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3.3.2 Nanoparticles sense curvature

In order to confirm the existence of a correlation between the formation of linear
aggregates and membrane undulations, we ran a set of simulations with sup-
pressed membrane undulations. Suppression of undulations was obtained either
by applying surface tension to the system, or by imposing harmonic restraints on
the z coordinate of the lipids phosphodiester groups (see section 3.1 for details). As
a first observation, linear aggregation disappears in the non-undulating membrane,
together with the dependency for leaflet displacement for aggregation; this is
shown by the comparison of the final states of the simulations in Figure 3.6b and c.
To corroborate this observation, we compared NP aggregation in the undulating
and non-undulating membrane by counting the fraction of NPs in the monomeric
state, as reported in the table in Figure 3.6d; these results are independent on the
method used to suppress the undulations. We then performed the same angle
analysis as seen for the unbiased simulations on flat membranes. As reported
in Figure 3.6f, aggregation is suppressed compared to the same system in the
unbiased simulation, and there is no discernible angle dependency, confirming the
absence of linear aggregation.

Figure 3.7: a) Starting configuration of the buckled membrane geometry. The NPs are
initially embedded in the flat region. b) The buckled membrane after 1 µs: a linear
aggregate is visible in the curved region on the left, formed by NPs in the bottom leaflet;
the remaining NPs are in the opposite leaflet, in the region of opposite curvature. c)
Large (80 × 80 nm) POPC membrane forming membrane folds in the presence of a high
concentration of NPs; the insets show high curvature regions, with linear aggregates.
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We now ask the question: if placed in a curved membrane environment, can these
NPs recognize the regions of higher curvature? Curvature sensing is a common
feature of curvature-inducing proteins[18, 184] and nanoparticles[3], which can
sense and induce curvature in a concentration-dependent fashion. In order to
address this issue, we set up simulations in which a membrane is forced to remain
in a buckled geometry, as shown in Figure 3.7a. We inserted four F216 NPs in low
curvature regions, equally distributed in each membrane leaflet (2 in the top leaflet,
2 in the bottom leaflet). In less than a microsecond, all four F216 migrated towards
the regions of high curvature (Figure 3.7b). Three NPs formed a linear aggregate
perpendicular to the direction of high curvature, similar to those observed in the
unbiased simulations. All 3 NPs are found in the convex leaflet, one of them
having translocated ito the leaflet opposite to the original one. The configuration
shown in Figure 3.7b remained stable throughout the duration of the simulation
(30 µs). These results show that these NPs can sense membrane curvature and
spontaneously aggregate in the regions of the membrane in which curvature is the
largest.

3.3.3 Nanoparticles induce curvature

The results presented in the previous sections show that membrane curvature
is correlated with the arise of aggregation (flat membrane simulations) and in
particular linear aggregation, which can be induced when the F216 CNPs align
with the regions of high curvature. An issue remains: can these NPs induce
curvature? The unbiased simulations shown for example in Figure 3.6a already
suggest that the linear aggregates impose more significant undulations than what
the membrane would normally sustain, at least when the aggregates span the
whole simulation box forming an infinite chain through the PBC. In order to verify
the extent of this induced curvature, we simulated systems with an extremely large
POPC membrane patch (80 × 80 nm), containing 28 or 56 F216 NPs.

The presence of the NPs cause a remarkable buckling of the membrane (Figure
3.7c) in all simulations, irrespective of the NP density and the initial NP placement
in the membrane. The buckling starts already at the beginning of the simulation
and the final configuration is reached in about 800 ns; this configuration remains
stable throughout the simulations (2.5 µs). When the system reaches the final
configuration, the linear aggregates gather in the high curvature region and grow
more populated and stable compared to the ones in the flat region (insets in Figure
3.7c). These simulations strongly suggest that F216 NPs are capable of inducing
membrane curvature.

We remark that, both in the curvature-sensing and in curvature-inducing condi-
tions (i.e., at low and high NP concentration, respectively), NPs are always found
in the convex leaflet (Figure 3.6a). The mechanisms for sensing and inducing curva-
ture appear to depend simply on (a) the minimization of mechanical stress within
the membrane, inducing the membrane to curve in the direction that reduces the
area mismatch between the leaflets, and (b) on the preferential localization of the
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NPs away from the midplane of the bilayer membrane (Figure 3.4), in turn due to
the higher number density of the membrane close to the interface region, resulting
in stronger dispersion interactions between NPs and the lipids [12]. Given the
generality of the model, our results suggest that any membrane-embedded NP lo-
calized away from the center of the bilayer may exhibit analogous curvature-sensing
and curvature-inducing behavior.

3.4 conclusive remarks

In this chapter we studied the collective behavior of systems comprising POPC
lipid membranes and rigid, spherical, hydrophobic NPs of different size, with a
diameter ranging between 1 nm and 5 nm, comparable to the membrane thickness.
We calculated PMFs for NP dimers, obtaining information on the probability of
dimerization as a function of NP size. While the smallest NPs show little tendency
to aggregate, such tendency increases with NP size and is particularly strong in the
case of the largest NPs, whose size is slightly larger than the membrane thickness.
Unbiased simulations show that only the F216 NP model, of intermediate size
(2.8 nm in diameter), prefers to aggregate in a linear geometry - similarly to larger
hydrophilic NPs adsorbed on membranes[142, 179].

Linear aggregation appears to be correlated with membrane curvature: indeed
no linear aggregation is observed when membrane undulations are suppressed,
while stable linear aggregates are formed in curved membranes, and they are
localized in the regions of high curvature. Large-scale simulations show that a
sufficiently high concentration of NPs is suggesting that spherically symmetric NPs,
sitting off the membrane midplane, can both sense membrane curvature (at low
NP concentration) and induce it (at high NP concentration) similarly to proteins[18,
184].

The results presented in this chapter illustrate how even a relatively simple
system, in which the NP has a hard and completely hydrophobic surface, allows
us to explore a variety of behaviors both in terms of aggregation and of membrane
reshaping. The dependence on NP diameter for the aggregation is intimately linked
with the disposition of lipid tails in the membrane, as well as the displacement
of the NPs with respect of the membrane midplane: this means that the over-
all aggregation is dependent on the interaction between the NP and the bilayer
membrane, and ultimately on the composition of the NP surface. In turn, this
displacement is the origin of larger scale curvature effects, that are result of long
range membrane mediated forces[86], relevant for any kind of membrane inclusion.
Interactions involving long range curvature effects can also be studied by means
of continuous membrane models[179, 43], which yielded results comparable to
ours, in particular regarding the possibility of linear aggregation[179] and phase
separation of asymmetric membrane inclusions[211]. These models are otherwise
limited: only with the molecular detail of our CG approach it is possible to predict
the configuration assumed by membrane inclusions (for instance the displacement
from the bilayer midplane) and their aggregation behavior at the same time.
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The interplay between short and long range effect will be explored more thor-
oughly in the next chapter, in which more a complex NP is introduced.





4
T H E U N E X P E C T E D A G G R E G AT I O N O F S A M E - C H A R G E
A M P H I P H I L I C AU N A N O PA RT I C L E S I N WAT E R A N D L I P I D
M E M B R A N E S

The aggregation behaviour of biomedical NP in physiological condition is fun-
damental in determining their interaction with the biological environment. At
variance with the simple, completely hydrophobic spherical CNP studied in the
previous chapter, the ligand shell of functionalized NP adds a level of complexity
to their interactions and makes their behaviour substantially richer. The surface
of these NPs is typically designed with the objective of assuring colloidal stability
and reducing protein adsorption, in order to facilitate administration via entra-
venous route and targeting[39]. Thus it is important to assess their interaction at a
collective level both in the water phase and of course in the presence of the cellular
membrane.

The equilibrium of dispersions and colloidal dispersions is determined, in the
limit of large particles or long-range distances, by the balance between electrostatic
double-layer repulsion between the surfaces and van der Waals attraction forces, as
described in the classic DLVO theory[82]. However, as soon as we approach the
nanoscale, deviations from the DLVO theory become more and more significant,
due to short range effects such as solvent polarization, finite size of ions[56, 101],
hydrophobic effects and hydration forces[85], not to mention specific chemical
interactions. For systems like the one we will describe in this chapter, with
characteristic size of 2− 4 nm, these deviations (which are aptly called non-DLVO
forces) are not only non negligible, but also crucial in determining the aggregation
equilibrium and kinetics. Furthermore, the extreme flexibility in the design of the
ligand shell of the NPs, makes them an useful system to understand how their
surface characteristics determine their aggregation behavior.

The unique features of functionalized NPs, which derives from the reshaping
properties and amphiphilic compositions of the ligand shell, also affects the inter-
actions between the NPs and the environment, and specifically the biomembrane.
It is natural to draw a comparison between biomedical NPs and other, more thor-
oughly studied, membrane-associated macromolecules such as integral membrane
proteins or scaffolding proteins, which are know to aggregate[148, 152] and to use
aggregation to modify membrane curvature and topology[184, 155, 183].

Research on the interaction of rigid nanoparticles with the membrane is also a
well established field. Large enough NPs don’t penetrate the membrane bilayer,
but are enveloped to a degree that strictly depends on the strength of the NP
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surface interaction with the polar lipid heads[37]. Computational models of rigid
NPs wrapped by a continuous membrane described by the Helfrich Hamiltonian
have been used to correctly predict their aggregation[202, 180]. Transmembrane
proteins, or curvature inducing proteins like those with a BAR domain, have an
intermediate level of flexiblity compared with these rigid NPs on one end and with
our functionalized NPs on the other.

Indeed, many many biomedical NPs, like the ones studied in this work, have
a soft interface and can yield very high surface charges. For such NPs there is
solid experimental observation of membrane aggregation[132, 9, 111, 4, 30], but the
interplay between long range membrane mediated forces and short range surface
specific interactions is complex to characterize.

In this chapter we show how amphiphilic, negatively charged monolayer-
protected Au NPs aggregate, both in water and upon interaction with zwitterionic
lipid bilayers. We will see that in water the NPs will reach different aggregation
configurations based on the balance between two metastable dimerization states,
one mediated by short range ion interactions (ion-bridging) and the other by hy-
drohpobic interactions between the ligand shells; this balance will depend on both
the composition of the shell and the size of the NP core. When interacting with
the membrane, the behaviour will depend on the penetration process: at different
stages of the NP-membrane interaction, different forces mediate NP aggregation;
long range membrane mediated effects such as minimization of curvature and of
lipid density perturbations gather the NPs together; the clusters of NPs are then
stabilized, at shorter range, by ion-bridging.

4.1 model : amphiphilic gold nanoparticles

In the following sections of this chapter we will illustrate the results obtained in
simulations using a Martini model of the gold NP, with a few simulations run with
the OPLS-UA force field presented as supporting material. Here we describe the
models.

gold np core As the core of the Martini gold NP, we used two different models
(the 2 nm and the 4 nm respectively) that correspond to two different diameters
of the core. The 2 nm model for the gold NP core was originally developed in
our group[195, 182, 177]. It is comprised of 144 Au atoms and 60 S atoms to
represent the thiolated sites (Figure 4.1). The structure has icosahedral symmetry,
and each atom is represented by a bead (1:1 mapping), maintaining the atomistic
structure[195, 177, 176]. These characteristics were useful and necessary for the
original works for which the model was developed, while for the present research
the internal characteristic of the core were less important, as we are more focused on
their collective behaviour and on the role of size and the ligand’s shell composition.
The 4 nm model was developed as a hollow sphere model, with 346 Au and 240 S
atoms evenly distributed on the surface[41] (Figure 4.1). In both models, the bonded
interactions are modeled as an elastic network[195]. The non-bonded interactions
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Figure 4.1: First row: 2 nm AuS core model and functionalized models: in pink the Au
beads, in yellow the sulfur beads, in cyan the MUS ligands, in blue the OT ligands. Bottom
row left: 4 nm AuS core model and MUS:OT 2:1 functionalized model. Bottom row right:
martinimapping of the MUS and OT ligands.

between both Au and S atoms and all other particles are purely repulsive, and no
charges are attributed to the Au atoms. The overall assumption of these models
is that the interactions between the Au NP and the environment are going to be
regulated by its dense shell of organic ligands, more than by the metallic nature of
its core.

ligands Our ligand model represent the negatively charged 11-Mercaptoundecane-
1-sulfonic acid (MUS) and the hydrophobic 1-octanethiol (OT), which were devel-
oped in previous works[195, 182, 177]. The MUS model is comprised of 4 beads,
three of which of the hydrophobic kind C1, and the terminal one of type Qda with
a charge of −e. The MUS ligand is represented with a charged terminal bead, since
at variance with carboxylic acid, is not protonated at physiological pH. The beads
are bonded with an harmonic potential of constant 1250 kJ mol−1 nm−2. The OT
model is comprised of two C1 beads, bonded by the same harmonic potential as
for the MUS model. The mapping of these ligands is shown in the bottom row of
Figure 4.1.

ligand compositions For simulations with the 2nm NP model, we used
three compositions of the ligand shell, defined by the MUS:OT ratio: All MUS,
MUS:OT 2:1 and MUS:OT 1:1. For the work with the 4 nm model, we limited to
the single composition MUS:OT 2:1, corresponding to the highest hydrophobic
fraction used in the experiments[220]. The four final models (2 nm MUS:OT 1:1,
2 nm MUS:OT 2:1, 2 nm All MUS and 4 nm MUS:OT 2:1) are all shown in Figure
4.1.


