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Figure 5.2: Cryo-EM images of NPs incubated with large liposomes MUS : OT NPs were
incubated at room temperature with small (diameter < 50 nm) DOPC liposomes (2.5 mM
lipid), then vitrified, and imaged by cryoEM. a) Frames from constructed tomograms
of a lipo- some (150 nm in diameter) incubated with MUS : OT 20% OT (2.8 ± 1.4 nm)
nanoparticles showing individual adsorption of nanoparticles on the bilayer. Red arrows
indicate the membrane adopting a negative cur- vature as a result of NP adsorption.
b) A frame from aligned file of tomogram acquisition and its 3D reconstruction. The
nanoparticles, MUS:OT 30%OT (5 ± 0.8 nm) are aggregated and the 3D reconstruction
shows that they are embedded within the membrane core. c) Stereopair images of MUS :
OT 10%OT (3.1 ± 0.5 nm) nanoparticles incubated with liposomes with diameter >100 nm;
in stereopair images, the same sample is pictured from different angles. This sample shows
two different configurations in which the liposome–NP–liposome interaction takes place.
Liposomes can either maintain their curvature, be flattened or deformed to adopt negative
curvature. NPs in both interface regions are ordered in a close packed arrangement.

in the two tomogram sections shown in Figure 5.2a, in which the NPs and the
bilayer are clearly distinguishable. Figure 5.2a also show that, coherently with the
simulations, adsorbed NPs induces a slight negative curvature. The presence of
snorkeled aggregates of NPs is confirmed by the tomogram frame shown in Figure
5.2b, although the resolution is not sufficient to assess whether they are in the
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semi- or fully-snorkeled configuration. As shown in Figure 5.2c, the NP aggregates
have peculiar effects on the membrane at the interface between large liposomes.
The figure shows a cluster of 3 large liposomes (which we call L1, L2 and L3, all
with diameter >100 nm), and extended bidimensional NP aggregates. NPs are
found mainly at the interface between the liposomes, which confirms their role as
aggregation agents. The most interesting feature is that the curvature of the L2

bilayer is modified by the NP aggregate in two different ways. At the interface
between the L2 and the L1 liposomes, both bilayers are flattened, while at the L2-L3

interface one liposome, L2, inverts its curvature to the advantage of L3, whose
bilayer remains positively curved. In figure 4.12c, in the previous chapter, we
had already shown further examples of this NP-induced interface reshaping effect.
Since both the NP and liposome populations in the system are homogeneous, we
observe the unexpected result that the same NPs can cause both curvature inversion
and flattening when mediating the interaction between two identical liposomes.

5.1 effect of np aggregates on membrane curvature

Having already assessed the reason for the formation of NP aggregates and their
features, we now use MD simulations in order to investigate the liposome-liposome
interaction as mediated by NP cluster. In doing so, we intend to find an explanation
to the problem discussed above, in which same liposome-liposome interfaces
assume different curvatures. As a first test, we prepare a set of simulations with
2 DOPC liposomes 27 nm in diameter, a size similar to the small ones used in
the experimental setup, and a variable number of MUS:OT 2:1 NPs, solvated in
water. On the microsecond time scale, we observe liposome-liposome interactions
in each of the simulations containing NPs, while the liposomes don’t interact in
absence of NPs. As soon as the first NP-mediated liposome-liposome contact
is established, other NPs adsorbed on either liposome’s surfaces gather on at
the contact point. This configuration is shown in Figure 5.3. While the scale of
our simulations doesn’t allow us to simulate larger liposome and their eventual
induced curvature, this observation fits well with the experimental images related
to small liposomes. In the following, we employ simulations of planar patches of
DOPC membrane interacting with NPs aggregates in order to assess their effect on
curvature. Planar membrane patches are a good approximation for the surface of a
large liposomes, and are useful to gain insights on these systems that are otherwise
too computationally expensive to properly simulate.

5.1.1 Aggregates induces curvature similarly to isolated NPs

As thoroughly described in the previous chapter, our simulations reproduce the
spontaneous aggregation of adsorbed, semi- as well as fully snorkeled NPs. More-
over, we know that single NPs can induce different curvatures depending on their
penetration state, but what about the effect of the aggregates? Here we present
results obtained from unbiased simulations, already referred to in the previous
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Figure 5.3: Unbiased simulations: NPs with small liposomes and membrane patches
a) Snapshot of NP-mediated liposome-liposome interaction, obtained from the Martini
unbiased simulation with two liposomes and 10 NPs. Lipid molecules are represented in
red, the NP core in pink (Au) and yellow (S) while the ligands are blue (OT) and cyan
(MUS). While the simulation box contains two liposomes, we show the same one two
times because its interaction with the other happens also through the periodic boundaries.
b) and c) Snapshots of spontaneous aggregates of 9 NPs in the adsorbed and semi-
snorkeled configuration, respectively. Each snapshot is accompanied by a color map of
the z coordinate of lipid head-groups under and around the NP aggregate, showing the
different curvatures induced by the NP aggregate depending on its penetration state.

chapter. These simulations were initialized by distributing 9 NPs on a 3× 3 grid
on the membrane surface, all in the same state: adsorbed, semi-snorkeled or fully
snorkeled.

When NPs are adsorbed on the bilayer surface, the membrane adopts a slightly
negative curvature at the edges of the aggregate, while it remains flat elsewhere.
This effect is highlighted in the height color map in Figure 5.3b, and is coherent
with the small but non negligible negative curvature that a single NPs induce (See
Figure 4.13); this is explainable by the fact that for the membrane is favorable to
maximize the number of contacts with the MUS charged terminal beads, but the
NPs are too small to be wrapped, which would require a large expense of elastic
energy. In the simulation with the semi-snorkeled NPs, the aggregate induces a
significant positive curvature on the membrane: the bilayer assumes a dome-like
shape, shown in Figure 5.3c. The curvature, as expected, vanishes for simmetrically
snorkeled NPs aggregates.

5.1.2 NPs affect the membrane response to mechanical stress

The presence of MUS:OT NPs can perturb membrane curvature also in out-of-
equilibrium conditions, such as under the action of a mechanical stress. In absence
of NPs, when a flat membrane is subjected to an in-plane, uniaxial mechanical
compression (see Section 2.2.3), the membrane undergoes a buckling transition and
assumes a roughly sinusoidal profile, which period is equal to the length of the


