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the network graphs obtained with this analysis are shown in Figure 4.9 d, e and f,
relative to the snapshot shown in the inset of Figure 4.9 a, b and c respectively. The
graphs clearly shows the dependency on composition of the relative quantity of
hydrophobic contacts and ion-bridging bonds formed. In particular:

• The All MUS aggregate is mainly composed of dimers in hydrophobic contact.
These dimers, are not freely diffusing but are kept together in a single dynamic
aggregate by ion bridging.

• The MUS:OT 2:1 NPs allow more hydrophobic contacts, which leads to long
hydrophobic linear chains. These chains can fold due to ion-bridged bonds,
which are however less numerous than in the previous system.

• The MUS:OT 1:1 can form even more hydrophobic contacts, forming a ribbon
of two NPs width, and no ion-bridging is needed to stabilize the structure.

For each composition, the aggregates appear to be formed with a mixture of
hydrophobic contact and ion-bridged bonds. The hydrophobic contact bonds
provide a primary, solid structure, which differs greatly depending on the shells
composition: dimer for the All MUS, chain for the MUS:OT 2:1 and ribbon for the
MUS:OT 1:1. These structures are further stabilized by ion-bridging, which confers
a secondary structure. The clear trend is that increasing the hydrophobic ligand
fraction makes the ion-bridged configuration less favourable.

The network analysis of the aggregates allowed us to produce time evolution
plots of the bonds formed between the NPs. In Figure 4.10a and b we show the
time evolution of the coordination: this is the average number of neighbors per
node, i.e. the average number of NPs with which each NP is connected. In Figure
4.10a we plot the hydrophobic contact coordination for each composition, and in
Figure 4.10b the same but for ion-bridged bonds.

The first observation is that the hydrophobic bonds show little variation through-
out the simulation after the initial phase, meaning that the primary structures
(dimers, chains and ribbons) are indeed very stable. Moreover, the coordination
confirms the nature of the primary structures for each NP shell composition: 1

neighbor for the All MUS (dimers), 2 neighbors for the MUS:OT 2:1 (chains), and
3-4 neighbors for the MUS:OT 1:1 (ribbons).

On the other hand, the ion-bridging aggregation is more fluid-like, coherently
with the shallow energy minimum that we observe for a dimer, but still we can
see the dependency on the NP shells composition. All MUS NPs are the ones who
manage to form more ion-bridged bonds, followed by MUS:OT 2:1 NPs and finally
MUS:OT 1:1 NPs, for which the ion-bridging is vanishing.

The time evolution analysis also allows us to characterize the initial moments
of the NPs aggregation. The initial time evolutions of hydrophobic contact and
ion-bridged bonds is shown in Figure 4.10c, d and e for the Run 5 of the 27 NP
unbiased simulation for the three compositions, respectively. We observe that even
at this initial stage, the aggregation is dependent on the NP shells composition.
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Figure 4.10: Time evolution of NP-NP bonds a) Coordination (average number of neigh-
bors per NP) for hydrophobic contact bonds, compared for the three ligand shell composi-
tions, taken as an average over 5 independent simulations. b) Coordination for ion-bridged
bonds, compared for the three ligand shell compositions again as result of an average over
5 independent simulations. c), d) and e) Comparison of the initial growth of hydrophobic
and ion-bridged bonds, respectively for All MUS Run 5 (c), MUS:OT 2:1 Run 5 (d) and
MUS:OT 1:1 Run 5 (e). The data are presented on a logarithmic scale for time. f), g) and h)
Initial growth of trimers and triangles of NP in hydrophobic contact, respectively for All
MUS Run 5 (f), MUS:OT 2:1 Run 5 (g) and MUS:OT 1:1 Run 5 (h).
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The All MUS starts forming ion-bridged bonds right away, while it takes longer
to form hydrophobic contact bonds, and it does so at a slower rate compared to
the other compositions. The trend is inverted for the MUS:OT 2:1 NPs, which still
manage to form several ion-bridged bonds at around 1 µs simulated time. Lastly,
the MUS:OT 1:1 starts forming hydrophobic contact bonds at the very beginning
(20 ns), and only after several such bonds are in place some ion-bridging starts
happening.

Finally, we included an analysis of the three-NP clusters in hydrophobic contact,
to study the formation of the primary structures. The trimers are defined as any
NPs triplets in which one NP is bonded by hydrophobic contacts to the other
two. Among these, we count as triangles any NP trimer in which also the second
and third NP are bonded. The initial time-evolution of the number of trimers
and triangles is shown in Figure 4.10f, g and h again for the Run 5 of the 27 NP
unbiased simulation for the three compositions, respectively.

In these plots, we show that while All MUS form only one, unstable trimer, the
NP containing OT form tens of stable trimers. Moreover, the MUS:OT 1:1 also form
a significant number of hydrophobic contact triangles. This obervation further
confirms the different features of the three primary structures (dimers, chains and
ribbons) that the different compositions originate.

Figure 4.11: NP ligand shell reshaping a) Asphericity of NPs as an average over each
NP in the simulation box and over the 5 independent 27 NP runs, for the three NP shell
compositions. The snapshots show the typical shape assumed by each NP respectively in
the dimer (All MUS), chain (MUS:OT 2:1) and ribbon (MUS:OT 1:1). Errors are measured
as standard errors over the five independent measures. b) Hydrophobic Solvent Accessible
Surface Area (SASA) variation, in percentage, taken from the 2 NP unbiased simulations at
each NP shell composition. Errors are propagated from the standard error over the average
values taken before and after dimerization.

shell reshaping drives aggregation In order to link the different topol-
ogy of the primary structure of the aggregates with the features of a single NP, we
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analyzed the structure of the NP shell focusing on its ability to remodel itself, i.e. on
its reshaping. In particular, we identified and calculated two structural parameters:
the asphericity and the hydrophobic SASA variation upon dimerization.

The asphericity is a geometrical parameter defined for a set of points distributed
in a 3D space, in our case the beads of the ligand shell, that goes from 0 (perfect
sphere) to 1 (line). It is obtained from the eigenvalues λi of the gyration tensor:
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where β is the asphericity, λ1 the largest of the eigenvalus of the gyration tensor and
RG the radius of gyration. In Figure 4.11a we show the asphericity β of the ligand
shell of the NPs in an aggregate of 27 NPs, taken from the unbiased simulations
and measured as an average over each NP and over the trajectory after the complete
formation of the aggregate.

The hydrophobic SASA is obtained as the SASA of the hydrophobic beads of
the ligands, i.e. all beads of type C1 in the topology, using the sasa module of
gromacs. In the 2 NP unbiased simulations, since the hydrophobic contact
dimerization is a quick process (less than 1 ns), we could split up the run in two
phases, before and after hydrophobic contact, and measure the SASA averaged
over time in those segments. In Figure 4.11b we show its variation in percentage
upon dimerization.

When NPs are isolated, the NP-water interface is roughly a sphere. In this
situation, the NP asphericity is expected to be 0 for all MUS:OT concentrations,
and the hydrophobic SASA is expected to be the largest at the largest OT content.

When NPs aggregate, instead, their shell is deformed. The largest the shell
deformation upon aggregation, the largest the NP asphericity. The formation of
hydrophobic contacts imply that hydrophobic ligands open up to merge with the
hydrophobic ligands of the contacting NP. As a result, there is a decrease of the
net surface available to host the remaining NP ligands. The deformation upon
NP-NP contact is expected to increase the density of the longer, charged ligands
at the NP-water interface, thus reducing the hydrophobic SASA and favoring the
formation of ion-bridged contacts vs. hydrophobic contacts.

We analyzed our simulations in order to capture the correlation between the
asphericity parameter and the hydrophobic SASA, as well as possible effects of the
different MUS:OT compositions. The All MUS NPs have a relatively low asphericity
in the final aggregate, since in the dimer structure they are only deformed on
one side; on the other hand, their hydrophobic SASA is the one that drops the
most (31%) upon dimerization (Figure 4.11a). MUS:OT 2:1 have an intermediate
asphericity in the aggregates, since they are deformed on two sides, forming a
disc-like structure; compared to All MUS, thier hydrophobic SASA decreases to
a lower extent, with a 27% drop. Lastly, the MUS:OT 1:1 has the lowest SASA
variation (25%), which allow the NP to form up to four bonds. These NPs, in the
final aggregate, have the highest asphericity, being tyipically deformed on 3/4

sides, and assume a semi-disc shape.
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Our data show that there is an interdependency between asphericity and hy-
drophobic SASA, and that this effect does depend on the MUS:OT concentration.
What is apparent from this analysis is that for NPs at each composition, after the
first hydrophobic contact, the next ones become increasingly difficult to form. As
we saw in 4.3.1, for NPs with a larger core there is an an higher barrier between
the ion-bridged and hydrophobic contact, which is due to an higher surface charge
density. In the case of the 2 nm cores, after hydrophobic contact, a similar effect
happens because of the reshaping of the shell: the consequent drop of hydrophobic
SASA exposed is indeed inversely proportional to the charge density on the free
portion of the NP surface. Increasing the OT concentration in the ligand shell
reduces the relative importance of the hydrophobic SASA reduction, allowing the
NPs to accomodate more neighboring NPs in hydrophobic contact.

Furthermore, we can speculate that the reshaping of the shell determines also
the preferred spatial disposition of the other neighbors. For the MUS:OT 2:1, the
third NP will have an easier time making hydrophobic contact on the region where
the deformation of the shell is less pronounced (and the ligand density minor),
i.e. on the polar opposite of the first hydrophobic contact site. The same happens
in the aggregates of MUS:OT 1:1; at first, trimers are formed as in the previous
case and as shown in Figure 4.10h; then triangles start forming, since the lateral
ligand density of the trimers/chains is not yet high enough to prevent hydrophobic
contact. Then the same effect prevents the formation of a tetrahedral structure, since
it would mean for the NPs to make hydrophobic contact in the region of highest
ligand density. Lastly, again for the same effect, the aggregates won’t develop as
an isotropic planar lattice, but will continue to grow from the NPs with the lowest
coordination, thus forming the ribbons. While we illustrated this concept as a
step-by-step process, the effect is not kinetic but it changes the thermodynamical
stability of the structures, as confirmed by the artificial aggregates simulations
mentioned in the previous paragraph.

To summarize, in this section we observed how the soft ligand shell of func-
tionalized gold NPs can heavily influence the aggregation behaviour, originating
peculiar structures, particularly linear and planar aggregates, that can be observed
in experimental images [154]. The interplay between hydrophobic contact and
ion-bridging depends not only on the surface nature of the NPs, namely the balance
of their hydrophobic and charged portions, but also on its softness, i.e. its ability
to undergo reshaping. In the next section, we will see that reshaping have an
important role also in the interaction between NPs and the membrane bilayer.

4.4 aggregation of np interacting with lipid membranes

Cryo-Em images of amphiphilic NPs incubated with DOPC liposomes show that
NPs form large, planar aggregates when in contact with the membrane surface[220,
9, 102]. In the experimental images, we find NP aggregates both at the interface
between two adjacent liposomes and on their free surfaces (Figure 4.12a). Thanks
to tomographic imaging and 3d reconstruction as in Figure 4.12c, we can see
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that aggregates can be found both adsorbed on the membrane and inside the
membrane, often in the same sample. This means that the interaction with the
membrane is somewhat complex, with several metastable states that coexist and
can (as illustrated in Chapter 5) affect the membrane in different ways. For different
penetration states of the NP in the bilayer, we expect to see different aggregation
mechanisms, which we are going to explore in the next sections.

Figure 4.12: Aggregation on the membrane: experimental pictures Cryo-EM imaging of
large, ordered aggregates of MUS:OT NPs in contact with DOPC liposomes. a) aggregates
of MUS:OT NPs (30% OT content) with a core diameter 5 ± 0.9 nm, on large DOPC
liposomes; b) aggregates of MUS:OT (10% OT content) NPs, with a core diameter of 1.7
± 0.5 nm, on large DOPC liposomes. The average distance between neighbor NPs was
calculated as 6.12 ± 0.5 nm, suggesting that sulfonated ligands of the interacting NPs are in
an extended configuration, parallel to the membrane plane. c) 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.
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4.4.1 Single nanoparticle: different induced curvatures at different penetration stages

As a starting point for the study of NP aggregation in presence of the membrane, we
needed to investigate the interaction of a single NP with the membrane. We know
from previous works that the interaction between the NP and the bilayer follows
a rather complex path, which in the end leads to the symmetrical penetration of
the NP[182, 204, 177]. For a larger NP with diameter closer to the bilayer thickness,
this process was still unexplored, hence we performed simulations of a single
nanoparticle with a planar DOPC patch. The penetration process is comprised
of several metastable configurations, which can be summarized in three stages:
adsorption, hydrophobic contact and snorkeling. In our case, hydrophobic contact
is very fast (few nanoseconds), allowing us to only study the adsorption and
snorkeled stages. We set up three systems with one 4 nm MUS:OT 2:1 NP and a
flat DOPC membrane (15×15 nm2 in the following three configurations

• Adsorbed on the membrane: the NP interacts with the membrane surface
solely through its ligands terminal beads (Figure 4.13)

• Partially snorkeled: the ligands have established hydrophobic contact with the
bilayer core, and some of the charged ligands already managed to cross and
anchor to the polar heads of the distal leaflet; the core of the NP is still off
from the membrane center (Figure 4.13)

• Fully snorkeled: The NP lays at the center of the bilayer and the charged
ligands are distributed evenly between the entrance and the distal leaflet
(Figure 4.13).

In figure 4.13 we show the average radial profile of the membrane around the NP
interaction site, as obtained after 2 µs of unbiased sampling in each of the previous
configurations.

The simulations show that in the adsorbed state the membrane adopts a slightly
negative local curvature, to maximize the contacts between the hydrophilic ligand
terminals and the polar lipid heads. In this configuration, the NP acts by scaffolding.
The NP wrapping is stopped as the cost of the elastic membrane deformation
exceeds the enthalpic gain from the contacts between the charged ligand beads
and the polar lipid headgroups. In the semi-snorkeled state, the NP induces a
significantly more pronounced curvature on the membrane, deforming it up to
longer radial distances (>10 nm, Figure 4.13). In this case, the curvature is caused by
the asymmetric deformations that the NP imposes on the two leaflets. As more and
more ligands shift to the distal leaflet in the penetration process, we expect these
deformation to decrease until the symmetrical configuration is reached. As the
analysis shows, this is indeed the case: in the fully-snorkeled state the membrane
is perfectly flat, any residual curvature having vanished. In this configuration
the membrane undergoes only a short-range thickness reduction, caused by the
hydrophobic mismatch between the NP and the lipids.
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Figure 4.13: Curvature induced by a single NP Average DOPC membrane profiles from
unbiased simulations with a single 4 nm MUS:OT 2:1 NP. The continuous red lines and
shaded red areas indicate the average height of the lipid headgroups and its standard
deviation over a 2 µs run. The yellow circle represent the position of the NP Au core; lipid
tails and NP ligands are not represented. The plot is accompanied by snapshots obtained
from the same simulations, corresponding to each of the three configurations.

In the following, we explore how each different stage of NP-membrane penetra-
tion affect NP-NP interaction and the formation of NP aggregates.

4.4.2 Adsorbed nanoparticles: ion-bridging

In the large aggregate shown in Figure 4.12b, we measured that the average
distance between neighbor NPs was (6.12± 0.50) nm which, as in the previous case
of aggregates in water, is much larger than the NP diameter, and again consistent
with a configuration in which the sulphonated ligands are extended. This suggests
that aggregation is again mediated by ion-bridging, which is compatible with
the fact that the NPs are just adhering to the membrane, i.e. almost completely
immersed in water.

Our computational analysis proceeded with the investigation of the behaviour
of multiple adsorbed NPs on the DOPC bilayer through unbiased simulations. As
noted earlier, this is the first metastable state of the interaction between the NP and
the membrane: in this configuration only the sulphonate ligand terminals get in
contact with the zwitterionic heads of the DOPC lipids. Aggregation may occur
following two different and possibly coexisting pathways. In the first, the diffusion
of isolated adsorbed NPs drives them to aggregate on the bilayer surface. In the
second, the flattening of a 3D aggregate formed in water (as described in section
4.2) leads to a planar aggregate upon contact with the membrane.
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