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simulation box[75]. We already shown in Chapter 3 that curvature inducing mem-
brane inclusions are able to induce spontaneous buckling in large flat membranes,
especially when aggregating in linear patterns[104]. In the same way, we expect
MUS:OT NPs to influence membrane buckling, due to their curvature inducing
properties, especially when semi-snorkeled.

Figure 5.4: Mechanical stress on the membrane: single NPs and aggregates a) Strain vs
time for a DOPC membrane (50× 25 nm), subject to a 4 bar pressure along the x direction.
The simulation was run for three systems, with no NPs (purple line), with two NPs in
opposite leaflets (cyan line) and with two NPs in the same leaflet (yellow line). b) Strain
vs. time for a DOPC membrane (39Ö39 nm2), subject to a 4 bar pressure along the x
direction. Continuous lines and shaded area show the average and standard deviation over
4 independent runs. The strain is plotted for a bare membrane, for a membrane with an
adsorbed NP aggregate and for a membrane with a semi-snorkeled NP aggregate. The
plots are accompanied by snapshots from the simulations, which show the extent of the
deformation caused by the applied pressure after 20 ns.

We perform a set of tests on a pure membrane and on a membrane with two
isolated NPs, in different configurations: in the first the NPs are semi-snorkeled
from the same side of the membrane, in the second they are in opposite leaflets; we
simulate the systems applying a non homogeneous pressure, in particular applying
a larger pressure on the x axis. Figure 5.4 shows the comparison between the
resulting time evolution of the deformation of the box, which is directly correlated
to the membrane’s response to the applied stress. The membrane reacts differently
to stress depending on the position of semi-snorkeled NPs. The NP-bilayer system
with NPs on opposite sides bends much faster than the bare membrane, thanks
to the NPs that ease the positive curvature. On the contrary, if the NPs are on the
same side, the induced curvature is strong enough to force the membrane to buckle
with two folds, making it significantly more rigid. In each case, the deformation
deviates from the one shown for the bare membrane, and always in the direction
of the NPs enhancing positive curvature on the entrance leaflet.

Let us now check what happens in the presence of NP aggregates, since they
are the ones that we find in solutions with large liposomes in the experimental
images, where the most significant curvature effects are induced. In Figure 5.4b
we show the time evolution of the box length strain (again under buckling along
the x axis) of a bare membrane, a membrane with an adsorbed aggregate of 9 NPs
and of a membrane with a semi-snorkeled aggregate of 9 NPs; these systems are
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the same obtained from unbiased simulations. The bare membrane has the slowest
kinetics. The slight negative curvature induced by the adsorbed aggregate facilitates
buckling, with the NP aggregate sitting on the concave side of the membrane. The
strong positive curvature due to the presence of the semi-snorkeled aggregate has
the largest effect on the kinetics of bending, leading to a much faster halving of the
box edge, with the NP aggregate sitting on the convex side of the dome-like region.

5.2 np aggregates affect liposome formation and liposome-liposome

interaction

5.2.1 Liposome-liposome interface geometries explained by different NP embedding

Figure 5.5: Different penetration states, different deformation of the liposomes a)
Schematic representation of the different interface configurations, along the experimental
image. b) Simulation of a bicelle interacting with a semi-snorkeled 9-NP aggregate. In
absence of NPs, the bicelle would not interact with the flat membrane and it would close
quickly to form a small liposome. In presence of the membrane-embedded NP aggregate,
the bicelle adheres to the aggregate, adopting a negative curvature in the region of contact
with the NPs. This is the onset of the process that leads to the stabilization of the interface
between the L2 and L3 liposomes.

We have shown that isolated and aggregated NPs can significantly affect mem-
brane curvature, and that different degrees of NP embedding lead to the stabiliza-
tion of different curvature configurations. With this knowledge, we can propose
an interpretation for the heterogeneous liposome-liposome interfaces shown in
Figue 5.2c. At the L1-L2 interface, the NP aggregate is simply adsorbed on the
surfaces of both liposomes. The symmetric, flat L1-L2 interface maximizes the
favorable bilayer-NP contacts, overcoming the elastic energy cost associated with
membrane flattening. At the L2-L3 interface instead, NPs are only adsorbed on
the L2 liposome and semi-snorkeled in the L3 bilayer. The symmetry is then
broken: the curvature of the L3 bilayer is extremely stable due to the presence of
the semi-snorkeled aggregate. The enthalpic advantage resulting from the adhesion


