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Figure 4.14: Aggregation of DOPC-adsorbed NPs a) Top view of the aggregate sponta-
neously formed upon diffusion of 9 NPs adsorbed on the DOPC membrane surface. b)
Dimerization PMF; the dimerization profile on DOPC is similar to that obtained in water,
plotted in black for comparison. c) Number of ion bridges (pink) and NP-NP distance
(black) in the simulation of 2 adsorbed NPs diffusing on the DOPC membrane surface.
d) Flattening process: in the initial configuration, a cluster of 6 NP is adsorbed on the
membrane, forming two layers of NPs: 4 NPs in the bottom layer, in direct contact with the
membrane, 2 NPs in the top layer. After 2 µs one of the NPs from the upper layer manages
to make contact with the membrane, and in this position it remains stable for the rest of
the simulation (10 µs).

aggregation upon diffusion of single adsorbed nps The effect on
membrane curvature of a single adsorbed NP is relatively small, as shown in Figure
4.13 and it is reasonable to expect that, upon diffusion, adsorbed NPs will aggregate
exclusively by ion-bridging, the only difference being the planar constraint. We
simulated systems with 2 and 9 NPs adsorbed on the DOPC membrane. In the 2

NP simulation, the dimer spontaneously form during the simulation; furthermore,
it is stable for most of the simulated time and once again, the plot of ion bridges
(Figure 4.14c) shows the role of the ions in its stabilization, as expected. Further
confirmation that the dimerization is driven by ion-bridging is provided by the PMF
in Figure 4.14: the position and depth of the free energy well are similar to those
obtained in water. For the 9 NPs simulation, we prepared a membrane with the
NPs adsorbed and isolated, laid in a 3× 3 grid. The NPs spontaneously aggregate
within 20 µs, forming a bidimensional aggregate with a roughly hexagonal packing,
as shown in Figure 4.14a. The NP-NP first neighbor distance within the larger
aggregates is again peaked around 7.0 nm, and it corresponds to the configuration
seen in experiments and in simulations in water, i.e. the ligands are extended.
These data indeed match very well the close packed arrangements observed in
experiments and depicted in Figure 4.12 and in [220, 9].
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flattening of a 3d aggregate formed in water To observe this effect,
we simulated a system with a tridimensional aggregate of 6 NP, taken from a final
state of one of our unbiased simulations of multiple NPs in water (described in
section 4.2), together with a planar DOPC membrane patch. Within the simulated
4 µs, we observed the cluster firmly adhering on the membrane, and then modifying
its structure in order to have more NPs in the adsorbed state (Figure 4.14d). This is
possible because, as previously remarked, the ion-bridged dimers are stable but
also quite dynamical, and the adsorbed state is quite favourable for the NPs. Our
data suggest that both pathways, namely the diffusion of isolated, adsorbed NPs
and the flattening of 3D NP clusters upon interaction with the membrane, can lead
to the formation of the large planar aggregates of adsorbed NPs. In both cases,
ion-bridging is the stabilizing agent of the interaction.

4.4.3 Embedded nanoparticles: interplay of membrane deformations and ion-bridging

Cryo-EM images show single as well as large aggregates of NPs embedded in the
membrane core, as shown in [220, 102] and recalled in Figure 4.12. In the following,
we address the driving force of the aggregation of NPs in both the fully-snorkeled,
and the semi-snorkeled configurations.

fully snorkeled nps : ion-bridging and lipid depletion drive np

aggregation Here we describe the aggregation upon diffusion of single, fully
snorkeled NP. We produced three unbiased simulations with 2, 9 and 36 NPs
respectively, observing spontaneous aggregation in all cases. In Figure 4.15a we
show of the aggregate from the 9 NP simulation. During the unbiased simulations,
the dimerization is stabilized with relatively few occurrences of ionic bridging,
as shown in the first 5.5 µs in Figure 4.15e; after this phase, the dimer is further
stabilized by the formation of a nanosized pore in the membrane and of several
ion bridges, in similar numbers to the aggregation in water.

In order to assess the thermodynamic nature of this new interaction, we com-
puted the PMF of dimerization. In Figure 4.15d we compare the resulting profile
with that of dimers formed in water, as taken from 4.2a. In this case, we note
several key differences. Firstly, the minimum of the ion-bridging interaction in
water is shifted to slightly larger distance, about 7.8 nm. The second and more
interesting difference is that the interaction in the new dimerization profile is now
a long range one: the profile starts decreasing at about 10 nm distance. At this
distance, the ion-bridging effect cannot be present: the membrane itself must have
a role in promoting dimerization.

With the aim of isolating and identifying the membrane contribution to the
interaction, we needed to rule out ion-bridging and other electrostatic effects, so we
prepared a modified version of our Martini NP topology in which the charge of the
sulphonate ligand terminal is removed. We will refer to these neutral NPs as n-MUS
NPs. Unbiased simulations of n-MUS NPs show that the aggregation, albeit more
dynamical, is still present. Indeed, as shown in figure 4.15d, the corresponding
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Figure 4.15: Aggregation of fully snorkeled NPs a) Snapshot from the unbiased simulation
of the diffusion of 9 fully-snorkeled NPs. The simulation show pores formation, which are
quite dynamic in shape and relative position, but correlate well to the formation of ion
bridges. b) Normalized density of charged MUS ligand terminals (black), lipid tails (red),
and lipid heads (green) as a function of the distance from a single, fully snorkeled NP in
DOPC. c) Normalized number density maps of MUS ligands (left) and DOPC tails (right)
around a fully snorkeled NPs dimer; the blue dashed circles on the right correspond to
the external edge of the MUS shell, as measured from the left map. d) Dimerization PMF.
Fully snorkeled NPs in DOPC (blue, solid line); fully snorkeled NPs with n-MUS ligand
terminals in DOPC (blue dashed line, error bars are not shown but they are comparable
to those of regular NPs); NPs in water (grey, from Figure 4.2). e) Plot of the ion bridges
number (in pink) in the 2 NP unbiased simulation, which strictly correlates with NP-NP
distance (in black).

dimerization profile is similar in shape to the one of the real NPs, with the same
long range attraction, but a shallower minimum ( 5 kJ mol−1 against 15 kJ mol−1).
This simple test confirms that the long-range driving force for aggregation is
independent from electrostatics, and is a purely membrane-mediated attraction
effect.

To determine how the membrane induces this long-range interaction, we ana-
lyzed the membrane around a single fully-snorkeled NP, looking for perturbation
of its structure. As noted in section 4.4.1, and shown in Figure 4.13, the fully
snorkeled NP does not alter the membrane curvature; the membrane is slightly
compressed in close vicinity of the NP, but this effect is too short range (< 6 nm
from the NP center) to affect the interaction we are studying. Hence, we can rule
out curvature effects and hydrophobic mismatch from the possible causes of the
observed long range attraction.
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On the other hand, the analysis of the density of lipid tails around the NP shows
an area of reduced density, with a spatial extension that goes well beyond the area
of the MUS shell and overlaps well with the attraction basin of the PMF profile.
In Figure 4.15b we show the radial distribution function of US ligand terminals,
DOPC heads, and DOPC tails with respect to the NP center. The density of the
lipid tails is depleted in a circular area with a radius of about 5 nm, extending more
than 2 nm beyond the MUS terminals; we call this region the lipid depletion aura. We
also confirmed this result at united atom resolution, where we observe the same
lipid tail depletion range. When 2 NPs approach each other, their lipid depletion
auras start overlapping at a NP-NP distance of about 10 nm, which is precisely the
onset of dimerization as depicted in the PMF profiles. The two-dimensional maps
of the normalized number density of MUS ligand terminals and DOPC tails around
a dimer, reported in Figure 4.15d, show the overlap of the two lipid depletion auras
when the NPs come closer than 10 nm. The same auras are observed in the systems
with n-MUS NPs, in which the range of the depletion is similar, but the magnitude
is lower, coherently with the shallower PMF minimum.

semi-snorkeled nps : ion-bridging and membrane curvature drive

np aggregation In this intermediate state, the dimerization process and the
subsequent formation of aggregates is even more complex, due to the significant
positive curvature (Figure 4.13) induced by the NP. We ran unbiased simulations of
2 and 9 semi-snorkeled NPs, placed far apart in the starting configuration. Again,
we observe spontaneous formation of a dimer in the 2 NP simulation, indicating
that aggregation is still favourable.

The PMF of dimerization profile is shown in Figure 4.16a, together with the
plot of the ion bridges formed by the two NPs approaching, again taken as an
average over the simulation for each umbrella sampling window. The dimerization
minimum (at about 7.5 nm) is thermodynamically less stable than in the adsorbed
and fully snorkeled case. Moreover, the dissolved state is separated by the dimer
state by a small but not negligible free energy barrier (about 5 kJ mol−1) that was
absent for fully snorkeled NPs. In the 9 NP unbiased simulation, the presence of
the barrier in free energy manifests as a slowdown in aggregation compared to
that of the fully snorkeled NPs. Nevertheless, we still observe the formation of a
stable aggregate, with similar features to the one formed in previously described
configurations: again, as shown in the plot of Figure 4.16a, the ion-bridging effect
stabilizes the cluster, thanks to a large portion of exposed MUS ligands.

While ion-bridging certainly contributes to the stabilization of the aggregate,
the membrane deformations induced by semi-snorkeled NPs are more pronounced
than those caused by fully snorkeled NPs. The membrane is significantly curved by
the aggregate, even more than by the single NP, as we will better detail in the next
chapter, and shown in Ref. [102]. This is highlighted by the PMF profile in Figure
4.16a which shape, albeit still containing a ion-bridging minimum, is significantly
different from the ones for the fully-snorkeled and adsorbed NPs (Figures 4.15

and 4.14). Therefore, we compared the behaviour of regular and n-MUS NPs in
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Figure 4.16: Aggregation of semi-snorkeled NPs. Figure 5: Aggregation of semi-snorkeled
NPs. a) Dimerization PMF (solid blue line) and average number of ion bridges (pink
histogram). b) Dimerization PMF as in a), compared to the dimerization PMF of n-MUS
NPs (dashed blue line, error bars are not shown but they are comparable to those of
regular NPs); c) Surface representation of the lipid headgroups of the distal leaflet (red
surface). When the semi-snorkeled NPs do not interact with each other (9.5 nm), each NP
heavily deforms the distal leaflet. As the NPs approach each other, their deformations start
overlapping (8.6 nm) until the deformations collapse into a single, smoother deformation
(7.4 nm, dimer configuration).

the semi-snorkeled configuration to verify whether and how membrane curvature
effects can contribute to the aggregation process.

We ran an unbiased simulation in which 9 n-MUS NPs, in the semi-snorkeled
configuration, were free to diffuse in a planar membrane patch. The NPs aggregate
again, but the NP clusters are less stable than in presence of the charge ligands,
and appear to rearrange even more dynamically over the course of the simulation.
In Figure 4.16 we show a comparison between the PMF of dimerization of charged
and neutral semi-snorkeled NPs. The NP-NP distance corresponfing to the lowest
free energy decreases from 7.5 to 6.6 nm. The n-MUS NPs PMF, on the other
hand, shows the same free energy barrier of about 5 kJ mol−1 observed for the
regular NPs. This is the barrier responsible for the slower aggregation kinetics. As
electrostatics are excluded for the n-MUS NPs, this interaction must be accounted
for as a membrane mediated effect. The analysis of the lipid density around
the NP-membrane interaction site shows that in this case the lipid depletion in
negligible, due to significantly less MUS ligands snorkeled in the membrane bilayer.
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However, the curvature of the membrane during the dimerization process appears
to be significantly perturbed, especially in the distal leaflet. In Figure 4.16c we show
three snapshots representative of the transoformations which the distal leaflet lipid
heads’ surface undergoes in order to adapt to the formation of the semi-snorkeled
NP dimer. The distances are chosen at 9.5 nm separation (at the onset of interaction
as seen in the PMF profile), at 8.6 nm (the peak of the free energy barrier) and at
7.4 nm (at the free energy minimum). In the 9.5 nm snapshot, the two distinct NP-
induced deformations are well distinguishable and separated and the membrane is
flat in between; as the two NPs approach, the two deformations start overlapping,
and in the final snapshot they have become a single deformation, characterized by
a smother curvature profile. This behaviour is independent from the charge of the
NP MUS ligands. The two deformations form a saddle point that as the two NPs
approach each other, induce a region of increasingly high curvature in the leaflet, a
process which generates the free energy barrier that we see in the PMF profile.

We conclude that the dimerization of semi-snorkeled NPs derives from the
superposition of two effects, acting at slightly different ranges. The repulsive
barrier due to the approaching membrane deformations contrasts dimerization,
while the formation of ion bridges favors it. As a result, the overall range of
dimerization is narrower and less thermodynamically favorable than for adsorbed
and fully-snorkeled NPs.

4.4.4 Conclusive remarks

In this chapter, we characterized the aggregation of monolayer-protected, anionic
and amphiphilic Au NPs, both in water and in contact with DOPC membranes. We
found that aggregation is a result of three main driving forces and their interplay.
The first is ion-bridging. ion-bridging leads the NPs to aggregate in water and in
the adsorbed state. Indeed, in this configuration the NP-NP interfaces are similar,
and the results for the 4 nm NP model are compatible with experimental and
computational evidence at atomistic resolution[154].

When the NPs interact with the membrane through hydrophobic contacts, either
in the fully/ or semi/ snorkeled configuration, ion-bridging is still present at
short-range, but two other forces come into play, which are membrane mediated.
For NPs in the fully-snorkeled configuration, the depletion of lipid density around
the NP gives a significant contribution to dimerization, a distinct effect with a
remarkably long range. For NP in the semi-snorkeled configuration, the shift
between the centers of mass of the NP and of the bilayer, and the resulting induced
curvature, induce attraction in a way similar to what we describe in Chapter 3, and
in Ref. [104]; here, the minimization of membrane curvature is both a driver of
aggregation and a source of kinetic barrier.

These results are relevant on the experimental time scale since all the intermediate
states of NP-membrane interaction are present in the samples, due to the slow ki-
netics of the interaction between the amphiphilic Au NPs and phosphatidylcholine
membranes. This is a remarkable example of the fact that for ligand-protected NPs,
it is crucial to take into account how different configurations of their ligand shell
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may change the structure of the NP-NP and the NP-membrane complexes, and
how dynamic the shift from one configuration to the other can be.

While this chapter gives a deep and unique understanding of aggregation for a
MUS:OT NPs in DOPC membranes, which is a relevant and studied system, the
results presented are not system-specific, and our claims are general in validity. For
instance, we can expect aggregation between same-charge nanoscale membrane
inclusions, even when their surface density charge is large. This result may hold
for a broad range of engineered NPs, whose behavior in the biological environment
should be understood and predicted. Furthermore, the NP ligand shell flexibility is
a key descriptor of the NP physico-chemical nature, and it should be carefully taken
into account when interpreting experimental evidence related to NP-membrane
interactions, as already observed for NP-protein interactions[181]. Thanks to
the the increasing ability to engineer NPs with the desired surface composition,
these NPs are also gaining recognition as models to interpret protein-protein and
protein-membrane interactions. These results shed light on the profound molecular
mechanisms of a substantial set of these interactions, which will be particularly
relevant for those cases in which protein aggregation is attributed to specific
bridging interactions with ions in solution[123, 55, 166, 113] and in the membrane
environment[17].





5
L I P O S O M E - L I P O S O M E A G G R E G AT I O N I N D U C E D A N D
A F F E C T E D B Y A M P H I P H I L I C G O L D N P C L U S T E R S

A pure lipid bilayer, with symmetrical composition, has no spontaneous curvature.
A non-zero curvature can arise from the asymmetry of the lipid composition of the
two leaflets, or from different solution conditions across the membrane[70]. In most
biologically relevant cases in which large stable regions of curvature in the bilayer
are present, they are an effect of membrane inclusions, tipically proteins[96]. It is
currently a well know fact that different families of membrane proteins have an
important remodeling effect on the lipid membrane and influence its local curvature,
either favoring a positive or negative curvature. Membrane proteins adsorbed on
or inserted in the bilayer can sense and modify the local curvature by different
mechanisms. Among them we find scaffolding, actuated for instance by BAR
proteins by imprinting their shape on the membrane[153, 184, 24] and wedging,
which is created by protein asymmetrically inserted in the bilayer[18]; moreover,
collective effects can be mediated by but also induce membrane bending[86, 155,
162, 73].

Synthetic molecules can also have important remodeling effects when interacting
with the membrane, like for instance synthetic DNA origami scaffolds [51]. In
chapter 3, we provided a compelling example of how model NPs can sense and
induce curvature in the membrane. In that case we studied the effect of simple
carbon spherical NPs, for which different sizes implied vastly different effects
on the bilayer deformations. From this point of view, research on the interaction
between functionalized biomedical NPs and membranes at the molecular level is in
a seminal state, due to the complexity added by the soft ligand shell of the NPs[37].

We already saw, in the previous chapter, how a single NP can modify the
curvature of the membrane in a way that depends on the level of penetration in the
bilayer. Moreover, at each of these penetration states the NPs can form extended
aggregates, with shared structural features; it is plausible however that these cluster
can influence and be influenced by the membrane curvature in different ways. The
presence of these aggregates on the membrane is confirmed by the experimental
data, in particular by cryo-EM microscopy images[61] obtained with liposomes
incubated with NPs. These images show that the clusters are often placed at the
interface between liposomes. Interestingly, the images show that the liposome-
liposome interface, mediated by NP clusters, can assume different curvatures even
on the same liposome. In this Chapter we show the molecular characterization
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of the process by which the NP cluster influence curvature, which is the key to
comprehend the experimental images.

It is worth to note that the study of NP aggregation prompts us to tackle the
problem of aggregation at another, larger, scale, that of liposomes.Indeed, we
see that the NPs, in their aggregated form, not only induce liposome-liposome
interactions[9] but shape the liposome-liposome interface in a non-trivial way.

5.0.1 Experimental results: Cryo-EM images of liposome-NP systems

The investigation presented in this chapter originated from a set of experimental
results obtained by the group of prof. Stellacci and shown in the PhD thesis of
Dr. Güven [220], some of which were already referred to in the previous Chapter,
particularly regarding the aspect of aggregates of NPs on the bilayer. Here we
we investigate the role of these aggregates in favoring the liposome-liposome
interaction and shaping their interface.

Figure 5.1: Cryo-EM images of NPs incubated with small 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. These images show the aggregation of
liposomes induced by the NPs with the shell composition ranging from all MUS ligand to
30 % OT content. a) Liposomes incubated with NP allMUS, size 2.7 ± 1.3 nm. b) Liposomes
are solvated with NP MUS:OT 10% OT, size 3.1 ± 0.5 nm. c) Liposomes and NP MUS:OT
10%, OT size 5.1 ± 1.5 nm. d) Liposomes and MUS:OT 30% OT NPs (5.0 ± 0.9 nm).

The Au NPs used were synthesized with a core diameter comprised between 2

and 5 nm and with a ligand shell composed of MUS and OT (see previous chapter),
with composition varying from 0% to 30% OT. The NPs were incubated with DOPC
liposomes, distinguishing between systems with large liposomes (80 nm< diameter
<150 nm) and small liposomes (diameter < 80 nm). In Figure 5.1 we show a set of
Cryo-EM images that illustrate how NPs induce small liposome clustering at each
of the ligands shell compositions investigated. Liposome clustering doesn’t depend
on the NP core diameter. In systems with small liposomes, clusters of few NPs are
found at the interface between two or in certain cases three liposomes; no fusion or
stalk formation[188] is observed.

In systems with larger liposomes, the experimental images show that the
liposome-liposome interaction is mediated by large aggregates of NPs which
gather at their interface. Cryo-EM images provide evidence for both adsorbed
as well as snorkeled NP aggregates. An example of adsorbed NPs are shown
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