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For amphiphilic molecules like the phospholipids, the hydrophobic interaction
is dominant, and gives rise to the formation of many different peculiar structures,
among which the lipid bilayer. In this configuration, lipids are disposed in two lay-
ers (leaflets) with opposite vertical orientations, with the hydrophobic tails forming
a phase segregated from water, which interacts only with the polar headgroups on
the two sides. The lipid bilayer, albeit not kept together by covalent or bonds or
dispersion forces, is remarkably stable and resistant to the mechanical and chemical
stress that the biological environment provides.

Figure 1.9: Lipid bilayer properties and reshaping a) Molecular motions in lipid bilayers.
Lipids can also protrude out of the leaflet and exchange with lipids in solution. Together
with transverse diffusion (or “flip-flop”), this exchange is extremely rare (rate of the order
of hours, or even days, compared to microsecond scale of the others).Lβ ′→La (gel to
liquid-crystalline) phase transition. Packing irregularities and extra motional space appear
in the disordered La phase. b) Natural mechanisms which induce spontaneous curvature
in the bilayer.

1.2.2 The lipid bilayer and its reshaping properties

lipid dynamics According to the fluid mosaic model, lipids in the bilayer
have a restricted, yet extensive, degree of freedom in lateral diffusion[216]. They
can rotate on the axis that connects the headgroups with the tails, bend the tails
and pass from a leaflet to the other (flip-flop). In this model, the membrane is a
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bidimensional fluid, to which the anisotropicity of the lipids confers the character of
a liquid-crystalline state. The packing of the lipids in the bilayer undergoes several
phase transition at well defined temperatures. At lower temperatures, lipid bilayers
are typically found in the gel (Lβ ′) or solid ordered phase (S0). After reaching the
melting temperature Tm, they enter the liquid-crystalline or liquid ordered phase
(La). The melting temperature, together with the area per lipid, the tails order
parameter and other fixed temperature properties, is strongly dependent on the
lipid composition of the bilayer. Longer tails, with enhanced dispersion interactions,
will favour close packing and increase Tm; conversely, more unsaturations make
the bilayer more liquid and decrease Tm.

membrane curvature Thanks to their fluidity, biomembranes are rather
flexible and can undergo reshaping without loosing their structural integrity. Aver-
aging on the roughness given by the single-molecule thermal protrusions of the
bilayer[59], we can treat deformations on the few to tens of nanometers scale as a
collective effect of the lipids[14]. On this scale, the membrane is more wide than
thick, so that it behaves as a thin, elastic film; through its fluctuation properties, one
can for instance measure the bending rigidity[190, 75] of the bilayer as a unit. The
equilibrium properties of undulating lipid bilayers have been successfully modeled
using a continuous model, the so called Helfrich-Evans theory[63, 48]. In this
theory the energy cost of bending is given by:

EHelfrich =

∫
membrane

dA

{
1

2
κ(K− c0)

2 + κ̄KG

}
(1.2.2)

for a tensionless bilayer. Here, K is the extrinsic curvature and KG the Gaussian
curvature, κ and κ̄ the respective bending moduli, and c0 the spontaneous curva-
ture[40]. KG, due to the Gauss-Bonnet theorem, can be written as a topological
constant; so that as long as the model membrane doesn’t undergo topological
transformations, the integral of the Gaussian curvature is a constant added to the
overall elastic energy of the membrane. This is not true for processes such as
membrane fusion or fission, relevant for inter and intra-molecular transport, in
which case the measure of κ̄ becomes important[75]. Often however, the Hamil-
tonian is found for a flat membrane and written in the Monge gauge, in which
deformations are described as deviation from the membrane midplane; moreover,
the deformations are considered small compared to the membrane thickness, in a
first-order approximation. In this formalism, the Hamiltonian becomes:

Ebending =
1

2

∫
baseplane

dxdy
{
κ(∆h− c0)

2 + Σ(∇h)2
}

(1.2.3)

where h(x,y) is the local height of the membrane and Σ the surface tension.
The spontaneous curvature c0 derives from any kind of asymmetry across the

bilayer, be it a different number or composition of lipids in the two leaflets, differ-
ences in the external environment for the two sides of the bilayer or the inclusion
of asymmetrical small molecules, proteins or NPs. For instance, a liposome will
have a non-zero spontaneous curvature arising from different number of lipid in
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the inner and outer leaflets. Other ways to create a non-zero spontaneous curvature
involve the self assembly of proteins in one of the two leaflets, like tubular BAR-
domain and ESCRT scaffolds[51, 15]. In general, if a single inclusion or adsorbed
molecule generate a positive (or negative) spontaneous curvature, an assembly
of such inclusions will generate a larger positive (or negative) curvature[14], as
shown in Figure 1.9; in Chapter 4 we will provide an example of this effect. The
spontaneous curvature is a crucial property of biological membranes, and in real
systems it is almost always non-zero[15].

Indeed, manipulation of membrane curvature is at the base of many relevant
biological processes, including cell spreading, migration, cell division as well as
differentiation and death. For example, the high curvature in the cristae in the
mitocondrion provide it with a very high surface to volume ratio, supporting
the major work of ATP synthesis that occurs on the inner membrane[216]. The
biconcave structure of erythrocites was one of the first biological features that
prompted investigation of the membrane reshaping capability[29]. Phagocytosis
from the macrophages involve wrapping around the target molecule or pathogenic
bacteria and viruses, and is another example of rapid and active reshape of the
membrane[36]. In recent years, the interest on membrane curvature has been
expanded to cell biology at large[125], since it is a property that govern the func-
tions of membrane bound intracellular organelles such as the ER, Golgi complex,
mitochondria and transport intermediates.

1.3 aggregation at the nano-mesoscale in the biological environ-
ment

As noted in the first paragraph of this introduction, the study of NP aggregation will
also allow us to understand some of the fundamental features of the aggregation
of biological macromolecules, which share with the NPs characteristics such as
size and the surface chemical heterogeneity. Proteins are involved in a large
array of functions within the organism, including stimuli response, catalysis of
metabolic reactions, molecules transportation and structural stabilization of cells
and organelles[114, 156]. Hence, protein aggregation is of particular interest in
biology and medical sciences[133, 110, 31, 54, 163, 164]. Protein aggregation
can have different effects, being either structural to many biological processes or
harmful for the organism[133]. There are many examples of such cases, of which
we will here provide a brief overview.

Actin (Figure 1.10a) is one of the most abudant proteins in eukaryotic cells, and
its ability to transition reversibly between monomeric (G-actin) and filamentous
(F-actin) makes it fundamental for cell motility and maintenance of cell function,
and with myosin it forms the basis of muscle contraction.[13, 42, 143]. Glutamate
dehydrogenase is an important allosteric enzyme present in the mitochondria,
which regulatory properties are dependent by its ability to aggregate[158, 193].
Formation of the Tobacco Mosaic Virus is a classic example of protein aggregation:
the virus can break apart under the right conditions, decomposing in its monomeric
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Figure 1.10: Examples of protein aggregation a) Structure of actin. Ribbon diagram
depiction of a single G-actin monomer. Each actin monomer is a globular protein 5.4 nm in
diameter. F-actin filaments are assembled from two protofilaments that wrap around each
other with a 37 nm repeat. All actin subunits within the filament are oriented in the same
direction. Because the filament consists of two parallel protofilaments, the addition of a
single subunit extends the overall filament length by 2.7 nm. Adapted from [156, 42]. b)
TM-AFM images of amyloyd fibrils. Top: supercoiled fibrils observed after eight days of
incubation. Bottom: twisted fibrils of different sizes observed after 11 days of incubation;
the white arrows indicate thin filaments representing protofilaments. Inset, a detail at
higher magnification (image size 0.58 µm) showing a thin filament detaching as a loop
from a fibril. Adapted from [161].

protein units; this transformation is reversible, and the viruses formed in vitro by
self-assembly from the dissociated monomers are indistinguishable from the native
virus[140].

In all these examples, protein-protein association happens between the native
form of the protein monomers. On the other hand, aggregation of proteins in
their non-native form, i.e. unfolded conformation, can have nefarious effects on
the cell life[164]; prevention of this behavior is even seen as one of the driving
forces of protein evolution itself[128]. This kind of aggregation is often irreversible,
and the structures that are formed, called amyloids, accumulates in or near the cell
causing direct damage, interfering with intracellular trafficking or deforming the
cell itself[38]. Amyloids are the play a role in several neurodegenerative deseases
such as Alzheimer’s[23, 208], Huntington’s[16, 93] and Parkinson’s[38]; moreover,
they are involved in prion diseases[157]. An experimental image of a sample
containing amyloid fibrils is shown in Figure 1.10b.

Eventually, control over protein aggregation is important to guarantee an ad-
equate shelf life for a variety of pharmaceutical products, since proteins provide
numerous treatments for human diseases[31, 163], but as noted before are suscepti-
ble to degradation.
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The aggregation mechanisms at the base of all these phenomena are various, and
often still waiting to be thoroughly understood[54, 133].

Figure 1.11: Examples of aggregation of membrane inclusions a) Homo and heterodimer-
ization in the transport of G-protein-coupled receptors. When expressed alone, the GBR1

receptor is retained as an immature protein in the ER of cells and never reaches the cell
surface. By contrast, the GBR2 isoform is transported normally to the plasma membrane
but is unable signal. When coexpressed, the two receptors are properly processed and
transported to the cell surface as a stable dimer, where they act as a functional receptor
complex. Adapted from [27]. b) Formation of caveolae by insertion of the specific protein
caveolin. Caveolin monomers linked to three acyl chains insert into the membrane from
the cytoplasm. When they dimerize, they force an inward curvature that leads to budding
of the membrane. The inset shows a thin-section electron micrograph of caveolae from
fibroblasts (with arrows pointing to the ER). Taken from [114].

1.3.1 Aggregation at the membrane interface

The biological membrane is comprised not only of lipids, but also proteins. Proteins
make up a large portion of the membrane (e.g. almost 50% of the plasma membrane
in mass[114]) and contribute to its structure and functions. An example is that of
the already mentioned protein channels, which regulate the diffusion of ions across
the membrane. Other transmembrane proteins are the receptors, which allow the
cell to module its response to changes in the external environment (signals). Again,
aggregation is fundamental in allowing many of the membrane proteins to carry
out their functions[60, 217]. For instance, in the process of signal transduction of
receptors with tyrosine kinase, receptor oligomerization permits the transmision
of a conformational change from the extracellular domain to the cytoplasmic
domain[199]. Another example of favourable aggregation on the membrane is
that of G-protein coupled receptors (GPCRs), which activation happens in the
dimerized state; moreover, heterodimerization is involved in the biogenesis of the
receptor itself[27], as shown in Figure 1.11a. Aggregation is important not only in
the work of transmembrane proteins: antimicrobial peptides are a class of short
peptides which constitute part of the innate immune response towards invading
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pathogens in a many different organisms, and are seen as a promising alternative
to traditional antibiotics[20]. Their antimicrobial function is carried out forming
pores on the cellular membrane, and they do so by aggregating on the membrane
surface[20].

As mentioned in the previous section, an unique characteristic of the lipid
membrane is that of being able to develop and sustain significant curvature, which
is at the base of many function inside and on the surface of the cell[78]. Spontaneous
curvature can arise from the modulation of lipid composition[96] or from the action
of membrane proteins which induce deformation[96, 114, 24]. These effects are
often the result of collective behaviors, and aggregation comes again into play.

For instance, the caveolae are invaginations that cover the surface of many
mammalian cells, and are linked to disease conditions[149]; their formation is
allowed by the oligomerization in the membrane of proteins caveolin[149, 114], as
shown in Figure 1.11b. Another example of membrane shape modulators are BAR
domain proteins, which work by scaffolding and by assembling [96, 183, 24, 153,
184].

Aggregation of membrane inclusions and curvature are strictly interdependent,
since not only curvature can arise from the collective action of membrane protein
[73, 96, 24, 49] but also aggregation can be mediated by membrane curvature[202,
162, 153]. The aggregation behavior of membrane inclusions is thus strictly related
to their biological functions. The study of the driving mechanisms behind this
kind of interactions depends not only on the structural properties of the inclusions
themselves, but on the peculiar properties of the lipid bilayer. In particular, its thin
and extended structure, united with its remarkable stability, allows it to exhibit and
use a vast array of reshaped configurations[216]. In order to induce and maintain
spontaneous curvature, the presence and action of multiple membrane inclusions
such as membrane proteins is fundamental[114, 162, 15]. But how does these
objects interact when bound to the fluid membrane surface?

The kind of dominant driving force for clustering on the membrane depend on
the length scale that we are considering. At the scale of tens of even hundreds of
nanometers, interactions are typically motor-driven, with the motor comprising
various configurations of actin complexes[86].

On lengths much larger than the average diameter of a lipid molecule, the
thin continuous elastic sheet approximation is sufficient to calculate inclusion
interactions[96, 118]. These effects only depend on the induced reshaping of
the membrane, hence they are generic and do not depend on specific chemical
interactions[21]. At lower length scales, membrane mediated forces, which act
without the need for motor driven mechanisms, become relevant. When considering
a shorter length scale, the presence of partially ordered chains, with their thickness
and ability to bend, rotate or tilt, cannot be neglected. Membrane mediated
clustering forces can be divided in capillary forces, depletion forces, curvature
forces and thermal Casimir-like forces[86].
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Figure 1.12: Membrane mediated clustering a) Inclusion clustering occurs when it reduces
the free energy of the system. b) Capillary forces drive inclusions to cluster to reduce the
thickness of the lipid shell. c) Lipid depletion interaction: i. transmembrane proteins (blue)
restrain the conformations of neighboring lipid tails (green) ii. proteins cluster to reduce
the number of restrained lipid tails. (D) Spontaneous-curvature induced force: α is the
contact angle between the plane defined by the boundary of the membrane-apposed protein
surface and the tangent to the membrane at the boundary of that surface. (E) Thermal
Casimir-like forces induce protein clustering to maximize membrane shape fluctuations.
Taken from [86].

Capillary forces arise in multicomponent lipid bilayers, where the inclusions
induce domain formation on an area surrounding the inclusion site; in this case,
the membrane wants to minimize the interfacial tension between the separated
domains[171].

In other cases, lipid can be spatially confined and conformationally constrained
by the presence of a nearby integral membrane protein. In order to increase their
entropy, these lipids tend to diffuse away from the inclusion, thus creating a region
of lipid depletion, that membrane inclusions reduce by clustering[117, 185].

When inclusions induce spontaneous curvature as explained in the previous sec-
tion, they modify the local elastic energy of the membrane as given by the Helfrich
Hamiltonian in equation 1.2.2. In response, the membrane changes the distribution
of these proteins to minimize its overall elastic energy. This response is not always
easy to calculate, since often lead to non-pairwise addictive interactions[118, 10,
94]. In certain cases, particularly when the local induced curvature is high, these
interaction can be attractive.

Thermal Casimir-like forces refer to those effective interactions arising between
inclusions that modify the thermal fluctuations of the membrane. Like in several
previous examples, also in this case we have a purely entropic effect, where the
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