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ABSTRACT

Functionalizing the surface of metal nanoparticles can assure their stability in solution or mediate
their self-assembly into aggregates with controlled shapes. Here we present a computational study of
the colloidal aggregation of gold nanoparticles (Au NPs) isotropically functionalized by a mixture of
charged and hydrophobic ligands. We show that, by varying the relative proportion of the two ligands,
the NPs form anisotropic aggregates with markedly different topologies: dumbbells, chains, or
ribbons. In all cases, two kinds of connections keep the aggregates together: hydrophobic bonds and
ion bridges. We show that the anisotropy of the aggregates derives from the NP shell reshaping due to
the formation of the hydrophobic links, while ion bridges are accountable for the “secondary
structure” of the aggregates. Our findings provide a general physical principle that can also be
exploited in different self-assembled systems: anisotropic/directional aggregation can be achieved

starting from isotropic objects through a soft moldable surface.
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Nanoparticle (NP) synthesis and engineering techniques have progressed significantly during the last
thirty years™®, serving a wide range of applications that includes nanofluidics’ and biomedicine®®°,
electronic devices®, and catalysis'?. In every field, it is crucial to control the extent of NP self-
assembly**™**, both during the synthesis stage and in the target application environment®*’. The
interaction forces that drive NP self-assembly can originate from geometric, electric, or magnetic
properties of the NP core'® . For instance, the shape of the NPs is a feature that can be used to obtain
assemblies with specific structures'’?>°, In the simplest case, the shape determines the packing
geometry of a NP cluster, which can help drive the formation of specific materials, in particular 2D or

3D superlattices™ ¢,

The importance of specific surface interactions increases as the NPs get smaller, and the forces
originating at the NP-solvent interface are often dominant and intrinsically short-range'®. In the <50
nm regime, the classic DLVO theory is often insufficient to explain the NP self-assembly since the
interactions become non-additive'* and highly dependent on the NP surface structure and chemical
specificity. Indeed, a feature that can lead to directional interactions between NPs is their surface
patchiness'”*>?, The complexity of the aggregate can be controlled by having a finite number of
adhesive patches corresponding to the maximum number of possible junctions. For instance, Janus
NPs, whose surface is divided into two well-distinct domains, can be the building blocks of colloidal

polymersls'23'27'28

Functionalization with a shell of covalently bound molecules is a common strategy for designing the
surface features of colloidal nanomaterials. The functionalizing shell can assure colloidal stability or
mediate the self-assembly behavior to form aggregates with controlled shapes®®*9?%3° The ligands on
the NP surface can mediate NP-NP interactions by different means: simple Coulomb forces for
charged ligands®'~°, hydrogen bonds'*'*, dipole-dipole interactions'#***2, DNA base pairing

interactions'*'®

, and hydrophobic interactions®**’. The broad freedom of choice of functionalizing
agents, and the possibility to vary their density and heterogeneity, imply that the NP assembly

processes” can be very diverse. If a single ligand type functionalizes the surface of the NP, it can



mediate NP-NP interactions, while the resulting superlattice structure will be mainly driven by the NP
shape®®. Using two or more functionalizing molecules can provide the NP with Janus patchiness®,
tetravalent directional bonding that can lead to colloidal crystal assembly*’, and facet-specific
functionalities that can drive the assembly into rods or planar aggregates*' Throughout this vast
corpus of literature, the growth of anisotropic NP assemblies results from either anisotropic core
shape or surface patchiness, or both. An interesting exception to this general trend was represented by
silica nanoparticles functionalized by a thick, soft and hydrophobic polystyrene (PS) shell*** that,
despite the random surface arrangement of the PS chains, were found to aggregate anisotropically,
forming different structures depending on the PS surface grafting density. Anisotropy was shown to
emerge from the entropy-enthalpy balance resulting from the deformation of the soft shell of neighbor

NPs within the aggregates.

Here we show that Au NPs with an isotropic, amphiphilic surface functionalization can spontaneously
form anisotropic NP aggregates, whose topology can be finely tuned by the ratio between
hydrophobic and charged ligands on the NP surface. Using coarse-grained molecular dynamics, we
observe these NPs self-assembling into highly anisotropic supra-molecular structures such as
dumbbells, chains, and ribbons, depending on the charged-to-hydrophobic ligand ratio. We further
show that NP-NP connections can either be stable, hydrophobic interactions or weak, ion-mediated
electrostatic interactions. The former interactions determine the topology of the primary structure of
the aggregates, while the latter drive the folding of the primary structure into a secondary structure,

which has a more dynamic and reversible nature.
Amphiphilic Au NPs: competing driving forces to dimerization

Gold nanoparticles functionalized with anionic 11-mercapto-undecane-sulphonate (MUS) and
hydrophobic octane-thiol (OT) ligands are promising theranostic platforms, as they have spontaneous,
stable interactions with biological membranes.*** The amphiphilic shell serves, by design, two
purposes. The presence of the hydrophobic OT ligand provides hydrophobicity to the NPs, allowing
them to penetrate their biological target (the lipid bilayer) spontaneously**“°. The negatively charged

MUS ligands instead provide colloidal stability to the NPs in solution. However, recent experimental



and theoretical works***” have shown that MUS:OT nanoparticles can aggregate, in aqueous solution,
into oligomers or larger (tens of nm) aggregates. As expected, the aggregation is promoted by

increasing salt concentrations®’. Which are the main driving forces controlling the extent and shape of

the aggregates?

With atomistic and coarse-grained molecular dynamics simulations, our group and the group of S.
Vanni observed that the NP-NP dimer has two stable configurations: the hydrophobic contact state,
corresponding to the lowest free energy state (shown in Figure 1a), in which the ligand shells
interpenetrate leading to cores in direct contact, and the ion-bridged state, a metastable state in which
positive counterions®**” mediate the interaction between the negatively charged terminals of the MUS

ligands (shown in Figure 1b).

Here we modeled NPs, ions, and water using the standard Martini force field**8, The NP model was
already used and characterized in previous works***; its main features, as well as potential
limitations, are recalled in the ESI. Figure 1c¢ shows how the competition between hydrophobic bonds
and ion-bridged contacts depends on the anionic:hydrophobic (MUS:OT) ligand ratio. The Au NPs

have a core size of 2 nm and are functionalized with three different MUS:OT ratios: 100% MUS (all

MUS), 66% MUS (MUS:OT 2:1), 50% MUS (MUS:OT 1:1).
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Figure 1. Dimerization of MUS:OT nanoparticles in water. a) Snapshot showing the hydrophobic contact

dimer for all MUS NPs. The NP gold core is in yellow, and the MUS ligands (including the anionic terminal)



are in cyan. b) Snapshot showing the ion-bridged dimer for all MUS NPs, in which the Na* ions are explicitly
shown in pink. ¢) PMF of dimerization in water for 2 nm AuNPs: All MUS (blue line), MUS:OT 2:1 (yellow

line), MUS:OT 1:1 (red line). In the inset, a zoom on the ion-bridged minima.

Two minima characterize all profiles (Figure 1c), coherently with the dimerization PMF of the NPs
described in Ref.*” and with the same PMF obtained for MUS:OT NPs with a diameter of 4 nm,
shown in Figure S1. The deepest minimum, at a NP-NP distance of 2.1 nm, corresponds to the
hydrophobic contact configuration®’; the metastable minimum at a NP-NP distance of ~4.7 nm
corresponds to the ion-bridged dimer configuration. The stability of the ion-bridged minimum
depends on the NP shell composition. The most stable ion-bridged configuration is obtained for all-
MUS NPs, where the minimum has a depth of -7 kJ/mol and is separated from the hydrophobic
contact state by an 11 kJ/mol barrier. Coherently with these free energy profiles, our unbiased MD
simulations show that 2 NPs, initially located far from each other in the simulation box, always form a
dimer stabilized by a hydrophobic bond in less than a microsecond. MUS:OT 2:1 and 1:1 complete
the transition from the isolated to the hydrophobic contact state, through the intermediate ion-bridged
configuration, within tens of ns. All MUS NPs are the only ones that may indulge in the ion-bridged
configuration for a few hundred nanoseconds, as shown in Figure S2. This stabilization of the
secondary minimum induced by the ions in all-MUS NPs can be rationalized based on their higher

surface charge density.
The topology of large NP aggregates depends on the ligand ratio

To investigate the aggregation process beyond dimerization, we ran 5 unbiased simulations for each
composition (all-MUS, MUS:OT 2:1, and MUS:OT 1:1), starting with 27 NPs in a 3x3x3 grid ata

non-interacting distance (9 nm), solvated in water with Na" counterions.

In each case, the NPs form a single cluster within the first few microseconds. All the final aggregates
appear to be stable but relatively flexible in shape. Interestingly, the aggregate topology strongly

depends on the composition of the ligand shell, as detailed in the following paragraphs.



All MUS MUS:OT 1:1

Figure 2. NP aggregates obtained via unbiased MD runs. In the top row, the NPs are represented with
their ligand shell (cyan for MUS, blue for OT), while in the bottom row the same configurations are
represented showing only the gold cores (yellow surface) to better appreciate the aggregate topology. a) all-

MUS, b) MUS:OT 2:1, and ¢) MUS:OT 1:1 NPs.

All-MUS NPs aggregate as clusters of dumbbells. Figure 2a shows two representative aggregates
obtained from the simulations of all-MUS NPs. Snapshots of all the aggregates can be found in Figure
S3. The aggregates appear quite spherical, but at closer inspection, they are composed of dimers
loosely bound to each other. We thus analyzed the structure of the all-MUS aggregates in more detail,
as shown in Figure 3a. We calculated the NP-NP radial distribution function g(7) in the last 3 ps of
the simulations (when the aggregates were formed and stable). The g(7) presented in Figure 3a,
obtained as an average over the 5 independent simulations, shows two primary peaks, one at 2.1 nm,
which corresponds to the hydrophobic bond, and one at about 4.7 nm, which corresponds to the ion-
bridged contact. We designed a tailored analysis of the aggregates to appreciate the network of NP-
NP connections and obtain the precise aggregate topology. We assigned each NP to the node of an
undirected graph, in which the edges represent the hydrophobic bonds or ion-bridged contacts. The
operational definition of these two different connections is described in the SI. Figure 3d shows, as a
representative example, the network graph we obtained for the aggregate shown in Figure 3a. The
connection between the NPs within the dimers is hydrophobic, while the connection among different

dimers is ion-bridged.



MUS:OT 2:1 NPs form linear aggregates. The MUS:OT 2:1 NPs aggregate in a radically different
way. The NPs form the linear chains shown in Figure 2b. These chains can close into ring structures,
like in the second configuration of Figure 2b. The longer chains can fold on themselves, while the
rings can be stuck together or to a linear chain. A single long chain can adopt a knot-like structure in
other final configurations. More examples are shown in Figure S4, where all the final MUS:OT 2:1
NP aggregates are shown. In the MUS:OT 2:1 average g(r) (Figure 3b), we still observe the two
peaks, corresponding to the hydrophobic bonds and ion-bridged contacts, but also a third one at about
4 nm, which is the second neighbor distance of the NPs along the chains. The graph shows that
hydrophobic bonds are responsible of first-neighbor connections along the chain, while many ion-

bridged contacts can establish weaker links between segments of the linear aggregates.

MUS:OT 1:1 NPs form ribbon-like aggregates. Lastly, the MUS:OT 1:1 NPs assume a third
different configuration. The aggregates, as shown in Figure 2¢ and Figure S5, present a ribbon-like
structure, composed of two lines of NPs in a parallel configuration. The aggregates can also present a
hexagonal arrangement of 7 NPs. The ribbons can form planar or cylindrical rings, as shown in the
left and right configurations in Figure 2c. In some cases, like in the aggregate of Figure S5b, the
ribbons fold on themselves. In the average g(r) of MUS:OT 1:1 NPs, shown in Figure 3c, the
hydrophobic connection region is broader and has two peaks: the second, smaller one represent the
second neighbors; the third peak accounts for both third neighbors and ion-bridged contacts, which
are less relevant in this case. The graph in Figure 3f shows an example in which all NP-NP

connections are hydrophobic contacts.

We verified that, at all the compositions investigated, a physiological concentration of salt (150mM

NaCl) did not influence the final aggregate topology (Figure S3, S4 and S5).



a) b) c)

140 — T T T T 140 — T T T T 140 — T T T T
— AllMUS MUS:OT 2:1 — MUS:OT 1:
120 B 120 B 120 MusoT |
100 F v 4 100 B 100 y ]
~ 8Of g P g, 1 sof L0V 4 st GV
% i hadh Y D P ZAN ‘1‘)00 e
60 |- pep B ¥ - 60 | S0P - S R w @ -
. ’ Y PG 3 el
40 g o 3 1 sl . R T 9;*’ 0%
L X g
X ¢ D0
20 ,,/\(\,m . 20 4 20} : .
0 0 1 1 : 1 0 I
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
NP-NP distance [nm] NP-NP distance [nm] NP-NP distance [nm]
d) — Hydrophobic bonds e) ~ f)

< lon-bridged contacts \ A ” — T
SR — e, 7 »‘5\

- ] /\S}/ //\/ [\<
AT~ ) 1% A
All MUS MUS:OT 1:1

Figure 3. Final aggregate analysis NP-NP radial distribution functions g(») for a) All MUS, b) MUS:OT
2:1,¢) MUS:OT 1:1. Each g(7) is computed as an average over 5 independent simulations with the same NP
composition. The snapshot of a corresponding aggregate is included as an example. In d), €) and f) the graphs
obtained from the network analysis are presented for the snapshots in a), b) and c), respectively. The gold
nodes represent the NPs, which are connected by solid black edges (hydrophobic bonds, responsible for the
primary structure of the aggregates) and dashed black edges (ion-bridged contacts , responsible for the
secondary structure). The positions of the nodes are not representative of the physical position of the NPs,

and are generated by the Kamada-Kawai algorithm>*.

The aggregation dynamics depends on the ligand ratio too

We analyzed the aggregation dynamics by monitoring the time evolution of the average node
coordination (see the SI for further details), distinguishing between hydrophobic bonds and ion-
bridged contacts (see Figure 4a, b, and c for the first microsecond of 1 representative simulation for
each composition). All MUS NPs (Figure 4a) start forming ion-bridged contacts right away, while
hydrophobic bonds increase at a slower rate. The trend is inverted for MUS:OT 2:1 NPs (Figure 4b),
in which linear hydrophobic bonds form first, followed by inter-chain ion-bridged contacts. The same
trend is even more pronounced for MUS:OT 1:1 NPs (Figure 1¢), where only hydrophobic bonds
increase initially, while ion-bridged contacts form once the ribbon aggregates are almost completed.
We performed an additional analysis investigating the formation of triplets (3 NPs connected by at

least 2 hydrophobic bonds), which is reported in Figure S6 of the SI.



Figures 4d and e show how the average hydrophobic and ion-bridged node coordination progressed

during the whole simulation. In each system, after an initial phase of about 1 microsecond,

hydrophobic bonds saturate at a different value, indicating that the primary structure is complete and

stable: 1 hydrophobic neighbor for All MUS is the signature of dumbbells, 2 neighbors for MUS:OT

2:1 reveals chain formation, and 3-4 neighbors for MUS:OT 1:1 reveals ribbon formation. On the

other hand, the ion-bridged aggregation is more fluid-like, coherently with the shallow energy

minimum that we observe for the NP dimer. All MUS NPs saturate at the largest number of ion-

bridged contacts, followed by MUS:OT 2:1 NPs and finally MUS:OT 1:1 NPs, for which the ion-

bridged contacts are vanishingly few.
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Figure 4. Time evolution of hydrophobic bonds and ion-bridged contacts a), b) and c) Average

hydrophobic and ion-bridged coordination number during the first microsecond for all MUS (a), MUS:OT
2:1 (b) and MUS:OT 1:1 NPs (c). The data are presented on a logarithmic time scale to highlight the first

aggregation phases. d) Hydrophobic coordination number in the three systems during the whole simulation

time. e) lon-bridged coordination number in the three systems during the whole simulation time.



The ligand shell reshaping drives the anisotropic aggregation

The ligand shell composition, particularly the MUS:OT ratio, drastically influences the growth of
aggregates of otherwise identical NP. While a larger fraction of OT is expected to enhance
hydrophobic aggregation, it is less obvious why the aggregates can have such different topologies,

considering that the NP surface is homogeneous with ligands randomly bound to the NP.

The formation of a hydrophobic bond implies that the interfacial ligands bend and open to expose
their hydrophobic stretches. As a result of dimerization, the terminal groups of the MUS ligands are
pushed away from the NP-NP interface and compacted in non-contact regions. Consequently, a lower
net volume is available to the ligands around the NPs, and a higher surface charge density is present
in non-contact regions. To quantify this effect, we calculated the hydrophobic area exposed by the
surface of the NPs, before and after dimerization. In analogy with the solvent-accessible-surface-area
(SASA), we will refer to this hydrophobic area as the hydrophobic SASA (see SI for further details).
In the unbiased runs comprising 2 NPs, the hydrophobic SASA changes abruptly upon dimerization
(see Figure S7). Figure 5a shows the percentage decrease of the hydrophobic SASA upon
dimerization for all MUS, MUS:OT 2:1 and 1:1 NPs. There is a clear trend: the more OT in the shell,

the less the hydrophobic SASA reduction upon dimerization.

The different availability of hydrophobic area at the different MUS:OT ratios determines the
aggregate growth, as exemplified in Figure 5b and 5c. For all-MUS NPs, the reduction of the
hydrophobic SASA upon dimerization (almost 32%) is such that it becomes almost impossible to
establish more hydrophobic bonds, and the growth stops (Figure 5b). On the contrary, the growth can
proceed for MUS:OT 2:1 and 1:1, as shown in Figure 5c. The equatorial region of a dimer, around the
NP-NP interface, has the highest MUS (and thus charge) density. Therefore, a third NP will attach
more easily at the poles, where the ligands have more conformational freedom than in the equatorial
region. Once the linear triplet is formed, the central NP has two neighbors. In the MUS:OT 2:1 case,
two is already the maximum possible number of neighbors, and the aggregate can only grow as a
linear chain (Figure 2 and S4). In the MUS:OT 1:1 case, the ligand density at the surface of the linear

triplets is not yet large enough to prevent further hydrophobic bonds, and 2D growth is possible until



the NPs achieve their maximum number of possible hydrophobic bonds, namely four. The aggregates
do not develop as isotropic planar lattices since they are more likely to grow from the NPs with the

lowest coordination, thus forming ribbons.

It is worth remarking that this mechanism, illustrated above as a step-by-step kinetic process, also
reflects the thermodynamic stability of the final aggregate topology. To prove this concept, we
designed 6 additional simulations in which the starting configuration of each system has been set to a
different, “non native” topology (chains and ribbons for alMUS, dumbbells and ribbons for MUS:OT
2:1, dumbbells and chains for MUS:OT 1:1). As better detailed in the SI (Figure S8), in each of this

artificial systems the starting topology was not stable and evolved towards the “native” one.
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Figure 5. Shell reshaping and the aggregation path In a) we show the variation in hydrophobic SASA
upon dimerization, measured from the 2 NP simulations. The different drop in SASA, and the change in
shape of the NPs after dimerization, influence the quantity and the location of new potential hydrophobic
bonds. This last point is exemplified in b), where the green caps represent the sites on the aggregate with the
highest hydrophobic surface exposed, where the new bonds are most likely to form. In c¢) we illustrate how
the growth of the aggregate can continue for the different NPs. The deformation of NPs in the final
aggregates is represented by the asphericity shown in d); alongside the asphericity, we show a snapshot of the
NP core (gold) and a surface representation of the negatively charged beads (cyan), in which the reshaping is

clearly different depending on the NP composition.

As detailed in the SI, the NP reshaping upon aggregation can be quantified by its asphericity in the
final aggregate. When NPs are isolated, the NP-water interface is roughly a sphere, and the average
asphericity is 0 for any ligand composition. When NPs aggregate, instead, their shell is deformed, and
the asphericity increases. In Figure 5d, we report the NP asphericity £ obtained in each system from
the final aggregate of 27 NPs and measured as an average over each NP and trajectory. The
asphericity £, proportional to the maximum deformation a NP can afford, increases significantly with

the OT fraction. All MUS NPs have a relatively low asphericity in the final aggregate since they are



only deformed on one side. MUS:OT 2:1 NPs are deformed on two sides, assuming a disc-like

structure, and MUS:OT 1:1 NPs are typically deformed on 3 or 4 sides, assuming a semi-disc shape.

Eventually we remark that the anisotropic structures observed in this computational study are
coherent with experimental observations in similar systems.*’ In a past work,> different aggregate
topologies (characterized by a different coordination numbers) have been experimentally obtained
and interpreted in terms of ligand migration and rearrangement on the surface of the gold
nanoparticles. However, the evolution of the shell morphology at room temperature, in absence of
exchange reactions with ligands in solution, has been later reported to be very slow.’® Here we have
shown that both the limited coordination number and the directionality of the interactions can

originate from the soft NP shell reshaping due to aggregation, without any need for ligand migration.

In conclusion, we have shown that directionality and complex topologies, with a primary and
secondary structure architecture, can arise from the aggregation of NPs with a soft isotropic ligand
shell. Hydrophobic bond saturation dictates the primary structure (dumbbells, chains, or ribbons) of
the aggregates, while ion-bridged reversible contacts are responsible for their secondary structure. It is
worth noting that, in the revealed mechanism, the soft shell deformation is reversible: if a NP detaches
from an aggregate, it returns to its isotropic condition. Moreover, controlling the topology of the final
aggregate can be achieved at the synthesis stage. Increasing the hydrophobic ligand fraction, NPs shift
from the dumbbell regime to the linear and, finally, planar, ribbon-like regime. The choice of different
hydrophobic ligands, characterized by different length, steric interactions, or specific affinities, as
well as the choice of the sign and pKa of the charged ligand, could be optimized to control the
thermodynamic stability, or thermo-reversibility, of the aggregates. Moreover, both salt concentration
in solution, specific ion affinity and selectivity may be exploited to further control the aggregates’

secondary structure, achieving a dynamic control on the NPs’ self-assembly behavior.

This physical principle is general, as it could apply to any colloidal system in which dimerization
reshapes the soft colloid interface, breaking the spherical symmetry of their interaction potential, and

thus could be exploited in several self-assembled systems involving moldable monomers.
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