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4.2 aggregation in water

4.2.1 Ion-bridging drives the aggregation of NPs in water

Since the coating shell of MUS:OT nanoparticles has a negative surface charge,
their aggregation in water should be inhibited by the repulsion of the terminal
beads; nevertheless, as also discussed in the paper from Petretto et al [154] we have
both experimental and in silico evidence that dimers and other small aggregates of
NPs are formed in solution. Experimental images, obtained by means of Cryo-EM
microscopy, show that the NP-NP distance for dimers of MUS:OT and MUC:OT
NPs (in the 2-5 nm diameter range) is compatible with an extended MUS ligands
configuration, as shown in Figure 4.2a.

Figure 4.2: Aggregation in water a) Top: tomogram from cryo-EM images of gold NP
functionalized with a mixture of MUS:OT 2:1 dispersed in water, taken from [154]. Bottom:
zoom of two sections of the tomogram highlighting a dimer and a trimer of NPs. b) Plot
of the experimental radial distribution function (rdf) of the NP centers, measured from
the sample in (a), showing in the inset the core diameter distribution. c) rdf of NP-NP
distances for the unbiased simulations with 20 NP (black) and 10 NP (brown). A significant
peak in correspondence with the ion-bridging minimum is present, and the shape is similar
to the experimental one shown in (a), considering the slightly different core size (4.6 nm vs
4.0 nm) and the size distribution of the experimental sample.

ion-bridging effect In the following, we explore the ability of the CG model
of Au NPs to capture the aggregation behaviour observed in [154]. We simulated,
using unbiased MD, the spontaneous aggregation of MUS:OT 2:1 NP with a core
diameter of 4 nm. For three systems containing 1, 10 and 20 NP respectively,
we performed a single unbiased simulation; the NPs were solvated in a solution
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Figure 4.3: ion-bridging a) Top: a sketch of an NP-NP dimer in water, in which the
MUS ligands (cyan) are extended, and their negatively charged terminals, at the NP-NP
interface, are bound by ion bridges (pink). b) Time evolution of distance and number of
ion bridges formed in the unbiased simulation containing 2 NPs in water. c) Dimerization
PMF profile, showing both the free energy minimum corresponding to the hydrophobic
contact configuration and the ion-bridging minimum. d) Zoom of the profile in (c) on the
ion-bridging minimum and corresponding average number of ion bridges (pink histogram)
as a function of the distance between the NP centers of mass.

of water and NaCl 150 mM, plus the counterions. The NPs aggregate quickly
(<100 ns) in each simulation; the clusters appear to be somewhat dynamic in shape
but remain stable throughout the 10 µs simulations. The NP-NP distance is peaked
at 7.0 nm, as shown by the radial distribution functions in Figure 4.2b: this distance
corresponds to the aforementioned extended-ligand conformation of the dimer.

In this configuration, the NPs interact through the negatively charged ligand
terminal beads. The most plausible mechanism for the NP-NP dimer stabilization
is the presence of ions that bridge the charged beads of the two different NPs.
Analysis of the MD runs confirm this hypothesis. We defined the number of ion
bridges as the number of ions in contact with both NP simultaneously. More
precisely, we detect a contact if the distance between an ion and the charged
terminal of any MUS ligand is below a threshold distance of 0.65 nm. When an
ion is in contact with ligands belonging to different NPs, we count it as an ion
bridge. As shown in Figure Figure 4.3b, in the case of the 2 NP simulation, on
average, about 10 ion bridges can be identified. The plot also shows how this
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number undergoes significant fluctuactions, implying a rather dynamic NP-NP
interface.

In order to characterize quantitatively the thermodynamic features of this inter-
action, we computed the PMF of dimerization using the US technique, as described
in Section 2.2.2. The complete profile is shown in Figure 4.3c, while Figure 4.3d
shows a zoom of the ion-bridging minimum, which corresponds to an NP-NP
distance of about 7.0 nm. In Figure 4.3d, we also show the average number of ion
bridges formed at each NP-NP distance. The energy minimum is about 1.0 nm
wide, reflecting the short range nature of the ion-bridging mediated interaction,
as confirmed by the fact that the interaction starts in correspondence with a steep
increase of the number of ion bridges.

atomistic comparison We verified the validity of our CG model approach by
means of OPLS-UA [88, 87] force field simulations. With this model, we observed
an equilibrium NP-NP distance of 6.8 nm, combined with a number of ion bridges
in excellent agreement with those observed in the CG simulations.

A priori, the CG approach should provide only qualitative indications about
the ion mediated interaction. Indeed, at CG level the electrostatic interactions are
cut-off at a short distance (1.1 nm in the case of Martini). In our case, the cut-off
to electrostatic interactions can reduce NP-NP electrostatic repulsion, causing an
underestimation of the free energy barrier that separates the ion-bridged dimer
from the hydrophobic contact dimer. While the mechanism of ion-bridging, being
a very short range effect, should not be affected by the cut-off, the description of
ions is itself a critical aspect of both CG and atomistic force fields [126, 119, 144]. In
Martini, ions are represented by a large sized bead, which ends up representing a
central charge and its first hydration layer[126]; as a consequence, ions often appears
to be stickier than expected. Our observation of the ion-bridging effect at united
atoms resolution shows that the mechanism is still present but the counterions need
to be divalent ions. Still, the reliability of the behaviour shown by the models is
confirmed a posteriori by the satisfying agreement between the coarse grained and
the atomistic models, and further confirmed by the experimental data presented in
Ref. [154] and in the rest of this Chapter. We remark that the CG approach used
in our model is the only one that allows us to reach the time and length scales
necessary to assess the aggregation process in the bilayer environment.

4.3 interplay between hydrophobic contact and ion-bridging

For the 4 nm model the aggregation stabilized by ion-bridging is the prevalent
one, even over long (several microseconds) time-scales. However, the PMF in
Figure 4.3c clearly shows the existence of a more favourable minimum, which
we called the hydrophobic contact configuration. On the experimental time scale,
this minimum could be relevant, and while the presence of ion-bridged states is
confirmed by the data obtained from the group of Prof. Stellacci, as shown in Ref.
[154] and in Figure 4.2a, we can expect it to become relevant in different conditions.
For instance, at different ion concentration, but also in presence of NPs with a
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different size of ligand shell. In this section, we show how the interplay between
the ion-bridged and the hydrophobic contact states depends on the characteristic
of the NPs, focusing on size and ligand composition.

4.3.1 Hydrophobic or ion-bridged dimerization? A size effect

In this section we will focus on the effect of size on the NPs dimerization, using
the different core sizes of the NP models we have, respectively 2 nm and 4 nm.
In Figure 4.4a we show the complete PMF profiles of dimerization in water for
the 2 nm NPs at the three different compositions (all MUS, MUS:OT 2:1, MUS:OT
1:1). Each of the profiles is characterized by two minima, coherently with the
dimerization PMF of the MUC:OT NPs described in [154] and with the same PMF
obtained for the 4 nm model and shown in Figure 4.2a. The deepest minimum,
matching a NP-NP distance of 2.1 nm, corresponds to the hydrophobic contact
configuration, in which the hydrophobic stretches of the NP ligands face each
other[154]. At variance with the profile of the 4 nm model, the ion-bridging minima
are less pronounced. In Figure 4.4b we show the comparison of the ion-bridging
minima of the two core diameters (4 nm and 2 nm), at the same composition
(MUS:OT 2:1): in the case of the 4 nm model, the free energy minimum is much
deeper (6.8 vs 1.4 kBT ), as well as the barrier that separates it from the hydrophobic
contact minimum (12.4 vs 0 kBT ).

While the ion-bridged configuration is the main driver of aggregation in all
unbiased simulations with the 4 nm model, for the 2 nm model we expect the
hydrophobic contact configuration to be reached very often, since the barriers
separating it from the dissolved state are of the order of the few kBT . Hence, we
tested this system with three 10 µs unbiased simulation of 2 NPs in water, one for
each shell composition. Indeed, the hydrophobic contact state of dimerization was
reached in each of the three runs. In the hydrophobic contact configuration, the
two ligand shells interpenetrate, and the cores almost touch each other, as shown
in the snapshot in Figure 4.4c.

Why this striking difference between two similar models at different sizes? To
answer this question, simple geometric considerations are sufficient. While the
core changes size, the ligands remain of the same length: this implies that the shell
of larger NPs will have both a higher packing density and an increased surface
charge density. Thus, it’s a concurrent effect of steric confinement and electrostatic
repulsion, which makes interpenetration of the two shells more difficult.

4.3.2 Multiple NPs aggregation depends on the shell composition

The same effect of higher packing density that we see changing the size of the
gold core is visible across the different compositions at the same size (2 nm), albeit
slightly less pronounced. For instance, as shown in the inset in Figure 4.4a, the ion-
bridging minimum for the All MUS NPs is deeper than the other two (5 kJ mol−1),
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Figure 4.4: Dimerization in water a) PMF of dimerization in water for 2 nm AuNPs in
the three compositions: All MUS (blue line), MUS:OT 2:1 (yellow line), MUS:OT 1:1 (red
line). In the inset, a zoom on the region where the ion-bridging minima are present. b)
PMF of dimerization in water for the MUS:OT 2:1 2 nm (yellow line) and 4 nm (black
line): comparison of the ion-bridging minima. c) Snapshots from the unbiased simulation
of two All MUS NPs. In the top one, the NPs are dimerized in the hydrophobic contact
configuration; in the bottom one, in which the Na+ ions are explicitly shown (pink), the
dimer is kept together by ion-bridging. In each of the snapshot the NP gold core is
represented in yellow, and the MUS ligands (including the thiol terminal) in cyan. d)
Time evolution of NP-NP distance in the three unbiased simulations with 2 NPs. After
hydrophobic contact is established, the distance is stable at about 2 nm. In the All MUS
simulation, the dimer stabilizes at a distance of 4.7 nm, corresponding to the ion-bridging
configuration, for about a microsecond before reaching the hydrophobic contact state.
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and indeed while the dimers at all three compositions reach the hydrophobic
contact state in a few microseconds, the All MUS one takes longer and sometimes
lies in the ion-bridged configuration for a few hundreds of nanoseconds, as shown
in Figure 4.4d.

For the 2 nm NPs the interplay between hydrophobic contact and ion-bridging is
more balanced compared to the 4 nm model. In order to better observe this effect,
we ran five unbiased simulations for each composition, with 27 NPs in a 3x3x3 grid
at non interacting distance (9 nm), solvated in water with an Na Cl physiological
concentration and Na+ counterions. We then repeated each simulation once with
just the counterions, in order to decouple possible effects due to the particular ion
concentration.

In each of the unbiased simulations, the NPs reach a final, aggregated state
within the first few microseconds. All the aggregates appear to be rather flexible
in shape but stable. Interestingly, the final shape of the aggregate is strongly
dependent on the composition of the ligand shell: increasing the fraction of the
hydrophobic ligand OT, the aggregates shape is increasingly less isotropic.

shape of the final aggregates In Figure 4.5 we show the final aggregates
obtained in the simulations of All MUS 2 nm NPs. At first glance, they appear as
unshaped, compact clusters; however, upon closer inspection, both kinds of NP-NP
bonds (hydrophobic contact and ion-bridging) are present. This is more clearly
visible in the bottom row of Figure 4.5, where only the disposition of the Au core is
shown. This pattern of a cluster of dimers (with rare trimers) is constant in each of
the simulations.

The MUS:OT 2:1 model aggregates in a radically different way. The final con-
figurations, shown in Figure 4.6, are comprised of linear chains of NPs. These
chains can form ring structures, like in Run 2,3 and 4; or open linear chains, like
in Run 1 and 5. Different chains and rings are always close one to the other, with
minimal fluctuations; the longer chains fold on themselves, while the rings can be
stuck together or to a linear chain. For instance, in Run 4 we obtained an aggregate
comprised of two ring stacked on top of each other, in Run 2 and 3 a ring with a
chain passing through. In Run 1 and 5, a single long chain presents a knot-like
structure.

Lastly, the MUS:OT 1:1 NPs present a third different configuration. The ag-
gregates, shown in Figure 4.7, present a ribbon-like structure. These ribbons are
composed of two lines of NPs in a parallel configuration. The aggregates can also
present an hexagonal arrangement of 7 NPs, like in Runs 1, 3 and 5. The ribbons
can form planar or cylindrical rings, like the ones from Runs 1 and 5, or through
the PBC like the one from Run 4. In some cases, like in the aggregate of Run 2, the
ribbon can be found folded on themselves.

The concentration of salt doesn’t influence the aggregation in a significant way.
In Figure 4.8 we show the aggregates obtained in the simulations in which only
counterions are present. The All MUS is similar to the previous ones; the MUS:OT
2:1 one is composed of two chains intertwined as a double helix. The MUS:OT 1:1
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