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1.1.3 Gold nanoparticles

Gold has historically held a noteworthy role among metals. Its appearance is unique,
and its chemical stability allows to maintain it with the passing of time. This is also
true for its integrity, which made gold perfect for currency, together with the other
noble metals. In nanoscopic form, gold retains this uniqueness, being a hugely
popular object for chemists, physicists and eventually the biomedical industry[136,
5, 107]. Indeed, gold nanoparticle (AuNP) are generally more chemically stable
than NPs with the core of a different material[5]; moreover, AuNP are extremely
biocompatible thanks to their low reactivity[44, 141]. This makes them particularly
appealing for a variety of uses in which the stability of the core is necessary, ranging
from drug delivery to diagnostic techniques [74].

The documented synthesis of AuNP dates back to Michael Faraday, who found
that what he defined as fine particles were formed from the aqueous reduction of
gold chloride by phosphorous, and stabilized by the addition of carbon disulfide.
Even today, the techniques used to obtain AuNP are not dissimilar: typically they
involve reduction of a gold salt, which prompts the formation of nanosized gold
crystals; the precipitation of these NPs is prevented by the presence of surface
capping molecules which act as stabilizing agents. This shell of passivating agents
governs the kinetics of NP growth: tuning their species and concentration, one
can define the nanostructural features of the core, such as size distribution and
shape[44].

The core size and shape determines the physical characteristics of the AuNP
solution, in particular its electronic distribution, which impacts the light scattering
and adsorption properties. Faraday himself, noting the "beautiful ruby" color of the
fluid he produced, saw the size effects of the localized surface plasmon resonance,
one of the primary optical properties of metal NP[97, 62]. This resonance peak
is due to the collective oscillations of the surface electrons, as predicted by Mie’s
theory of metal clusters[97]. For spherical metal clusters in which R� λ (where
R is the diameter and λ the wavelength) this resonance dominates the spectrum:
this is important for noble metal nanoclusters, since the resonance peak fall into
the region of visible light[97, 47]. This resonance is typically very localized, both
in wavelength and in space, and is strongly dependent on NP size and NP shape
making it tunable at synthesis level. The spatial localization of the resulting electric
field determines the NPs unique properties of heat diffusion and conductance,
which allow their use in some of the aforementioned specialized applications, such
as those in imaging and therapeutic devices[47, 44, 5].

On the surface of the metal core, AuNP bear a shell of stabilizing ligands from
the synthesis stage. After the synthesis, this shell is at least as important as the core
size and shape in determining the NPs functionality and behaviour in the biological
environment. The first method of NP synthesis was developed by Turkevich’s
and refined by Frens in 1973, and allowed to produce monodisperse spherical
AuNP 16-150 nm in diameter[53]. The Turkevich method involved capping with
citrate molecules, and is still the most used method for commercial NP synthesis,



8 introduction

Figure 1.5: AuNP functionalization a) Schematic presentation of the various AuNP surface
functionalization strategies commonly employed in delivery applications. On the left,
ligand monolayers are used to adsorb specific molecules, such as drugs, DNA or proteins.
On the left, the macromolecules are directly adsorbed to the NP core surface. Taken from
[160]. b) Illustration of a Au NP functionalized with adsorbed citrate. c) Illustration of a
Au NP functionalized with thiolated MUS and OT ligands.

resulting in the citrate-capped AuNP system to be one of the most studied, both as
an applicative itself and as a precursor for covalently passivated NPs[58]. Another
synthesis method is the Brust-Schiffrin method, which was the first to allow the
production of monodisperse AuNP in the 1-6 nm diameter range[58, 44]; in this
preparation, the nanoclusters are stabilized with a monolayer of alkanethiolates.
Compared to other ligand shells, thiols are more stable, thanks to synergistic
contributions of the strong gold-sulphur affinity and the attraction between adjacent
alkyl chains. Moreover, the thiol functionalization is one of the most flexible in
terms of composition and characterization[34, 192].

Covalently functionalized AuNP are seen as a particularly promising tool for
biomedical sciences. Gold NPs can be functionalized with various probe molecules
such as enzymes, nucleotides, etc, creating organic-inorganic complexes that are
used in diagnostic and therapeutic tools[74, 160]. Various types of functionalizations
are illlustrated in Figure 1.5a. Moreover, especially when surface-modified with
self-assembled monolayers, AuNPs are excellent tools to elucidate fundamental
properties of biological interaction at the nanoscale[151, 150]. For instance, gold
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NPs are used as catalyst, mimicking enzyme functions[109, 89, 95], and have been
observed as intermediates for the fusion of liposomes[188, 167].

The high functionalization versatility of the AuNP ligand shells allows to tune
the behaviour of ligand-protected NPs in the biological environment[207, 37, 151,
35, 22]. As well as for proteins and for other small biological molecules, much of the
NP non specific interaction in the biological environment, say with the membrane,
with proteins or with other NPs, is determined by their surface characteristic, in
particular the hydrophobicity and hydrophilicity. When the composition of surface
ligands allows for both of these surface characters, we will observe amphiphilic
behaviour. This is the case for the NPs used in this thesis, which present a mixture
of 11-mercapto-1-undecanesulfonate (MUS) and 1-octanethiol (OT) (Figure 1.5c). The
MUS is an anionic ligand, with the suplhonate terminal that bears a negative charge
in solution: its presence guarantees the colloidal stability due to the same-charge
repulsion between NPs[76, 200]. On the other hand, OT is a shorter and neutral
ligand, and favours the interaction with the hydrophobic portion of the membrane
bilayer.

Gold NPs interaction with biomembranes has been characterized experimentally
and theoretically[111, 207], but a systematic understanding of the link between
surface functionalization and biological effects is still early in development[151, 207].
This is especially true considering the complexity that arises from the interaction
of two reshapings: that of the soft shells of functionalized NPs, and that of the
membrane bilayer itself. This interplay between soft interfaces originates a vast
range of effects which are still hard to predict. Hence, theoretical studies able to
investigate these systems at the nanoscale are necessary in order to coadiuvate the
experimental methodologies[151].

The characteristic shell of amphiphilic NPs, united with their small size (2-4 nm),
allows them to interact favourably with the membrane. In particular those with an
anionic coating, like the ones used in this thesis, are know to passively penetrate
the membrane entering in small vesicles and liposomes, without causing membrane
disruption. In chapter 4 we will illustrate and add molecular detail to the complex
penetration process that they follow, as studied with molecular dynamics in recent
literature[182, 181, 176, 203].

1.2 biomembranes

In the previous sections, we often remarked the important role of the cell membrane
in the relevant biological processes, and its centrality in determining the fate of
small molecules, proteins and nanomaterials in the biological environment. But
what is the membrane made of? What are its characteristics? First, we will illustrate
some of the many kinds of biomembranes found in nature, each with its own
different structure, features and biological functions.

Prokaryotes are single-cell organisms, for which the only membrane is the
plasma membrane, that separates the inside of the cell from the outside. This is
the only kind of membrane that prokaryotes and eukaryotes have in common, and
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Figure 1.6: Biomembranes Left: Illustration of an eukaryotic cell, with various examples
of membrane-bound organelles. A thin-section electron microscopy image shows a portion
of a rat liver cell approximately equivalent to the boxed area on the schematic. Top right:
thin-section electron micrograph of an acinar cell from the pancreas of a bat. The nucleus
is visible at the upper right and the dense and elaborate endoplasmic reticulum structure
is strikingly evident. The right-hand panel shows a schematic diagram of a model for the
three-dimensional structure of the endoplasmic reticulum in this cell. Notice that the size
of the lumen in the endoplasmic reticulum in the schematic is exaggerated for ease of
interpretation. Bottom right: thin-section electron micrograph showing a mitochondrion
found in a cell within the pancreas of a bat. The diagram shows the arrangement of
membranes dividing the mitochondrion into distinct compartments. While the outer
membrane forms a smooth capsule, the inner membrane is convoluted to form a series of
cristae. Taken from [156].
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constitutes a physical boundary that provide the distinction between life and non
life. The plasma membrane maintains this boundary by controlling the entrance
and exit of material across its surface. Nutrients and products are allowed to
flow in and out of the cell via mechanisms that are exerted by the membrane, for
instance active or passive transmembrane protein channels or membrane fission
and transport through vesicles[216]. A classic example is the Na+K+ ATPase, an
active channel that uses the energy obtained by ATP hydrolysis to maintain the
difference in Na+ and K+ concentration between the inside and the outside of the
cell[134]. Another important function that the plasma membrane carries out is the
communication between the cell and the environment: the membrane contains
multiple receptor proteins that change conformation upon arrival of a signal, for
example an hormone. This in turn activates another membrane protein, typically a
G-protein[168], that regulates the internal response of the cell. Other membrane
receptors mediate cell-cell recognition and cell-matrix recognition, allowing the
correct expression of the genome during cell development. The plasma membrane
is thus an important regulator in the cell metabolism.

Eukaryotic cells, moreover, have many membrane-bound organelles. The nucleus,
which contains the genome, is enveloped by a double membrane characterized by
the presence of the nuclear pores, complex structures formed by the nuclear pore
protein complex. The nuclear envelope is functional to gene expression, protein
synthesis and nuclear shape. Its outer membrane is in continuity with that of
another important cell organelle, the endoplasmic reticulum (ER). This is were the
biosynthesis of many cellular components takes place. Ribosomes on the "rough"
ER portion synthesize proteins, while the "smooth" ER portion synthesizes lipids,
hormones and other small molecules. Since the main functions of the ER are carried
out on its surface, the ER membrane is a clear example of how the membrane is not
only a compartimentalization structure but an active one. In turn, the lumen of the
ER is connected with that of the Golgi complex, which acts as a waypoint for newly
synthesized proteins on their way to the plasma membrane or outside the cell. The
membrane of the Golgi complex, which is a stack of large, flat vesicles (cisternae),
is particularly active as vesicular transport start point. The mitochondria main
function is the production of ATP molecules, which transport energy to the many
active sites of the cell. Mitochondria have an external and an internal membrane,
the latter curved in many folds called cristae to maximize surface to volume ratio.

In this thesis, we will often refer to model membranes, that is, bilayers composed
by a few species of lipids only. These lipid bilayers self-assemble in vitro and
are routinely used in lab experiments as models of their more complex biological
counterparts. Model membranes include flat, substrate stabilized membranes; or
liposomes, spherical hollow vesicles composed of a single or multiple concentric
membrane layers.

1.2.1 Lipids as membrane building blocks

All these membranes have a common feature: they are built on the fundamental
architecture of a lipid bilayer[216]. Eukaryotic cells have developed the synthesis
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Figure 1.7: Phospholipids On the left a schematic representation of a phospholipid: in red
the hydrophobic tails, in blue the phosphate based headgroup. In the center, structures of
the most common terminal alcohols. On the right, chemical structures of three different PC
lipids, with one (POPC), two (DOPC) or no unsaturated tails, respectively.

of a complex repertoire of different membrane lipids, each with specific chemical
and functional characteristics. In mammalian cells, the main membrane lipids
are phospholipids, followed by sphingolipids and sterols. A common feature among
membrane lipids is their amphiphilic nature. They are typically comprised of two
distinct portions: a polar headgroup, often containing charged moieties, and one
or more hydrophobic tails, composed by long hydrocarbon chains of covalently
bonded carbon atoms.

phospholipids Phospholipids are the main structural component of biological
membranes. Their two hydrocarbon chains, which can vary in length and saturation,
are linked by ester bonds to a glycerol group. This group is in turn esterified to
a phosphate group. Phospholipids are then categorized by the terminal moiety,
typically an alcohol, of the headgroup, which is esterified to the phosphate group.
In Figure 1.7, we show a selection of the most present phospholipid types by
headgroup. In the scope of our thesis, we will focus on phosphatidyl-choline
membranes (PC), which are the most abundant phospholipids in mammalian cell
membranes, together with phosphatidylethanolamines (PE) [205].

lipid self-assembly The amphiphilic structure of membrane lipids is the
key to understanding the membrane assembly and stabilization mechanism. All
starts with the peculiar nature of liquid water, and in particular its ability to form
an hydrogen bond network. Due to the difference in electronegativity between
hydrogen and oxygen, the oxygen end of the bond appears as if partially negatively
charged, and vice versa for the hydrogens. Thus these two terminals exhibit an
intermolecular electrostatic attraction which influence the collective disposition



1.2 biomembranes 13

Figure 1.8: Hydrogen bond a) The hydrogen bonding network in water. A given water
molecule can be idealized as having neighbors arranged in a tetrahedral structure. b)
Orientations of water molecules in a tetrahedral network. Each image shows a different
arrangement of the water molecule that permits the formation of hydrogen bonds with
neighboring water molecules. The hydrogen bonds are in the directions of the vertices that
are not occupied by hydrogens in the figure. If one or more of the four water molecules in
its immediate vicinity is replaced by a nonpolar molecule, then the number of available
orientations drops since one of the possible hydrogen bonding partners is now gone,
causing a net entropy loss. Taken from [156].

of water. In liquid water, the strength of these bonds is in the range of 10 to
40 kJ mol−1, stronger than the typical Van der Waals bond but much weaker than a
covalent or ionic bond[82]. In order to maximize the number of H-bonds, water
forms a dynamic tetrahedral structure, as illustrated in Figure 1.8a.

This tendency, which is peculiar of water among other molecules capable of
H-bonding, influences its interaction with nonpolar molecules who are unable to
do so, for instance the alkane chains of the lipid tails. The interaction cost for
creating such an interface is given by the free energy which is a function of enthalpy
(H) and entropy (S):

∆G = ∆H− T∆S (1.2.1)

where T is the absolute temperature. When interfacing with a nonpolar molecule,
water still manages to form the tetrahedral structure around it (hydrohphobic
solvation), but a significant portion of the configurational space, in this case given
by the possible orientations of the water molecules (See Figure 1.8b) in the network,
is lost. Thus, even if the dispersion interaction (enthalpic) between water and
the molecule are favorable, creating such an interface can have a net free energy
cost, due to the significant loss of entropy. Because of this, a large family of
nonpolar compounds are non soluble in water: their effective attraction is called
the hydrophobic interaction.
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