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A B S T R A C T

Nanoparticles are ever more present in our bodies, both as devices engineered for
biomedical applications and as incidental intruders. Moreover, nanoparticles can
be exploited as biomimetic devices, able to reproduce specific properties of relevant
biological macromolecules, such as proteins, thanks to their design flexibility at the
synthesis level. In each case, their fate in the biological environment is determined,
among other properties, by their aggregation behavior. For this reason, it is crucial
to understand the physical driving forces that underlie their aggregation, whether
in water or at the biomembrane interface. When the aggregation takes place at
the scale of a few nanometers, complex molecular mechanisms, detectable by
high-resolution computer simulations, mediate the interactions. Coarse grained
force fields offer a sweet spot in modeling these systems: while maintaining a
relevant portion of molecular detail, they allow the study of the collective behavior
of nanosized objects and large patches of lipid bilayers.

This thesis uses coarse grained simulations to study the aggregation of nanopar-
ticles with hydrophobic or functionalized amphiphilic surfaces in water and in
membranes. In both environments, we find that the reshaping of the soft inter-
faces of these systems (NP-membrane and NP-NP) is the common factor driving
the formation of unexpected aggregates, which assume peculiar, non-isotropic
configurations. Our results pave the way to the rational design of nanoparticles
with targeted aggregation properties due to the tunability of their ligand shell
composition, core shape, and size. Moreover, many of the observed mechanisms
can be generalized to understand the interactions of similar relevant biological
macromolecules, such as proteins.
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P R O J E C T S

During my PhD, I have been working on three different projects, all focusing on
the topic of the aggregation of nanoparticles in the biological environment. Here
we recall each projects goals while the rest of the thesis will collect the results from
projects 1 and 2 only.

1. Interaction between spherical carbon nanoparticles and lipid bilayers

We conducted the research that made up this project in collaboration with the
computational group of Luca Monticelli, research director at CNRS.

While the C60 fullerene shows high solubility inside the hydrophobic portion
of the membrane bilayer, the same is not necessarily true for similar molecules
with larger sizes. We investigated the aggregation of spherical carbon nanopar-
ticles (CNP) inside the bilayer, varying the NP diameter. The results of this
work were published in Nanoscale, as "Size-dependent aggregation of hydrophobic
nanoparticles in lipid membranes" [104], and are the object of Chapter 3.

2. Aggregation of anionic, amphiphilic, functionalized Au nanoparticles

We carried out this project in collaboration with the experimental group of Francesco
Stellacci, full professor at the Ecole Polytechnique Fédérale de Lausanne (EPFL).

The potential applications of biomedical Au nanoparticles may change depending
on their tendency to aggregate. For nanoparticles in solution, colloidal stability
is necessary to reach their targets in the organism. In the first part of this project,
we studied the aggregation in the aqueous environment of nanoparticles with an
amphiphilic ligand coating, varying the composition of the ligand shell and on the
size of the Au core. The results of this work are the object of a paper in preparation:
"Isotropic Nanoparticles with deformable interfaces form anistropic aggregates
with composition-dependent shape", and we presente them in section 4.3.

When adsorbed on or embedded in the biomembrane, the aggregation of nanopar-
ticles can be instrumental in their application in bio-sensing and diagnostic tech-
niques. The second part of this project investigated the different mechanisms of
aggregation of amphiphilic nanoparticles depending on the NP-membrane penetra-
tion state. These results are the object of "Ion-bridges and lipids drive aggregation
of same-charge nanoparticles on lipid membranes" [103], published in Nanoscale.
We include these results in Chapter 4 alongside those of the result of the first part
of this project.

Liposome aggregation is relevant for biomedical applications. Experimental
data show that amphiphilic Au nanoparticles can mediate liposome-liposome
interactions, and their presence at the liposome-liposome interface suggests them
as potential agents of the first stages of membrane fusion. In the third and
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final part of this project, we investigated the effect of nanoparticle aggregates
on liposome curvature and the properties of the liposome-NP-liposome interface
at the molecular level. We published the results of this work in Nanoscale as
"Amphiphilic Nanoparticles Generate Curvature in Lipid Membranes and Shape
Liposome-Liposome Interfaces" and report them in Chapter 5 of this thesis.

3. Interaction between citrate-capped Au nanoparticles and lipid membranes

Work on this project, which is ongoing, has been carried out in collaboration with
the experimental group of Debora Berti, full professor at the chemistry department
of the University of Firenze.

In biomedical applications, a common strategy to achieve the fundamental
colloidal stability of Au nanoparticles consists of coatings made of citrate anions.
Due to the noncovalent nature of citrate adsorption of the nanoparticles surface,
citrate-capped NPs can be used as a template for further surface functionalization
through ligand exchange reactions. In this project scope, we developed a coarse-
grained (CG) force field for the interaction of Au, citrate and lipids that compose
the bilayer. We published the force field development in The Journal of Chemical
Theory and Computation as "A Martini Coarse Grained Model of Citrate-Capped
Gold Nanoparticles Interacting with Lipid Bilayers" [175].

Experimental data regarding systems of citrate capped NP incubated with li-
posomes show that nanoparticles aggregate when attached to the membrane.
Moreover, liposome test with different lipid compositions demonstrate that this
aggregation depends on the membrane stiffness. Our simulations provide insights
into the interaction between citrate capped nanoparticles and the bilayer, both in
the the liquid disordered and in the gel phase. These results, complemented with
experimental findings, are included in "Membrane Phase Drives the Assembly of
Gold Nanoparticles on Biomimetic Lipid Bilayers" which has been published in The
Journal of Physical Chemistry C.
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1
I N T R O D U C T I O N

Natural nanoparticles are part of the natural cycle, and interact with living organ-
isms since the origins of life itself [106, 67]. Man-made incidental nanoparticles have
been populating our world since the industrial revolution and pose us stringent
questions on their possible toxicity to the environment and to living organisms [67].
Eventually, some nanoparticles, such as those that are being tested as theranos-
tic agents in biomedicine, are explicitly designed to interact with a biological
target [173, 37].

The mechanisms by which a nanoparticle may harm - or benefit - a living
organism are many. Very often, toxicity is triggered by specific chemical reactions
that may be catalyzed by the NP surface, generating reactive oxygen species that
end up for interfering with the cell biochemical equilibrium [83]. Sometimes,
toxicity is the result of a physico-chemical or physical processes that not necessarily
involves chemical reactions to take place. This is the case, for example, of the effects
that nanoparticles may have on the cell membrane, leading to the alteration of the
membrane mechanical properties, or to membrane poration [174].

In the biological realm, the proper functioning of cell membranes is subtly regu-
lated by the self-assembly of lipids and proteins. Lipids spontaneously aggregates
to form rafts, functional self-assembled clusters containing specific type of lipids
that recruit, cluster and transport specific transmembrane proteins. Peptides, pro-
teins, toxins, often form aggregates in order to carry our their functions; in other
cases, as for example in amyloidoses, their aggregation is detrimental to the health
of the organisms [133, 164].

When external nanoparticles interact with cell membranes, their collective be-
havior is crucial to determine the nanoparticle biological effects, for instance their
potential toxicity [72, 4, 219]. Such a case is the aggregation of carbon nanotubes,
which has been show to lead to potential adverse effects, in particular regarding
respiratory activity[135, 138, 209]. In other cases, aggregation can be instrumental
to their biomedical functions. As an example, nanoparticles aggregate are used as
a signal amplification agents in biosensing diagnostic applications [215]. Moreover,
many functions and adverse behavior of biologically relevant molecules, such as
proteins and peptides, depend or their aggregation. The tunable nature of engi-
neered nanoparticle (NP)s makes them useful model systems that can fill the gap
in the fundamental understanding of the general aggregation driving forces of
similar natural systems.
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2 introduction

In this thesis, using computer simulations, we will investigate the interactions
that drive nanoparticles to form aggregates, and in particular the physical mecha-
nisms underlying them, working with molecular level resolution tools. Molecular
dynamics simulations will allow us to peer in the aggregation behavior of NPs in
the water phase and inside the biomembrane thanks to the exclusive perspective
that we can obtain on the NP-NP and NP-membrane interfaces. We will see that
these interactions depend on the size, the shape and the surface chemical prop-
erties of the NPs. The results obtained for NPs not only will be useful to better
characterize their potential biomedical applications and possible health risks, but
also for understanding in molecular detail the physical mechanisms that underlie
the behaviour of other similar biological macro-molecules.

The study of the properties of these NPs will allow us to focus on two aspects of
aggregation involving biomembranes. The first is the aggregation of nanoparticles
as membrane inclusions. In this case, NP clustering is often mediated by the
membrane itself due to its fluid and flexible nature [86]. The second relevant aspect
is the NP-mediated aggregation between liposomes.

1.1 nanoparticles : from properties to applications

1.1.1 Nanomaterials can be natural, incidental or engineered

As we have seen, NPs have a wide range of applications and are relevant in
many different fields of scientific research. But what exactly is a nanoparticle? By
definition, a nanomaterial is an object that presents chemical, physical or electrical
properties that change depending on the size and shape of the object itself[67].
This definition originates from the fact that this behaviour is observed in objects
which have at least one characteristic dimension in the range that goes from few
nanometers to few tens of nanometers. Indeed, at this scale matter ceases to behave
in a way that depends only on its chemical composition, since the number of
atoms on the surface becomes comparable with that of the bulk. In this size range,
matter changes its preferred crystalline organization, its electronic distribution and
quantum effects start being important. For instance, electrons in NPs have discrete
energy states which change significantly based on the addition or subtraction of
even a single atom.

Part of the importance in the study of the peculiar properties of nanomaterials
and of their interaction with the biological environment is due to their abundant
presence in the natural environment. This presence has been relevant on our planet
since the beginning of life (and before), since many nanomaterials, which we call
natural, are part of what is called the Earth’s nanomaterial cycle[67], meaning that
they are generated and scattered in the environment as much as, for instance, H2 O
molecules in the water cycle. Nanominerals can be stabilized during mineralogic
processes in which nucleation rate is high but growth rate is slow, or is suddenly
stopped[66]: clays formed in these processes account for the great majority of the
Earth 107 to 108 Tg reserve[67]. Alternatively, they can arise from weathering of
bulk minerals and thus released in the atmosphere, where they are present in small
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Figure 1.1: The nanomaterial cycle. Examples of various nanomaterials are shown at the
bottom, divided in incidental, natural and engineered. The cycle completes when the
nanomaterials precursors are formed from the Earth components in which nanomaterials
themselves participates. The connections between nanomaterials and their precursors or
the Earth components are reversible. Taken from [67].
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but significant quantities[66, 7]; the same holds for rivers, seas and oceans. Another
source of natural nanomaterials is life itself: for instance, in the soil, microbes hosts
redox reactions that creates precipitates of inorganic nanomaterials[67, 11].

The abundance of nanomaterials dispersed in the enviroment, in the last centuries,
has been further increased by the arise of incidental nanomaterials, i.e. nanomaterials
created as a side production of the human activity. Since the industrial revolution,
their quantity matches or even exceeds that of their natural counterpart, at least in
industrial, agricultural or heavily populated areas[67]. Among these, a major part
derives from the combustion of biomass and fossil fuels; these nanomaterials can
be complexes of organic and inorganic matter. Graphene based nanomaterials such
as fullerenes and carbon nanotubes are an example of such incidental NPs[187,
137].

Figure 1.2: a) Schematic representations of eight types of nanocarriers typically used in
smart drug delivery systems. Taken from [71]. b) TEM microscopy images of nanoparticles
of various shape and materials: from the left we have cube-like and rod-like nanopar-
ticles [33], silver nanoparticles with irregular shapes [83] and SEM image of hematite
nanospindlers [68]. Adapted from [37].

Lastly, research on engineered nanomaterials has been of paramount importance in
the last thirty years, both from an applicative and biomedical perspective and from
a fundamental one. NPs are used in therapy applications, in diagnostic imaging
techniques and drug/gene delivery[207]. Moreover, NPs are synthesized and used
for a vast array of non medical applications. For instance their are used in food
science [194] and cosmetics[210, 124, 219]. As an example, sunscreen preparations
rely on the use of nano-formulations of titanium- and zinc-dioxide, which have
specific ultraviolet radiation blocking properties [219]. Other applications are in
the field of electric and electronic devices manufacturing. Approximately 50 kg of
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nanostructured metal oxides are present in the cathods of an electric vehicle [136],
and nanoscale semiconductor quantum dots are integrated in displays for consumer
electronics to enhance color saturation[189]. The relevance of these applications
generates the need for systematic studies on the potentially toxic effects of their
release in the environment and in organisms[37, 50]. In biomedical sciences, both
semiconductor and metal based nanomaterials are used in applications that range
from diagnostic and imaging techniques to therapeutic, or both, as for the so-called
theranostic NPs [173].

In the following sections, we will explore more in detail the properties of two
kinds of NPs, fullerenes and Au NPs, which will be relevant for the work presented
in this thesis.

Figure 1.3: Different kinds of graphene
derivatives: a) C60 fullerene, b) cross-
section of a multi-walled carbon nan-
otube, (c) single-walled carbon nan-
otube, which may be terminated by a
cap (d) or functional groups (e). Taken
from [130].

1.1.2 Fullerenes and carbon nanotubes

Among organic nanomaterials, i.e. carbon based, the derivatives of graphene are
of particular interest since their discovery in 1985[98]. Fullerenes are hollow cage
molecules comprised of only carbon atoms, which are arranged in hexagons and
pentagons. The smallest and most stable of these molecules is C60, with its famous
soccer ball shape, but higher magical numbers of carbon atoms (derived from
Euler theorem[65]) are known to generate stable allotropes. Also derived from
graphene, carbon nanotubes (CNT)are rolled up tubular shells of graphene sheets,
one-atom-thick [99]; single-walled CNT can have different structures (armchair,
zigzag and chiral) depending on how the graphene precursor has rolled up. Their
length can be million times their diameter, which is about 1 nm.

As mentioned earlier, CNP can be dispersed in the environment as incidental
nanomaterials, for example as byproduct of combustion, and are found in soot
deposits[137, 187]. They can also be synthethyzed, for instance by controlled
heating of graphite or pyrolysis of Naphthalene. The diameter of C60 is about
7 Å, with each bond measuring around 1.45 Å, conferring an high surface density.
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Their surface is strongly hydrophobic, making them unsoluble in water, but rather
soluble in organic solvents[99]. Fullerenes and their derivatives are semiconducting
materials, due to the π- electron conjugation of the carbon cage[2].

Applications of fullerene derivatives range from photovoltaic devices, where their
donor-acceptor characteristics improve the electrical properties of the photosensible
materials[2] to cosmetics, where their antioxidative properties help the prevention
skin damage[92, 57]. CNT are also used in a vast array of biomedical applications
including biosensoring, drug delivery and cancer therapy[116]. In general, the
applications but also the potential toxiticy of CNP or CNT derive by their favourable
interactions with the membrane [116], which are able to penetrate passively[79, 80,
81].

Figure 1.4: Gold nanoparticles a) HAADF STEM images and corresponding electron
scattering simulations for different shaped clusters of 561 Au atoms. From top to bottom
Icosahedron, cuboctahedron, Ino-dodecahedron at two different orientations. Taken from
[212]. b) From top to bottom: gold nanorods, silica–gold core–shell nanoparticles, and
gold nanocages. The plasmon resonance peak can depend, respectively, on aspect ratio,
shell thickness, and/or galvanic displacement by gold. c) Optical dark-field scattering
micrograph of gold nanorods (electron micrograph in the inset) showing resonant scattering
from their transverse (short-axis) plasmon mode (green) and their lower energy, longitudinal
(long-axis) plasmon mode (red)). b) and c) Taken from [44].
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