm, which is approximately two times the height of a lipid bilayer. 
This indicates that we indented vesicles with 1 to 5 lipid bilayers and that we can 
distinguish vesicles based on their number of bilayers.  



536987-L-bw-Marchetti536987-L-bw-Marchetti536987-L-bw-Marchetti536987-L-bw-Marchetti
Processed on: 15-10-2019Processed on: 15-10-2019Processed on: 15-10-2019Processed on: 15-10-2019 PDF page: 150PDF page: 150PDF page: 150PDF page: 150

Multilamellar nanovescicles 
 

 
138 

 
Figure 6.4: Determination of the vesicle degree of lamellarity. (A) Total break distance summed 
per vesicle (N = 124). In black a multimodal Gaussian fit (5 components, with peaks at 7.3 ± 0.3, 15.9 
± 0.9, 22.9 ± 1.1, 29.4 ± 1.8 and 40.8 ± 1.6 nm (s.e.m.)). In light grey the expected total break distance 
for vesicles with 1,2,…,8 bilayers, assuming a bilayer thickness of 8 nm. For further analysis, we 
separated the particles by their lamellarity creating bins between the minima in the multiple-
Gaussian fit. (B) Cryo-EM image of the vesicles. (C) Average number of lipid bilayers for vesicles as 
function of the radius. 
 
To establish how well we can determine the lamellarity of vesicles using AFM, 
we used CryoEM for an independent measure of the distribution of degree of 
lamellarity for the vesicle population. CryoEM images revealed a distribution of 
vesicle lamellarities present in the vesicle population (Fig. 6.4B). Since the 
degree of lamellarity depends on the vesicle size, we compared the AFM and 
CryoEM data by the average number of bilayers for different vesicle sizes (Fig 
6.4C). Especially for the larger vesicles, the two measurements correspond very 
well. The deviation for smaller vesicles could be partially caused by our 
preference for higher vesicles in the AFM experiments. Overall, the good 
correspondence of these data indicates that we can indeed detect the number 
of bilayers accurately using AFM nanoindentation. This encouraged us to look 
into the effect of number of bilayers on the physical properties of vesicles.  
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First, we examined the shape of the vesicles adhering to the surface. Adherent 
vesicles typically deform on the surface,20,35 where the optimal shape is that of a 
spherical cap, in which the degree of spreading is a balance of bending and 
stretching of the bilayer, adhesion energy to the surface and a build-up of 
internal osmotic pressure36. We obtained quantitative information on the shape 
of individual vesicles by creating a line profile along the slow scanning axes 
through the maximum height H of a vesicle. We determined the radius of 
curvature Rc by fitting a circular arc to the part of the line profile above half of 
the maximum height. We then quantified the shape of the vesicle by dividing the 
height by the radius of curvature (Fig. 6.5A and inset). This value is 2 for a sphere 
and 1 for a hemisphere. We corrected these measures for tip convolution and 
deformation during imaging (see materials and methods). Most vesicles formed 
spherical caps with H/Rc between 0.7 and 1. We observed a clear increase of this 
ratio with increasing degree of lamellarity, showing that multilamellar vesicles 
spread less and stay in a more spherical shape upon adhesion (Fig. 6.5A).   
Since the external chemical properties for unilamellar and multilamellar vesicles 
are identical, their adhesion energy to the surface is identical too. Hence, the 
more spherical shape suggests that the multilamellar vesicles are stiffer. To test 
this more directly we measured the stiffness of the initial slope of the 
indentation curve (measured between indentation of 0.02 – 0.1 Rc

 or until the 
first discontinuity if it occurred at smaller indentation). We observed a clear 
increase, which appears strikingly linear, in stiffness with each added bilayer, 
from 0.015 ± 0.002 N/m (s.e.m., N = 26) for unilamellar vesicles to 0.027 ± 0.002 
N/m (s.e.m., N = 14) for vesicles with 5 lipid bilayers (Fig. 6.5B). Fitting a linear 
relation to this data revealed a slope of 0.0027 N/m per added bilayer. This 
corresponds to an increase of only ~20% of the stiffness of an unilamellar vesicle 
with each added layer.  

Figure 6.5: Effect of multilamellarity on vesicle geometry and mechanics. (A) Shape of vesicles 
as quantified by the height divided by radius of curvature (Rc). Adherent vesicles containing more 
bilayers are less flattened. Inset shows how vesicle shape was quantified. Line profile as measured 
by AFM in dotted black. In dark blue the fitted circular arc and in light blue the cap shape after tip 
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correction (see materials and methods). Height and radius of curvature are marked by arrows. (B) 
Stiffness of vesicles (measured between 0.02 and 0.1 Rc). Vesicles with more lipid bilayers are stiffer. 
In red a linear fit. Slope corresponds to ~2.7 * 10-3 N/m per bilayer.  Errorbars in both panels 
correspond to s.e.m.. 
 
6.3 Discussion 

In this work, we identified multilamellar vesicles by quantifying the total size of 
the break events occurring during nanoindentations (Fig. 6.1, 6.4A). These 
penetration events have been previously observed in studies on solid supported 
bilayers26 and during vesicle indentations.19 It was also previously observed that 
when indenting multiple fluid bilayers, the break closest to the surface is 
smaller.28,37 Our data on supported fluid lipid bilayers indeed suggests that they 
are strongly deformed, to less than half of their initial thickness, before they are 
penetrated (Fig. 6.3C). Although this has been observed previously,38 the 
processes that lead to this extent of deformation are unknown. Strong 
deformation is presumably due to tilting of phospholipid molecules and bending 
of their hydrocarbon chains, and perhaps interdigitation of the two leaflets.  
We see a clear effect of the amount of lipid bilayers on the vesicle stiffness (Fig. 
6.5B). Our data can be well described by a linear relation with 2.7 * 10-3 N/m 
stiffness added per lipid bilayer. This effect is, however, smaller than would be 
expected if membrane bending dominated the mechanical response. If the 
stiffness is just affected by bending of additional layers, the system could be 
approximated by parallel springs and an increase of ~100% in stiffness would be 
expected for each internal vesicle. The smaller effect observed here (~20% 
added stiffness per additional bilayer) is consistent with our previous work, 
where we found that adherent unilamellar vesicles are pressurized.20 A linear 
relation between number of bilayers and vesicle stiffness would be expected 
when a multilamellar vesicle can be approximated as a pressurized unilamellar 
vesicle with bending modulus N = 1 * N, where 1 is the bending modulus of a 
single lipid bilayer and N number of lipid bilayers in the vesicle. Hence, the linear 
appearance of this relationship in our experimental data, indicates that such a 
model could be a good approximation for the mechanics of these multilamellar 
nanovesicles.  
 
6.4 Conclusions 

In summary, our study shows that we can detect and measure mechanical 
properties of multilamellar vesicles by AFM nanoindentations. The observed 
response is in agreement with our recently proposed model, which described 
vesicles indentation using Canham-Helfrich theory.20 sMLVs stay in a more 
spherical shape and are stiffer than SUVs. These properties were previously 
shown to be beneficial for cellular uptake.9,10,12,13 According to these findings, our 
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results suggest that the degree of lamellarity of small vesicles can be tuned for 
beneficial physical properties for drug delivery. 
 
6.5 Material and Methods 

Vesicle preparation. EggPC (P2772) and Cholesterol (C8667) were ordered from Sigma. Brain 
PS (840032C) was ordered from Avanti Polar lipids. Egg PE and Egg SM were ordered from Lipoid. 
Small MLVs were produced using the extrusion method39. In short: lipid powder was dissolved at 20 
mg/mL in a 9:1 CHCL3:CH3OH solution in a round bottom flask. Molar ratio of mixed lipids was 15% 
Egg PC, 17 % Egg PE, 8% Brain PS, 15% Egg SM and 45% cholesterol. This complex lipid mixture is 
designed to mimic the lipid concentrations in the red blood cell40 and similarly vesicles excreted by 
red blood cells.41 The solvent was dried in a rotary evaporator (Buchi), first for 1 hour at 400 mBar, 
then subsequently at least another 30 minutes at 100 mBar. Vesicles with equal buffer conditions in 
the lumen and on the outside were created by dissolving the dried lipids in PBS (Phosphate buffered 
saline: 10 mM phosphate, 150 mM sodium chloride, pH 7.3 – 7.5) (Invitrogen) at a 20 mg/ml final 
concentration. Vesicles were then vortexed for 10 minutes. Finally, vesicles were extruded 15 times 
back and forth through a 200 nm filter (Avanti polar lipids).  

AFM. Vesicles were adhered to poly-L-lysine coated glass slides in PBS. Slides were first cleaned 
in a 96% ethanol, 3% HCl solution for 10 minutes. Afterwards they were coated for 1 hour in a 0.001% 
poly-L-lysine solution (Sigma), rinsed with ultrapure water and dried overnight at 370 C. They were 
stored at 7 0C for a maximum of 1 month. A 50 µL droplet of vesicle solution was incubated on the 
glass slide. Vesicles were imaged in PeakForce TappingTM Mode on a Bruker Biocatalyst setup. Force 
setpoint during imaging was 100 pN. Nanoindentations were performed by first making an image of 
a single particle, indenting it at 0.5 nN, and subsequently 10 nN with a speed of 250 nms-1. 

Subsequently another image was made to check for movement of the vesicle. Importantly, both 
before and after the vesicle indentation, the tip was checked for adherent lipid bilayers by pushing 
on the glass surface till a force of 5 nN. Tips used were silicon nitride tips with a nominal tip radius 
of 15 nm on a 0.1 N/m cantilever by Olympus (OMCL-RC800PSA). Individual cantilevers were 
calibrated using thermal tuning.  
AFM image analysis. Both images and force curves were processed using home-built MATLAB 
software. Size and shape of vesicles were analyzed as described previously20. Briefly, a circular arc 
was fit to the part of the vesicle above half of the maximum height. Subsequently the tip size was 
subtracted. Height of the vesicles was determined from the FDC. Radius of curvature was corrected 
by 2.5 times the height found in the FDC minus the height found in the images. Size of the vesicle 
before deformation was calculated assuming surface area conservation. A minimum radius of 
curvature of 5 nm was assumed for where the spherical cap touches the surface.  
AFM FDC analysis. The cantilever response was measured on the sample surface and fitted linearly. 
The resulting fit was subtracted from the measured response when indenting vesicles to obtain 
FDCs. Stiffness of the vesicles was found by fitting a straight line in the interval between 0.02 – 0.1 
Rc and was determined using a single FDC per vesicle.  

Cryo-EM. For the cryo-preparation, glow-discharged R2/2 200 mesh holey carbon films 
(Quantifoil) were used.  2.5 μL of sample was applied to the grid and blotted for 2.5 s and then cryo-
plunged using a Vitrobot (Thermo Fisher Scientific, The Netherlands). In total 90 micrographs were 
collected on a Tecnai Spirit (120 kV) cryo-electron microscope using a Eagle 4kx4k CCD camera 
(Thermo Fisher Scientific).  
Cryo-EM image analysis. CryoEM images were analyzed by measuring the circumference of 
individual vesicles and counting the amount of lipid bilayers. A small percentage of multivesicular 
vesicles was present, in which case only the bilayers of the internal vesicle with the highest degree 
of lamellarity were counted. 
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Supporting Information 

 

Figure S6.1 Break force statistics. Histogram of forces at which break events occur: (A) Break 
force statistics. Histogram of forces at which break events occur: A) close to the surface (2.2   1.6 
nN, st.d., N = 361); (B) the last break event (2.6  1.8 nN, st.d., N = 124); (C) far from the surface (0.8  0.8 
nN, st.d., N = 216); and (D) during bilayer indentations (3.5  1.5 nN, st.d. N = 54). Spread in the 
observed break forces is generally much larger than when analyzing break distance. The force 
required to break through the last bilayer is typically slightly larger than the other breaks close to 
the glass surface. A simple explanation for this is that the force at which the AFM tip contacts the 
last bilayer is typically higher than for the first contacted bilayer. The force required for penetrating 
supported lipid bilayers is higher than the force required for the last adherent bilayer during a vesicle 
indentation. Potentially, this can be explained by the higher tension present in the vesicle 
membranes than the supported lipid bilayers, which makes penetration by the AFM tip energetically 
less unfavorable1 . Finally, the breaks occurring further from the surface during vesicle indentations 
occur at significantly lower force than the penetration of the bilayer stack close to the surface. It is 
known that the penetration force required to penetrate a lipid bilayer increases with loading rate2 , 
and since in our experimental design the speed (in nm/s) of the AFM tip is constant, the loading rate 
depends on the stiffness before penetration. The low rigidity of the vesicle results in a (~5 fold) lower 
loading rate for the break events far from the surface, than those  
closer to the surface. 
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Figure S6.2 Determination of the vesicle lamellarity. In the main text we determine the lamellarity 
of vesicles based on the summed distance of the distance of the breaks within each curve. 
Alternatively, the amount of break events could be counted to determine lamellarity. Here, we 
compare both methods in a 2D-histogram with color (and numbers) indicating the number of 
vesicles in each bin. Overall, both methods yield good correspondence (~60% of vesicles are 
classified in the same way, and >30% differ only one lipid bilayer. We used classification based on 
total break distance, since we believe it represents the most unbiased approach. Some much larger 
breaks are present in the FDCs (see main text fig. 6.2D), which likely represent double (or more) 
bilayer penetrations. When determining the number of breaks in each curve we would have to decide 
what to do with each larger break event separately. (For this figure such larger breaks were counted 
as a single lipid bilayer; if an odd number of break events was recorded we rounded up the total.) 
We note that determining the lamellarity by the number of break events does not change any of the 
main conclusions (data not shown).  
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During the non-linear journey of my PhD I took unpredicted paths and multiple 
deviations, which lead to new ideas and some successful projects, as well as 
unfinished ones. In this final chapter, I briefly introduce the latter. Due to 
unavoidable time constraints, I will transfer these works to someone else, with 
the hope that they will lead to exciting scientific discoveries. 

 

7.1 Membrane interactions in fertilization 

Fertilization is the process by which eggs and spermatozoa interact, achieve 
mutual recognition, and fuse to create a single, genetically distinct individual1. 
Fertilization is a multistep and complex process mediated primarily by gamete 
surface proteins2. Despite a giant leap forward with the recent discovery of 
essential proteins for successful fusion, the molecular mechanism underlying 
the multiple key proteins-interactions that lead to the two membranes to fuse 
during fertilization, have remained poorly understood3.  
To date, three surface receptors have been identified as having sex-specific 
sterility when deleted in vivo: Juno and CD9 on the egg surface, and Izumo1 on 
the sperm surface3. Izumo1 and its folate receptor Juno interaction drives the 
necessary adhesion step, to which follows fusion4,5. The N-terminal domain of 
the sperm protein Izumo1 binds the GPI-anchored protein Juno on the surface 
of the egg (Fig. 7.1). This interaction is essential as recognition and adhesion step. 
Other molecules are almost certainly required for sperm-egg fusion as it was 
found that Izumo1 and Juno are not sufficient to trigger membrane fusion in 
heterologous systems4. Moreover Juno was found to form local clusters ensuring 
a sufficiently high binding avidity for productive interactions, and it was 
suggested that CD9 is responsible for this clustering organizational role6.  This 
ability of CD9 relates well to the function of transmembrane proteins which 
belong to the tetraspanin family7.  
 

7.1.1 Preliminary experiments  

The specific interactions which occur between Juno-Izumo1-CD9 during the 
fertilization process, and whether any of these interactions directly contribute 
to membrane remodeling, is currently unknown. In this section I present 
preliminary experiments aimed to study, at the single-molecule level, the 
fertilization fusion system, using a similar approach as described in Chapter 5. 
In brief, optical tweezers (OT) allow for manipulation of a bead pair, each coated 
with a phospholipid membrane. His-tagged proteins are bound to the Ni-NTA 
lipids in the membrane (Fig. 7.1). As the proteins, or the lipids, are fluorescently 
labelled, it is possible to select the interactions to study for each bead pair. 



536987-L-bw-Marchetti536987-L-bw-Marchetti536987-L-bw-Marchetti536987-L-bw-Marchetti
Processed on: 15-10-2019Processed on: 15-10-2019Processed on: 15-10-2019Processed on: 15-10-2019 PDF page: 165PDF page: 165PDF page: 165PDF page: 165

                                                                           Chapter 7 
 

 

 
          153 

7

 

Additionally, fluorescently labelled lipids allow to monitor possible lipid mixing 
occurring as the proteins are bound to each other. 
The experimental procedure for validating this method is the previously 
described approach-and-retraction routine: we bring into contact the two 
membrane-containing proteins and by pulling them apart we directly probe the 
forces involved and the probability of each specific interaction (Fig 7.2). As 
shown in Figure 7.2C Izumo1-Juno shows the highest interaction probability, 
encouraging new experiments for studying this system at the single-molecule 
level in our setup. 
 

 
Figure 7.1: Fertilization proteins on membrane-coated beads. (A) Schematic of two 
lipid-coated (99% DOPC, 1% DGS-Ni-NTA) polystyrene microspheres: one bead contains 
AlexaFluor488-labelled Izumo1-268-His (Iz268-His) and the other bead contains Red-NHS-labelled 
Juno-222-His (Juno-His), as illustrated in the schematic. (B) Illustration of how the interaction would 
take place on gamete membranes. Izumo1 is a single-pass transmembrane protein and Juno is a 
GPI-anchored folate receptor-like. 
 

7.1.2 Future experiments  

To further explore in vitro the fertilization system as described in the previous 
section, we would change some experimental settings in order to resemble as 
much as possible the in vivo sperm-egg system:  

i. Liposomes: instead of coating polystyrene beads with a lipid membrane, it 
is possible to directly trap single liposome particles. Liposomes filled with 
sucrose solution (e.g. 1M sucrose) have a significantly higher refractive 
index of water, becoming easy objects to trap, as previously shown in 
different optical tweezers studies8–10. On one hand, using liposomes would 
lower the range of applicable forces, on the other hand it would probably 
facilitate content and lipid mixing experiments, as the membranes are not 
restricted by the presence of the beads. 
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ii.  Size: the egg cell diameter is 2-orders of magnitudes larger than the 
sperm cell head. In order to resemble the real interaction surface areas, 
two different liposomes sizes could be used (schematic in Fig. 7.3A). On 
one side GUVs (≈10-100 m) coated with Juno and\or CD9, and on the 
other side SUVs (≈100 nm) coated with Izumo1. Note that it was 
demonstrated that liposomes up to 50 nm in diameter can be optically 
trapped11. 

iii. Speed and frequency: the swimming velocity of and the forces applied by 
the sperm when interacting with the egg surface have been quantified by 
means of OT12. Moreover the sperm flagellum beating mode has been 
recently shown to affect the egg adhesion process: the flagella oscillations 
impose different types of movements of the sperm head, that are likely to 
influence its adhesion activity13. Therefore we would redesign the 
approach-and-retract routine accordingly, exploring different approach 
velocities (v = 5-100 m/s),  forces (F = 2-100 pN), and different beating 
frequencies (f = 1-10 Hz).  Moreover by also changing the sperm-liposome 
approach directionality, we would explore how all these parameters affect 
single protein interactions during the fertilization adhesion process. A 
schematic resuming the changing experimental parameters and 
preliminary tests, using membrane-coated beads, are presented in Figure 
7.3. 

 

 
Figure 7.2: Preliminary results summary. Specific interactions between Juno and Izumo1 
are measured using optically trapped membrane coated microspheres (Ø=3.8 m). (A), (B) Top 
panels: confocal images of bead pairs held in two optical traps, with Izumo1 coated beads in green 
and Juno coated ones in red. Bottom panels: measured forces arising from approach-and-retraction 
routines. As described in Chapter 5 a positive force arises as the membranes contact and a negative 
force, indicative of tether formation, arises during pulling. (C) Probability of interactions - i.e. 
formation of tethers upon bead separation - for different bead pair combinations (dark beads are 
lipid only beads). Izumo1-Juno interactions occur with the highest probability. 
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Figure 7.3: Possible future experiments. (A) Schematic of two trapped liposomes with 
different diameters. The bigger and static liposome would resemble the egg, the moving and smaller 
liposome would resemble the sperm head. During the approach step different parameters can be 
changed according to swimming sperm measured values - i.e. velocity, forces and frequencies of 
interaction as well as the approach directionality. (B) Fast approach-and-retraction routine 
preliminary trial, using two membrane-coated beads of the same size. Each fast cycle is followed by 
static contact and manual pulling for monitoring the presence of a tether. Blue frame inset: details 
of 10 s fast routine, where red arrows indicate tethers formation. Note: unlike Fig. 7.2, the tethers 
force increase is shown as positive as it represents the force vector magnitude. (C) Position-Time 
plot showing a fast routine frequency at 10 Hz. (D) Position-Time plot showing a fast routine moving 
the bead at 50 m/s. 
 

7.2 Natural viruses assembly 

A simple viral capsid assembles through the simultaneous interaction between 
capsid proteins and their binding onto a nucleic acid molecule. In Chapter 4 we 
explored the assembly process of an artificial viral capsid as a model system for 
a deeper understanding of a virus life cycle. In this section I introduce two 
natural viruses which are ideal candidates for real-time assembly studies 
combining the complementary techniques used in Chapter 4 (i.e. optical 
tweezers with fluorescence microscopy and acoustic force spectroscopy - AFS).  
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Why choosing these two as suitable viruses for a single-molecule assembly 
study? 

• They have a linear morphology: both the dumbbell optical tweezers (OT) 
and AFS configuration fits well with this linearity, as the nucleic-acid 
molecule is held and manipulated from both ends. 

• They are helically arranged viruses: the compaction proceed in a regular 
way as the particle grows from one location (or two) and elongates further 
from there; this characteristics allows a precise quantification of the 
particle growth process. 

• They are formed by a single capsid protein: this is an advantage as it 
simplifies the experimental protocol and the interpretation of the readout 
signal from both the protein binding and the induced compaction steps 
during growth.     

 

7.2.1 An RNA virus: TMV 

Tobacco Mosaic Virus (TMV) is one of the earliest discovered, simplest and most 
characterized viruses14–16. Its helical structure (Fig. 7.4) consist of ca. 2130 
identical capsid proteins (CPs) subunits which are bound to and protect a single-
stranded RNA (ssRNA) molecule of 6.4 knt17. The TMV self-assembly process has 
been reproduced in vitro and is characterised in great detail. In short, as 
summarized in Fig. 7.518: depending on pH, ionic strength and protein 
concentration, the CPs form different oligomer sizes, from small “A-proteins” to 
double-layered “disks” of 34 subunits18. The latter are the essential nuclei from 
which particle growth can start. Upon their binding to a stem loop along the 
RNA genome, known as origin of assembly (OA) (Fig. 7.4), the disks undergo a 
conformational change leading to a “lockwasher” configuration. This new shape 
allows a RNA fragment to be integrated in between the disks layers. The particle 
grows cooperatively through the subsequent addition of CP oligomers both from 
the RNA 5’-end (fast growth, as disks are incorporated) and from the 3’-end (slow 
growth, as A-proteins are incorporated). The resulting helical structure is 
characterized by a pitch of 2.3 nm and the final capsid is 300 nm in length, 18 
nm in diameter, with a 4-nm wide inner channel14 (Fig. 7.4).  
The single-molecule approach described in Chapter 4 would allow to observe 
the TMV assembly process taking place in vitro. The flow-cell system has the 
advantage of changing the pH in situ,  in order to get a transition from disks to 
lockwasher by shifting from pH 7.0 to pH 6.019. Even though the TMV growth 
process is independent of the specific genome sequence, the presence of the 
OA hairpin is required for a high affinity nucleation and efficient RNA 
encapsulation20. Therefore, in order to reproduce as best the in vivo assembly 
pathway it is advised to design a new RNA-DNA hybrid construct, as 
schematized in Fig. 7.6. The construct central part is the wt TMV ssRNA genome, 
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at the ends of which are incorporated two double-stranded DNA handles 
generated as PCR products, similarly to a previously described protocol21. The 
presence of the RNA-DNA hybrid handles is essential for avoiding experimental 
complication which might arise while catching the construct in situ. In fact 
secondary structures are formed along the whole ssRNA (see prediction in Fig. 
7.4), in case the genome is unconstrained in solution. During the experiments, 
when the two ends are brought into close proximity, the absence of such 
handles would lower the chances of binding the construct to both beads. One of 
the main advantages of using OT/AFS is to probe the yet unknown force 
landscape to which the ssRNA is exposed during the TMV self-assembly. This 
would allow to test different conditions at which the particle can still undergo 
the growth process when exposed to certain forces, or to induce disassembly 
and/or protein unbinding.  
The complementary fluorescence microscopy would reveal the kinetics of the 
assembly process, starting at the OA location and growing in intensity as disks, 
A-proteins and CP are added. To this end, the fluorescent labelling of single CP 
would allow to distinguish different sizes of oligomers. This observation would 
allow to distinguish between the fast and slow growth processes, which can be 
in turn related to the corresponding force signal. To be taken into consideration 
is the distance between the OA and the construct end, such that the 
visualization of the binding process with fluorescence is not affected by the 
vicinity of the bead (e.g. ≥ 3000 nucleotides difference). While in Chapter 4 
confocal fluorescence microscopy was used to observe events along the whole 
-DNA (48.5 kbp), in order to quantify single events at this specific location on 
the TMV genome, STED microscopy would be more suited, as already 
implemented in our OT setup (with 50 nm resolution, a 6-fold resolution 
improvement with respect to confocal microscopy)22.  
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Figure 7.4: Tobacco Mosaic Virus (TMV). (A) Electron microscopy image of a typical TMV 
rod. (B) 3D reconstruction of a TMV rod segment from electron micrographs. Adapted from ref.23. 
(C) Predicted secondary structures of TMV RNA genome where the OA hairpin, with nonanucleotide 
loops, is marked by a black frame. Its structure prediction is shown in more detail in the black frame 
on the right. Adapted from ref.24. 
 



536987-L-bw-Marchetti536987-L-bw-Marchetti536987-L-bw-Marchetti536987-L-bw-Marchetti
Processed on: 15-10-2019Processed on: 15-10-2019Processed on: 15-10-2019Processed on: 15-10-2019 PDF page: 171PDF page: 171PDF page: 171PDF page: 171

                                                                           Chapter 7 
 

 

 
          159 

7

 

 
Figure 7.5: TMV assembly process. Schematic of the known steps occurring during TMV 
assembly. This model describes a bidirectional growth driven by the concurrent binding of different 
CP oligomers, i.e. "A-protein" and disks, in vitro. Assembly of TMV starts with insertion of the 
RNA (black line) OA-loop into the central hole of a protein disk, resulting in its conformational 
change into a helical “lockwasher” and the formation of an RNA “traveling loop” (indicated with 
arrow) and integration of the adjacent RNA portion between the CP layers. Fast tube elongation 
towards the 5’-tail of RNA is achieved by the serial addition of protein disks, while slow 3'-elongation 
occurs through addition of single “A-proteins”. From ref.24.  
 

Figure 7.6: DNA-RNA construct. Schematic of the hybrid DNA-RNA construct which can be 
used to study TMV self-assembly in an optical tweezers setup. In between two hybrid double 
stranded handles (red-orange), the ssRNA genome (blue) is placed which contains the OA from which 
the assembly process can start. The handles can generated as two PCR products and hybridized to 
the RNA template. The handles can functionalized with Dig and/or Biotin for bead attachment 
during the optical tweezers experiments. 
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7.2.2 A DNA virus: SIRV2 

In the last decades, among the huge variety of viral families, viruses   from the 
archaeal domain have been brought to light and found to be highly diverse and 
complex systems25. The known thousands of archaeal viruses all contain a 
double-stranded (dsDNA) genome and only a few of them have been studied at 
the molecular level25. The archaeal Rudiviridae family comprises non-enveloped, 
stiff rod-like viruses containing a linear dsDNA genome. The rudivirus Sulfolobus 
islandicus rod-shaped virus 2 (SIRV2, Fig. 7.7) was isolated from a solfataric 
spring in Iceland, which had a temperature of 88 °C and pH of 2.526. During its 
life cycle SIRV2 encounters a large range of pH and temperatures. Due to its 
hyperthermostable and acid-resistant nature, SIRV2 has been studied as a 
potential stable viral nanoparticle27. In a recent cryo-EM study the high stability 
of this particle has been linked to its structure28. A three-dimensional 
reconstruction, with a ~4 angstrom resolution, revealed a new structural 
organization: i) half of the capsid protein is unfolded in solution; it folds into a  
helix while wrapping around the DNA (Fig. 7.7C); ii) its DNA is characterized by 
an A-form backbone structure (Fig. 7.7D)28. 
The single-molecule approach described in Chapter 4 would allow to observe 
the assembly process taking place in vitro. The flow-cell system has the 
advantage to test the high variety of chemical conditions at which SIRV2 is 
exposed to, and to induce both its assembly and disassembly process. Probing 
the DNA mechanical changes upon protein binding would reveal the transition 
from B-DNA to A-DNA induced by the bound capsid proteins. Moreover SIRV2 
genome length (35.8 kbp dsDNA) is ideal to observe the protein binding kinetics 
and dynamics of growth through confocal fluorescence microscopy. The more 
than 10-fold compacted genome, reaching a final capsid length of 900 nm, could 
also be followed in great detail with our OT setup by quantifying single 
compaction steps. In contrast to using the TMV ssRNA, using directly the SIRV2 
dsDNA genome would facilitate experiments greatly as there is no need of 
making a new construct, only the dsDNA ends need to be biotinylated. 
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Figure 7.7: SIRV2. (A) TEM of negatively stained SIRV2 particles. Inset shows a high resolution 
image of the end structure of the capsid. Scale bar 500 nm. (B) Schematic of SIRV2 particles. Adapted 
from ref.27. (C) Cutaway view of the cryo-EM reconstructed virion, showing the capsid proteins 
(magenta). The protein -helices wrap around the dsDNA (blue) and encapsidate it. On the right, a 
close-up view of the black-framed region shows one protein dimer (yellow-green). (D) Right-handed 
solenoidal supercoiling of the encapsulated DNA, showing three turns. Adapted from ref.28. 
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7.3 A high-end flow cell system for nanoparticles manipulation 

In this section I present a part of the results obtained during the development 
of a new AFM setup combined with Raman spectroscopy, aimed at studying 
biological systems, such as viruses and vesicles. 
 
In order to facilitate the exchange of liquid in the AFM set-up, a flow cell has 
been developed. The goal of having such a flow cell is to be able to quickly and 
reproducibly change the pH and/or salt concentration of the liquid in which the 
AFM experiments are being performed (Fig. 7.8). In this way the mechanical 
properties of particles can be measured before and after exchange of the 
surrounding liquid, thereby directly revealing the influence of environmental 
parameters on the structural mechanics. 
 

 

Figure 7.8: Experimental set-up. (A) The flow cell has N inlets where different solutions can be 
added. By opening/closing the inlets (using pressure valves) a single solution or a mixture of 
solutions can be chosen. The flow velocity can be tuned by the degree of opening of the inlets. This 
solution then flows over the sample stage, whereby the AFM, coming from above, and the light 
microscope, coming from below, can simultaneously image the solution. (B) Zoom in onto the flow 
cell and AFM. The viral nanoparticles are attached to the glass cover slip surface by hydrophobic 
interactions. The AFM is used to image and indent single particles. 

In collaboration with Micronit Microtechnologies we designed a flow-cell with 
three entry channels converging into a central pool where the AFM 
measurements take place (Fig. 7.9A). Two different microfluidics systems were 
designed: i) a flow-cell with connections from the top, with stainless steel 
capillaries which can be bent and adjusted to fit the limited space between the 
AFM head and the flow-cell holder during the experiments (Fig 7.9B i); ii) a flow-
cell with planar connections (SideConnect platform, Fig. 7.9B ii). 
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Figure 7.9: Microfluidics system. (A) Schematic of the flow-cell top view, with three input channels 

which converge into a central round pool, where the AFM measurements take place, followed by a 
single output channel. (B) Micronit Microtechnologies flow-cell and chip holder with (i) top (with 
90-degree bent steel tubes) and (ii) planar connections which fit best underneath the AFM head.  

 

 

Figure 7.10: Cantilever holder. (A) Image of cantilever holder for measurements in liquid, with 

cantilever placed on top and an example of flat ring sealing which is inserted around the holder 
round area. (B) Microfluidics system and placement of the cantilever holder during measurements 
(inserted as indicated by arrow). At the interface between the holder and the flow-cell upper surface, 
the sealing makes sure no fluid leakage takes place during measurements. 
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The AFM cantilever holder for measurements in liquid (Fig. 7.10A) is inserted in 
the flow-cell as shown in Fig. 7.10B and an interface sealing (ring-shaped) must 
be placed around the holder at the interface with the microfluidic device.  
A flat sealing (such as the one in Fig. 7.10A) was tested during AFM imaging in 
liquid when (i) not in contact with the flow-cell top surface, leading to good 
image (Fig. 7.11A, i); (ii) in contact with the flow-cell top surface, as it would be 
during standard measurements, leading to bad images probably due to the 
friction during the scanning (Fig. 7.11A, ii). In order to reduce the contact area 
between sealing and flow-cell top surface, a new sealing was designed (PDMS 
gasket tapered, Fig. 7.11B); the 2.4 mm height of the sealing was tested to be a 
good option for sealing and imaging (Fig. 7.11C). 
 

 
Figure 7.11: Sealing test during AFM imaging. (A) AFM image of flow-cell surface when (i) the flat 

sealing is not in contact with the upper surface of the flow-cell and (ii) the flat sealing is brought 
into contact with the flow-cell surface as it should be during measurement under flow. In contrast 
to image (i), which shows a flat and standard surface image, image (ii) shows imaging distortions 
which are attributed to a friction issue of the sealing. (B) New PDMS gasket tapered sealing prototype 
with reduced contact area with flow-cell surface. (C) Panel i: Image of the gasket tapered sealing 
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inserted into the flow-cell during AFM measurements. Panel ii: correspondent flat AFM image with 
no-distortions observed. 

In order to perform measurements under a constant and controlled flow a 
pressure box was added to the system inside the AFM cage. A holder for the 
pressure box and syringes to which the tubings are connected was placed and 
integrated in the setup as shown in Fig. 7.12. An additional holder for the waste 
products is added at the back of the microscope. 

 

Figure 7.12: Pressure box holder. A pressure box and syringes holder is placed to the side of the 

AFM head. Its position and height can be modified according to the user wishes. Highlighted on the 
right are the keys elements of the holder. The tubings shown can be connected to the syringes and 
can be inserted into different flow-cell channels. 
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Summary 

DNA, proteins, membranes:  

exploring the physics behind biomolecular processes 

 
Biomolecular processes represent the fundamental interactions occurring at 
the nanoscale which are vital for any biological system to function. The 
complexity of these events and the spatial/temporal scale at which they occur, 
dictate the biggest challenge in experimental biophysics: unravelling such 
processes and their working mechanism. This thesis investigates several 
biomolecular processes driven by the interactions between three major 
macromolecules of life, namely DNA, proteins and membranes. Thanks to state-
of-the-art single-molecule instruments we catch, manipulate and observe one 
macromolecule at a time. 
The experiments in this thesis are performed with three main techniques which 
complement each other in the information that can be extracted from each 
studied system. i) Optical tweezers combined with confocal fluorescence 
microscopy (OT&C) allows to catch single DNA molecules and to observe 
proteins binding, unbinding and moving along the DNA. At the same time the 
DNA can be manipulated and its force response provides information on the 
induced mechanical properties. OT&C was also used to trap single membrane-
coated beads and to observe and quantify the interactions induced by 
membrane-binding proteins. ii) Acoustic force spectroscopy (AFS) also allows to 
perform proteins-DNA interactions experiments, with the advantage of parallel 
measurements using short DNA molecules and of applying stable low forces.  iii) 
Atomic force microscopy (AFM) is a gentle technique as it permits to image 
biological particles (soft particles, such as liposomes) placed on a surface by 
scanning over them. At the same time AFM was used to push and/or break them, 
allowing to get insights into their material and mechanical properties. See 
Chapter 1 for more details. 
 
Here a short summary follows for every experimental chapter presented in this 
thesis. 
 
Chapter 3  

1D-sliding assists σ70-dependent  

promoter binding by E.coli RNA polymerase  

 
The flow of genetic information from DNA to RNA is of central importance to 
living systems and it can only start after an RNA polymerase has found a 
promoter site. But how does this enzyme find its promoter sites on DNA in the 
first place? In recent years, the controversial debate on this topic seems to lean 
in favor of a promoter search mechanism that is dominated by 3D-diffusion, 
rather than by 1D-sliding along DNA. We designed an improved single-molecule 
assay that unambiguously revealed extensive 1D-sliding of RNAP. An intriguing 
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implication of our quantitative analysis is that around the RNAP concentration 
that is present in living cells, the 1D and 3D-search mechanisms are elegantly 
balanced, suggestive of a buffering mechanism. 
For the direct observation of single E. coli σ70-RNAP, we performed confocal 
fluorescence imaging of linear DNA molecules and reproduced all previous key 
findings such as binding kinetics and sequence-dependent binding affinity. One 
crucial element of our experimental configuration is that we hold single DNA 
molecules fully suspended in solution between two optically trapped beads, 
which permits full and unimpeded 1D-sliding of RNAP along DNA. Indeed, we 
directly observed single RNAPs sliding over thousands of basepairs. This is in 
contrast to the lack of evidence for 1D sliding in previous surface-bound assays 
where RNAP inevitably encounters a substrate while it undergoes rotation-
coupled 1D-diffusion along DNA. 
Our results demonstrate a powerful single-molecule fluorescence assay that 
avoids potential surface-associated perturbations. This assay is applicable to a 
wide range of DNA-protein interactions and is perhaps even essential for 
analysing the mobility of DNA-bound species. Foremost, our results provide new 
insights into the promoter search mechanism. This is essential for our 
fundamental understanding of gene expression and it provides us with the 
elementary insights that are required to start interpreting/addressing 
situations with elevated complexity such as the impact of crowding on target 
search processes. 
 
Chapter 4 

Real-time assembly of an artificial virus-like  

         particle elucidated at the single-particle level  

 
In this study we investigated in real-time the dynamics of assembly of virus-like 
particles, which remains one of the poorly understood key steps in the viral life 
cycle. Using a powerful combination of single-molecule techniques, such as 
confocal fluorescence microscopy of optically trapped DNA molecules and 
acoustic force spectroscopy we scrutinized this process. We observe directly 
and in real time the critical early stages (i.e. protein nucleation) of the assembly 
pathway of an artificial virus-like particle. Furthermore, we followed the growth 
of single nuclei and revealed the binding kinetics and dynamics of single capsid 
proteins, while monitoring the DNA mechanical changes such as its time-
dependent compaction. We complemented the study with observations from 
atomic force microscopy and bulk assays. Our findings not only contribute to a 
fundamental understanding of the complex, dynamic processes occurring 
during viral self-assembly, but also support the development of virus-like 
particles in order to design effective and controlled novel artificial genetic 
carriers. Moreover, our study demonstrates how the powerful combination of 
single-molecule fluorescence assays with high temporal/spatial resolution is 
well suited to scrutinize proteinaceous structure assembly. 
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Chapter 5 

synaptotagmin-1 and Doc2b exhibit distinct  

membrane remodeling mechanisms 
 
Synaptotagmin-I (Syt1) is a calcium sensor protein that is vital for neural activity, 
for example its deletion in mice leads to death within 48 hours after birth. Due 
to its central importance during neurotransmitter release, Syt1 has been 
extensively studied by various molecular and structural approaches. 
Nevertheless, many questions remain on how Syt1 mediates membrane fusion. 
In particular, there is extensive debate in the field on the membrane-bound 
configuration of Syt1 before and during fusion. This debate is hard to settle due 
to a lack of appropriate experimental tools.  
In a previous publication our lab demonstrated that optical tweezers combined 
with confocal fluorescence can be used to study protein-membrane 
interactions. Here we successfully expand the capacity of these tools to directly 
observe and quantitatively measure the interactions between single vesicles 
with an unprecedented resolution and a degree of control that is impossible to 
reach with other techniques. Using this instrument, we have now succeeded to 
forge a breakthrough into the understanding of the mechanism of fusion-
mediation by Syt1. First, we address the long standing question of the binding 
configuration between Syt1 and membranes, focusing on discriminating 
between binding to an opposing membrane or to another copy of the protein in 
the opposing membrane, i.e. establishing if Syt1 binds symmetric or asymmetric 
to trigger fusion. Our results clearly show, on the bases of quantitative 
measurements of the binding strength and frequency, that Syt1 binds 
significantly more strongly to membranes rather than to other Syt1 molecules. 
This striking result helps resolve a long-standing controversy in the field for the 
mode of Syt1 action during fusion. Second, we succeeded to quantitatively and 
directly demonstrate, using AFM nanoindentation, that the binding of Syt1 to 
membranes results in membrane softening. This lowering of the energy required 
for membrane deformation likely contributes significantly to fusion facilitation 
by calcium sensor proteins, and may be a general feature of C2AB domains. The 
finding that calcium sensor proteins directly modify the mechanical properties 
of membranes in order to trigger membrane fusion was speculated about but 
never directly demonstrated before. This study thus sheds new light on the 
mechanism of Ca2+ induced fusion triggering, which is essential for a 
fundamental understanding of neurotransmitter secretion. 
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Chapter 6 

 
Multilamellar nanovesicles show distinct mechanical  

properties depending on their degree of lamellarity 
 
Nanoscale vesicles are currently in use as drug delivery vehicles, and are widely 
studied for their broader potential in therapeutic applications. It has been 
shown that small multilamellar vesicles (sMLVs) can have important benefits for 
drug delivery, such as slower release kinetics and larger storage volume for 
hydrophobic drugs. Recently, it has also become clear that the mechanical 
properties of vesicles affect important processes, such as cellular uptake. Our 
lab recently introduced a new approach and model to determine and describe 
the mechanics of nanovesicles. Here we expand that approach and present the 
first study of the mechanical properties of multilamellar (nano)vesicles. Having 
a quantitative understanding of these properties will help with the rational 
design of sMLVs for drug delivery applications. In this study, we use atomic force 
microscopy (AFM) nanoindentation to obtain this quantitative information on 
multilamellar nanovesicles. We scrutinize the break events that occur during 
nanoindentations, and show that their size corresponds well to the lipid bilayer 
thickness. Moreover, we show that we can determine the lamellarity of 
individual vesicles and distinguish between vesicles with 1 to 5 lipid bilayers. To 
validate these results, we obtained an independent measurement of the 
lamellarities present in the vesicle population using cryoEM. We then quantified 
the vesicle geometry and mechanical properties as a function of their 
lamellarity, and find that for each additional bilayer adherent vesicles stay in a 
more spherical shape and are stiffer. Surprisingly, the stiffness scales only 
weakly with the amount of lipid bilayers: every added bilayer makes the vesicle 
only ~20% stiffer. We provide an explanation, based on our previous observation 
that adherent vesicles are osmotically pressurized. In summary, here we show 
that AFM can be used to determine the lamellarity of single vesicles and we made 
a big step in understanding the physical properties of multilamellar vesicles. 
Importantly, the observed more spherical shape and higher stiffness of 
multilamellar vesicles could be beneficial for uptake by cells, suggesting that the 
lamellarity of vesicles can be leveraged to tune vesicle behavior for drug delivery 
purposes. 
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and of course remember that I am always up for a beer! 
 
To my newest office mates: 
Giulia, about your strong scientific passion, never give up, 
the nuclei are just waiting for you to be pulled up! 
Agata, I am really glad we could be colleagues again, 
thanks to you when I listen “Mr Boombastic” I can almost reach the zen. 
Longfu, it was lovely our cultural exchange, 
be strong even though experimental results can look strange. 
 
To the AFM/AFS meeting mates: 
Kiki, you are a great successor as group meeting chair, 
you are also one of the smartest person I’ve met, I swear! 
Maryam, the project together was not an easy one, for us both, 
now it’s great to see you so happy in your career growth. 
Ning, you crazy little one, 
I wish you also in Eindhoven a lot of fun. 
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To the rest of the Cosy group: 
Graeme, Andreas, thanks for being always ready to help us, 
for the entire group you’ve always been a big plus! 
Sandrine, you are unique with your jars, 
thanks for being an environment-friendly star. 
Emma, from one instrument to the other, 
success in becoming the new chromosome godmother! 
Tianlong, did you also fell in love with this land? 
all the best for whatever career step you’ve planned. 
 
To the very new lab members: 
Liza, Christine, Noemi, Andy, with you the worm group expanded a lot, 
it was nice to share a moment with you in my final PhD time-slot. 
 
To my ex-colleagues: 
Douwe, thanks for being my office neighbor with your unique rational mind, 
such a great colleague & roadtrip travel-companion is not that easy to find! 
Jona, your positivity and enthusiasm have been precious for everyone, 
also thanks for all the gossip and for the chatty-breaks fun! 
Seyda, our smiley and invaluable biology queen, 
all the best with your well-deserved research on genes! 
Fede, grazie del tempo passato dentro e fuori dal lab, cara polentona, 
non vedo l’ora di farci un’altra mega seratona! 
Vandana and Mariska, I hope life outside of academia feels good,  
if you have some special tips about it tell me, please do. 
Ineke, one of the few PhDs that will make it to professorship, 
it has been a pleasure to have you as colleague and share some mother tips. 
Daan, thanks to our project my PhD could begin with a very good start, 
hopefully I’ll call you soon Prof. Vorselen and you’ll be back to the land where 
actually is your heart! 
Aravindan and Felix, despite your differences your team went quite far, 
I guess after the academic life never again dinners at the Spar… 
Andrea, Gerrit, Onno, thanks for sharing your deep tweezers knowledge guys, 
it’s great to see how far you went with Lumicks and I wish you that’ll continue 
to rise. 
Rouquaya, Olga, Els, even if for a short time I met you dears, 
I wish you all the best with your very different careers. 
 
To my colleagues in Groningen: 
Pedro, Melissa, Sourav, Guus, Yukun, Ignacio, our symposiums and dinners 
have been great, 
I wish you to continue with some great science and maybe publish at a superhigh 
rate! 
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To my neighbors colleagues (past and present ones): 
Fabio, Margherita, Luca, Marica, ciao italiani belli, 
non mollate e fatemi sapere quando vi va una pizza o du’ tortelli! 
Bram, from the master until now in these corridors we’ve shared quite a bit, 
I’ll miss our chats about whatever-topic, I have to admit! 
Max, Dirk, Ben, Liron, Oleg, Mathi, Jelmer, Miriam, Judith, some of you already 
left and some are leaving, 
Good luck with everything and thanks, I really enjoyed our conversations while 
eating! 
Imran, neighbors at work and at home too, 
Thanks for your kindness and to be in my mama-shoes. 
Davide, mi hai ispirato per il prossimo passo, grazie davvero, 
Sai dove sono se ti serve un po’ di VC dinero! 
 
To the Forum for Young Scientists (FYS) team: 
Denise, Raya, Rosa, so proud of us co-founder and the network we managed to 
begin, 
Dian, Joost, Maurice, it’s great to have you as new team, let’s make it another 
win! 
 
To the secretaressen: 
Marja, Regine and Chequita, thanks for all your practical steun, 
it’s great we all can on you leun. 
 
To the teaching teams: 
Rouquaya, Luuk, Veerle, Suzan, Lily, Rabah, it has been a pleasure to share this 
experience with you. 
Freek, John, Erwin, Davide, Rene, Juan, Gerrit, your courses really helped me 
and I definitely grew. 
 
To my collaborators: 
Renko, Paul, Armando, hopefully time for publishing is near… 
Sander, Emma, Raya, Melissa, it was great to share an exciting scientific year! 
Tzvya, Hannah, Raya, what a promising great project! Hopefully things will be 
soon more clear. 
 
Alle mie storiche compagne di viaggio: 
Sara, Marta, Maria, il tempo passato insieme e’ sempre prezioso, 
grazie perche’ riuscite sempre a farmi sorridere anche nel momento piu’ 
uggioso. 
I viaggi insieme sono davvero indimenticabili, 
e che bellezza le nostre conversazioni improbabili! 
Juri, seppure solo un viaggio abbiamo condiviso, 
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ti ringrazio per ogni pausa caffe’ in cui non e’ mai mancato un sorriso. 
 
Ai “Km ai vecchi tempi”: 
Asja, Ricki, Giaco, i miei amici per la pelle di una vita, 
non scordero’ mai le memorie scout, i doppiaggi e la nostra prima gita... 
Un sogno e’ che i nostri figli potranno essere come eravamo noi: inseparabili 
direi, 
A chi stara’ in accademia e chi no, in bocca al lupolo belli miei! 
Asja, due righe in piu’ perche’ ti voglio ancora ringraziare, 
a te che appena hai l’occasione mi passi a trovare. 
Nei momenti piu’ speciali degli ultimi anni ci sei sempre stata, 
e sei un’ispirazione: affronti la vita da leonessa e non ti sei mai fermata! 
 
Alla mia seconda famiglia in Italia: 
Sabina, Antonio, Ziza, Brazo, Sandra, Arman, Federico, grazie per le uniche 
reunions a Natale, 
avete reso ogni ritorno a Roma davvero speciale! 
 
To my Dutch family: 
Anja, Joen, Ilse, Nienke, Idse, Lineke, Fre’, Liv, I know these rhymes are not as 
good as yours for Sinterklaas,  
on the other hand I can teach you to say Parmigiano and not parmezaankaas! 
Jokes apart, thanks everyone for the direct and indirect support, 
And I’d like to officially apologize for making your future generations so… short! 
 
Alla mia famiglia: 
Ceci, Saretta, grazie davvero per essere passate, 
la prossima volta non passeremo in 2 metri quadrati e in 4 persone le nottate! 
Zia Chiara, grazie per essere vicina e per avermi sempre spronata, 
i giorni insieme ad Amsterdam sono sempre stati una figata. 
Montagne russe, cene fuori, al parco, mercatini e ore nei musei, 
appena torni tutto questo e altro rifarei! 
Nonna e nonno, grazie per l’aiuto e il costante supporto, 
sia nei momenti piu’ belli sia nei momenti di sconforto. 
Quando mi chiedono cosa dell’Italia mi manca di piu’, 
Non ho dubbi: e’ la domenica tutti insieme a mangiare il ragu’! 
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Marti, come avrei fatto senza avere qui il mio bro’, 
anche se vuoi mangiare le solite tre cose, va benissimo, ti diro’. 
E anche se solo a iniziare un film sul divano e poi dormire, 
e’ proprio cosi che quel senso di famiglia riusciamo a riscoprire! 
Mamma e papa’, senza di voi non sarei mai arrivata fin quassu’, 
grazie per tutto quello che mi avete dato, non avrei mai chiesto di piu’. 
Vi ammiro perche’ sempre ironici e giovani dentro restate, 
pieni di energie e positivita’, davvero... non cambiate! 
 
Loek, a te che sei il mio pulcino puzzone, 
ne hai fatta di strada da quando eri un piccolo embrione. 
Il tuo primo anno coincide con quello piu’ speciale della mia vita, 
l’amore e l’energia che porti in casa: una forza cosi’ non l’ho mai sentita! 
Rosa, bonazza mia, you managed to extend my stay abroad a “little bit”, 
you that every situation, every step in my daily life have always lit. 
Yes, I am “talkin’ about my girl”, 
who has turned my life into a precious pearl. 
 
 
 
 
 
 
 
        Yours, Megghi 
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