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H Y D R O P H O B I C C A R B O N N A N O PA RT I C L E S : S I Z E
D E P E N D E N T M E M B R A N E A G G R E G AT I O N

Nanoparticle aggregation at the surface or in the core of lipid membranes often
results from the interplay of direct NP-NP interactions as well as from membrane-
mediated interactions[82]. The latter are relevant any time the NP alters the physical
properties of the membrane, for instance by inducing curvature, hydrophobic
mismatch or altering the order of lipids around the inclusion[86, 118, 25]. All these
perturbations correspond to an energy penalty, which aggregation can minimize,
reducing the area of NP-membrane contact surface. Theoretical and simulation
studies have shown that this energy cost depends on key parameters of both the
NP[43, 162, 142, 179] and the membrane[25, 201], but the problem of how these
properties concur to determine the NP aggregation pattern is not trivial at all.

For membrane-adsorbed rigid NPs the relationship between NP and membrane
properties and NP aggregation has been extensively studied with theoretical and
simulation approaches[86, 180, 21], but scarcely by experimental means. Their
aggregation appears to be largely dependent on NP size, membrane bending mod-
ulus and strength of the NP-membrane surface interaction. Ultimately, different
aggregation regimes arise from different levels of wrapping of the NP by the
membrane[202, 186, 178].

The case of membrane-embedded rigid NPs in quite different: these NPs have a
(at least partially) hydrophobic surface, and their size is smaller or comparable with
that of the membrane (about 5 nm). Again, the aggregation of these NPs has been
studied with theoretical and molecular simulation approaches[12]. Experimental
data on the aggregation thermodynamics and the aggregation patterns of such
small, membrane-embedded NPs is scarce, but suggest a strong dependence on the
size of the NP, as long as it is smaller than the bilayer thickness[203]. Compared to
the case of adsorbed NPs, for embedded NPs the sources of membrane perturbation
are different, so that theoretical considerations based on adsorbed NPs are difficult
to transfer to embedded ones. Also, the characterization of the NP-membrane
interaction is much more complex in this case, since it can not be limited to the
quantification of single interaction strength.

Fullerenes are a perfect example of small hydrophobic NPs that can be embedded
in lipid bilayers. Some investigations have been carried out on the aggregation
of fullerenes in lipid membranes[25, 12, 32, 129]. These works showed that the
partitioning of fullerenes in the membrane is favourable, and that the bilayer is a
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good solvent for fullerenes even at extremely high concentrations. These results
are coherent with experimental evidence [80, 81, 79].

All of these studies, however, only the C60 fullerene allotrope was taken into
consideration. This means that any size effects has remained so far undiscovered.
In this chapter, we study the aggregation behavior of model spherical hydrophobic
NPs, with size between 1 and 5 nm, partitioning into the core of lipid bilayer
membranes. As we will see, size is fundamental in determining the final state
of aggregation. Interestingly, for intermediate sizes the aggregation is strongly
correlated with membrane undulations; these NPs can induce and sense membrane
curvature, even causing the formation of membrane folds by releasing the curvature
stress in the region of the fold with the largest curvature.

The contents of this chapter are based on the results presented in the article
Size-dependent aggregation of hydrophobic nanoparticles in lipid membranes[104].

3.1 model : spherical carbon nanoparticles

Figure 3.1: Carbon NP models In the top row, the four CNP models we used, with their
name and diameter size. In the bottom row, a Martini POPC bilayer with the same scale is
shown as comparison; the lipid polar heads are depicted in blue (choline), tan (phospate),
pink (glycerol) and cyan. This color scheme, together with red for the CNPs, will be used
troughout the chapter.

All the simulated systems presented in this chapter have been generated using
the Martini CG force field. The models for hydrophobic NPs were based on the
Martini model of C60 fullerene[129, 169, 213], consisting of 16 CG beads and
hence named F16 from now on. The interactions of CG beads are based on



3.2 aggregation depends on np size 57

experimental free energies of transfer of fullerene between different solvents, and
their parametrization is detailed in the work of Prof. Monticelli [129]. All NPs are
modeled as hollow spheres with the CG beads evenly spaced on their surface, and
kept together by an elastic network. In Figure 3.1 we summarize the names and
sizes of the NPs models used in this chapter. It should be noted that the larger NPs
do not specifically represent actual carbon nanoparticles, but rather are a generic
model for hydrophobic nanoparticles. The size of the two smallest NPs (F16 and
F64) models is smaller than the bilayer, meaning that they can be solvated in the
hydrophobic core of the membrane with their movement not strictly bound to the
membrane plane. The F216 model has a size almost comparable to that of the
inner core of the bilayer, while the F576 is larger than it, meaning that it cannot be
wrapped completely by membrane. Our model bilayer is composed by a single
lipid type (POPC, see section 2.4), which is one of the most common lipids in
eukaryotic cell membranes.

All the simulations presented in this chapter were carried out in the NPT en-
semble (unless specified) at 300 K and 1.0 bar; we used the velocity rescale ther-
mostat[28], Berendsen barostat[19] for equilibration runs and Parrinello-Rahaman
barostat[146] for production runs. Semi-isotropic pressure coupling was applied to
ensure vanishing surface tension in the bilayers, unless differently specified. The
equations of motion were integrated using the leap-frog algorithm with a time step
of 20 fs. All the simulations were run using GROMACS 2018.6[1].

3.2 aggregation depends on np size

3.2.1 Free energy of dimerization in the bilayer

In order to quantitatively assess the thermodynamics of aggregation of spherical
inclusions within a POPC bilayer we calculated the free energy profiles for the
dimerization process, for each NP size. The profiles were obtained calculating the
PMF along the NP-NP COMdistance by means of umbrella sampling (see 2.2.2).
In each of the simulated windows (0.2 nm spacing), we used an harmonic bias
potential of 1500 kJ mol−1.

Each profile, as shown in Figure 3.2a, have a series of local minima corresponding
to metastable configurations in which no lipid chains or a finite number of lipid
chains are interposed between the surface of the two NPs (Fig. 3.2b). For instance,
the second minimum corresponds to a distance equal to the thickness of a single
lipid chain, as reported in Table 3.1.

The PMF profiles show a strong size dependence. For F16, dimer states have
about the same probability as the monomeric state, in agreement with previous
results, indicating that the lipid membrane is a good solvent for small hydrophobic
NPs. For F64, the dimer with a single lipid chain interposed between the NPs is the
absolute minimum (−3.3 kJ mol−1 at 2.28 nm); the contact dimer (with no interposed
lipid, NP-NP distance of 1.7 nm), is energetically unfavourable (15 kJ mol−1) com-
pared to the monomeric state and it is separated from the absolute minimum by an
energy barrier larger than 30 kJ mol−1. The negative PMF for the lipid-separated
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Figure 3.2: Dimerization depends on NP size (a) Free energy profiles for NP dimerization,
calculated for each of the four NP sizes. We set the free energy at zero at the largest NP–NP
distance, approaching the configuration with isolated NP in the membrane core. (b) The
configurations corresponding to the first three free energy minima of the F216 dimer (red
for the NP beads, cyan for the lipid hydrophobic chains, pink for glycerol, tan for the
phosphate group and blue for the choline group); the number of interposed acyl chains
varies from 0 to 2. Similar configurations appears for the other NP sizes.

Model Diameter [nm] COM-COM distance [nm] Surface-surface distance [nm]
F16 1.13 1.53 0.40

F64 1.87 2.28 0.41

F216 3.31 3.73 0.42

F576 4.63 5.04 0.41

Table 3.1: Distance between the COM of NPs at the second free energy minimum. In the
third column, we report the distance between the COM of the NPs, while in the fourth
column we report the distance between the NP surfaces.

dimer indicates a weak but non-negligible tendency toward aggregation, at variance
with the F16 model.

A similar but more pronounced behaviour is shown in the profile of the F216

model, with the minimum free energy state at 3.73 nm and a depth of −6 kJ mol−1,
which is expected to yield significant yet dynamic aggregation at room temperature.

Finally, the largest model (F576) shows a radically different dimerization profile:
the minima are much deeper, approaching −40 kJ mol−1; moreover, differently from
the F64 and F216 models, the most favorable miminum is the one at the shortest
distance, with direct contact between the NPs surface, with no interposed lipids.

3.2.2 Aggregates geometry

While the dimerization free energy profile gives information about the thermo-
dynamics of aggregation of two NPs, unbiased simulations allow the study of
aggregation on a larger scale, and the analysis of the geometric arrangement of
the NPs within an aggregate. For each NP model we simulated systems with flat,
tension-less membrane and two different box sizes, to exclude possible finite size
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Figure 3.3: Snapshots from the unbiased simulations of a 40 nm membrane with F64 (a),
F216 (b) and F576 (c), as seen from above the bilayer (only polar lipid heads represented,
with the same color scheme as the previous figure). In (c) the membrane appears smaller
due to the significant deformation caused by the F576 clusters. In (d), side view of the
system with F64 in a POPC bilayer (lipid chains omitted for clarity). In (e) and (f ) side
views of the systems containing F216 and F576, respectively.

effects; moreover, we varied the mass concentrations of the NPs in the bilayer, using
two different numbers of NPs for each bilayer size.

An observation valid for all the unbiased simulations is that, when starting from
a configuration with NPs dispersed in the water phase, all NPs partition favorably
inside the bilayer on time scales increasing with NP size but never exceeding a few
hundred of nanoseconds. This is expected, given the strong hydrophobic nature
of the NP surfaces and matches previous results for small fullerenes[12, 169, 213].
Once in the membrane, F64 distributed homogeneously (Figure 3.3a), as previously
observed for F16[169, 12]. A few dimers formed during the simulations, but always
dissolved in less than 50 ns. F64 molecules did not lie symmetrically between the
two leaflets, and their center of mass is typically located about 1.2 nm away from
the bilayer midplane, as reported for F16. As the size of F64 allows it, two NPs can
share the same region in the horizontal plane, provided they reside in opposite
leaflets, as visible in Figure 3.3d.

F216 show a tendency to form linear aggregates (Figure 3.3b), which will be
analyzed more thoroughly later in the chapter. Also in this case, the NP preferential
location is not at the center of the membrane, but displaced towards the headgroups
by about 0.8 nm. As the diameter of F216 is 3.2 nm, localization off the membrane
center implies that the NPs expose some of their hydrophobic surface to the water
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phase (Figure 3.3e). The size of the single NP is large enough not to allow for the
superposition of two NPs along the membrane normal.

Differently from the other NPs, F576 aggregate in a three-dimensional cluster as
soon as they enter the bilayer; these clusters are stable throughout the simulations,
and they heavily deform the membrane (Figure 3.3), yet they don’t disrupt its
structural integrity.

In all the aggregates described above (dimers for F64, chains for F216, and clusters
for F576), one or more lipid is interposed between the NPs; NPs are found in direct
contact (first minimum of the PMF profiles) only when they had aggregated before
entering the membrane. In Figure 3.3f we show that the three F576 NPs are not
in direct contact, but their interaction is mediated by the presence of two layers of
lipid chains. The configurations correspond to the second or third minimum in the
dimerization profiles (Figure 3.2), which are indeed separated from the first by a
significant kinetic barrier.

3.2.3 Distribution along the membrane normal

Figure 3.4: Potential of mean force (PMF) for F64 and F216 as a function of the distance
from the center of a POPC membrane.

In order to better quantify the preferential location of NPs relative to the mem-
brane midplane, we calculated free energy profiles as a function of the distance
between a NP and the center of the bilayer. The profiles for the C60 fullerene,
represented in our work by the F16 model, were already shown in previous publi-
cations from our group[129, 169], both atomistic and CG. Profiles for the F64 and
F216 model are shown in Figure 3.4. The profile for F64 confirms that the most
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